
Learning and Memory



Learning and Memory – brief introduction (Chapter 62)

1861 – Paul Broca defined Broca’s area – posterior portion of the left frontal lobe…

Damage to this area, he identified, results in a specific deficit in language…

This finding led to the question:

ARE THERE OTHER SYSTEMS IN THE BRAIN THAT ARE CONCERNED WITH MEMORY???

IF SO, ARE ALL MEMORY PROCESSES LOCATED IN ONE REGION, OR ARE THEY DISTRIBUTED

THROUGHOUT THE BRAIN????



Language and Learning



WHAT IS LANGUAGE?  WHAT IS THINKING?

Thinking is the ability to have ideas and to infer new ideas from old ones….

Language is the ability to encode ideas into signals for communication to

someone else…

Language is different from thinking itself – infants, nonhuman primates, aphasic

individuals think in the absence of language. Normal adult humans think when

they use visual images or abstract concepts, and other