How does memory work?
The simple overview is: Nerve network patterns store memories. We recall a memory only when we activate that network of interconnected neurons.

1. How information flows through the brain.
Information flows from the outside world through our sight, hearing smelling, tasting and touch sensors. Memory is simply ways we store and recall things we've sensed.

Recalling memories re-fires many of the same neural paths we originally used to sense the experience and, therefore, almost re-creates the event. Memories of concepts and ideas are related to sensed experiences because we extract the essence from sensed experiences to form generalized concepts.

Consider Sir Isaac Newton, for example. Newton "hammered wooden pegs" into the ground, and "cut sundials into stone" to measure the Sun's movement through the sky, writes James Gleick in Isaac Newton. "This meant seeing time as akin to space, duration as length ...." Newton generalized what he observed into a concept of time.

We store — for fractions of a second — sensory information in areas located throughout the cortex. Then some data moves into short-term memory. Finally, some of that information goes in long-term storage in various parts of the cortex, much of it returning to the sensory cortex areas where we originally received it.

Only the data that catches our attention (like a police car behind us) or because we need it soon (a telephone number) goes into short-term memory. We hold short-term data for maybe half a minute. Short-term storage is small; it holds about seven independent items at one time, such as "carry" numbers when calculating arithmetic.

Finally, information that may help us in the future (for instance, the downwind smell of a saber-toothed tiger) goes into long-term memory, where it can last a lifetime.

Long-term memory involves three processes: encoding, storage and retrieval.

• First we break new concepts into their composite parts to establish meaning. Furthermore, we include the context around us as we learn a new concept, or experience another episode in our life. For example, I might encode the phrase "delicious apple" with key descriptive ideas — red color, sweet taste, round shape, the crisp sound of a bite — and then such contextual items as '"I'm feeling good because it's a happy fall day and I'm picking apples."

• Second, as we store the memory, we attach it to other related memories, like "similar to Granny Smith apples but sweeter," and thus, consolidate the new concept with older memories.

• Third, we retrieve the concept, by following some of the pointers that trace the various meaning codes and decoding the stored information to regain meaning. If I can't remember just what "delicious apple" means, I might activate any of the pointer-hints, such as "red" or "picking apples." Pointers connect with other pointers so one hint may allow me to recover the whole meaning.

How do our brains consolidate a new short-term memory like "delicious apple" and place it into long-term memory?

We use the hippocampus, an ancient part of the cortex, to consolidate new memories. An event creates temporary links among cortex neurons. For example, "red" gets stored in the visual area of the cortex, and the sound of a bitten apple gets stored in the auditory area. When I remember the new fact, "delicious apple," the new memory data converges on the hippocampus, which sends them along a path several times to strengthen the links.

The information follows a path (called the Papez circuit), starting at the hippocampus, circulating through more of the limbic system (to pick up any emotional associations like "happy fall day," and spatial associations like "apple orchard"), then on to various parts of the cortex, and back to the hippocampus. Making the information flow around the circuit many times strengthens the links enough that they "stabilize," and no longer need the hippocampus to bring the data together, says neuroscientist Bruno Dubuc of the Canadian Institutes of Neuroscience, Mental Health, and Addiction. The strengthened memory paths, enhanced with environment connections, become a part of long-term memory.
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How do we store memories in our brain? How do we recall memories?

Our senses pick up information, and pass it to sensory memory, where it lasts a fraction of a second. Interesting stuff goes into short-term memory, but just a few items at a time, maybe seven. The info lasts for less than a minute. Finally information that may help us in the future (for instance, the smell of a saber-tooth tiger) goes into long-term memory, where it can last a lifetime.

A new short-term memory, for example, 'Delicious apple', gets into long-term memory by associating the concept with many key descriptive ideas: red color, tastes sweet, looks round, the sound of the crisp apple as I snap off a bite — and then such contextual items as 'I'm feeling good because it's a happy fall day and I'm picking apples.'

We use the hippocampus, an ancient evolutionary part of the cortex, to consolidate a new memory. An event creates temporary links among cortex neurons. For example, 'red' gets stored in the visual area of the cortex, and the sound of a bitten apple gets stored in the auditory area. When I remember the new fact, 'Delicious apple', the new memory data converge on the hippocampus, which sends them along a path (called the Papez circuit) several times to strengthen the links, and to pick up any emotional associations like 'happy fall day', and spatial connections like 'apple orchard'.

Neuron networks
That's the big picture. Now let's examine how neuron networks store and retrieve memories.

Special neuron networks exist that are pre-wired to link cortical neurons into a new network memory. One such network is the Papez circuit in the hippocampus we discussed earlier. The Delicious apple example illustrates how the Papez circuit entrenches temporary connections existing between visual (RED), hearing (BITE-SOUND) and limbic neurons (a HAPPY fall day) to form a new lasting memory: Delicious apple.

Consider, first, the RED part of the Delicious apple memory. It's a network in the visual area of the cortex that contains the sensation of the particular red color of a Delicious apple. This network (depicted in the drawing by solid dots) forms a path defined by its synapses. The RED neurons' synapses changed so their cellular membranes maintain a resting potential difference close to the outgoing neurons' firing threshold voltage. This makes it easy for the neurons along this path to fire, establishing a potentially conducting circuit. The path is the firing path for nerve impulses that stores and invokes the sensation RED in the Delicious apple memory.

Click here for an illuminating animation showing how a neuron fires, courtesy of Bruno Dubuc and here for a lucid look at the firing mechanism, including threshold voltages, courtesy of Eric Chudler.

A similar situation exists for a network in the auditory area for the sound of the apple bite and in the limbic area for the memory of a happy fall day. Moreover, an OVERALL network (green lines in the figure) exists that connects each of these memory parts: RED, BITE-SOUND and HAPPY. The synapses of the OVERALL network changed in the same way to establish a preferred path linking each memory part. The structure of favored connections (OVERALL, RED, BITE-SOUND and HAPPY) all link to form the total DELICIOUS-APPLE MEMORY.

The brain retrieves the information by firing the DELICIOUS-APPLE MEMORY network, causing electrical signals to travel through the network that connects Delicious apple sensory data.

Next week I will tell the third part in this three-part story: "How synapse molecules change to define a network path and, hence, a pattern and a memory."

Further Reading: 

The brain from top to bottom by Bruno Dubuc, Canadian Institutes of Neuroscience, Mental Health, and Addiction

Neuroscience for kids by Eric Chudler, University of Washington

Brain Facts and Figures by Eric Chudler, University of Washington
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How does hippocampus synapse molecules change to define a network path and, hence, a pattern and memory?

Two weeks ago we considered how information flows through the brain, and how the brain places a new short-term memory into long-term memory. Last week we described how neuron networks store and retrieve memories. This week concludes our memory series by seeing how hippocampus synapse molecules change to define a network path and, hence, a pattern and memory.

The action takes place in the border region (called a synapse) between two neurons. A synapse is a small molecular-size gap (20 to 40 nanometers across) between two neuron cells and the cell membranes of both neurons at the gap. A nanometer is one billionth of a meter (or yard). This tiny region between neurons in the hippocampus is where a memory-defining path is born.

Neurons carry information across the brain in the form of electrical pulses. One neuron fires a signal, which propagates down its tail-like axon to the synapse. Chemical messengers at the synapse carry the disturbance across the synapse, and change the potential difference across the cell membrane of the second neuron. If the change is great enough (about 15 mV), the second neuron fires an outgoing signal (peak of +30 mV). So far, so good. That's how signals go down a neuron network. But there's more to establishing a long-term pattern.

For a preferred path, we need frequent-firings. If the incoming neuron fires frequently enough so that the outgoing neuron's cell membrane receives many jolts in a short period of time, the jolts excite the outgoing neuron's membrane long enough to elevate the voltage across the cell membrane for a sustained time. That's the ticket: To jack up the voltage for a time. Five thousand or more molecules and ions drift and bop their way across the gap to the outgoing neuron. Molecules bond with molecules on the outgoing side. Each bonding releases energy. Activity avalanches into a frenzy of catalytic-induced growth. New proteins are born, which create new synapses, which define a new network.

The net result is to raise the resting potential in the outgoing neuron's membrane for a long period. The elevated resting potential makes it easier for an incoming signal to exceed the neuron's firing threshold voltage and, therefore, to fire the outgoing neuron. The synapse is strengthened, can fire more efficiently and a new preferred path is created.

Please click here for the details of how molecules change to establish a network path.

Note: The content of the site "The Brain from Top to Bottom" is under copyleft, which allows free access to the material. I am in debt to Bruno Dubuc and his excellent primer.

Further Reading: 

How memory works, part 1
How memory works, part 2
The brain from top to bottom by Bruno Dubuc, Canadian Institutes of Neuroscience, Mental Health, and Addiction

Medical, Science and Nature Images by Scott Camazine

Neuroscience for kids by Eric Chudler, University of Washington

Brain Facts and Figures by Eric Chudler, University of Washington

MIT team discovers memory mechanism, Science Daily, Feb. 9, 2004

Gene manipulation in mouse and applications to the study of memory, RIKEN, the Institute of Physical and Chemical Research, Brain Science Institute

Requirement for Hippocampal CA3 NMDA receptors in associative memory recall, RIKEN, the Institute of Physical and Chemical Research, Brain Science Institute

Learn like a human, Numenta, IEEE Spectrum, March 2007

Spatial short-term memory pinpointed in human brain, National Health Institutes, 1998.

Capacity limit of visual short-term memory in human posterior parietal cortex (.pdf), Nature, 2004.
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How memory improves:  Suggestions for memory improvement based on sound scientific data.

The best way to improve our memories seems to be to increase the supply of oxygen to the brain, which we can do by aerobic exercising. Walking for three hours each week suffices. Swimming or bicycle riding also work.

Such aerobic exercise has helped elderly people more easily switch between mental tasks, concentrate better and improve their short-term memory, says Arthur Kramer of the University of Illinois, Urbana, commenting on a number of studies.

We now know why. Kramer and his team studied 59 healthy volunteers 60 to 79 years old, and found that aerobic exercise increased the number of neurons in their brains and the number of connections between neurons.

Exercising the brain itself isn't as helpful as we might hope. Several big-name researchers (Columbia, Harvard, Brown, John Hopkins University, the University of Pennsylvania and the Mount Sinai School of Medicine) formed a consortium in 1992. They spent $11.4 million on studies researching memory loss due to aging. Intervention programs they devised produced only modest temporary improvement. Furthermore, results showed "training in a specific task did not lead to improvement in memory capacity overall."

However, if we train in a particular task we want to improve — like remembering names — then perhaps it doesn't matter whether or not we've increased our overall memory capacity. If we practice, we can at least remember names better.

The consortium did find memory improvement or maintenance depends highly on the individual. What works for some may not work for others.

I've listed some memory guides under "Further Reading." These guides present a variety of ideas, so you can pick and choose what helps you. I've also included some demos of a program designed to improve mental skills. The demos are humbling but fun.

If you want to know just how poor your memory is (and how little we pay attention to details), I've included a "police sketch" program. First put away all pictures and mirrors, without peeking. Then use the sketch program to select the right features, and assemble them into a reasonable picture of your face. Now, try to picture, with the sketch program, a close friend or relative. By the way, you can stretch features with the mouse. Harder than it looks!

Further Reading
Aerobic exercise training increases brain volume in aging humans, The Journals of Gerontology Series A: Biological Sciences and Medical Sciences 61:1166-1170 (2006)

Exercise shown to reverse brain deterioration brought on by aging, University of Illinois, Urbana, November 2006

10 research-proven tips for a better memory, Harvard Health Beat

Improving your memory: tips and techniques for memory enhancement, wwwlHelpGuide.org

How to remember names better, 43 folders

MindFitness demos

Police sketch, FlashFace

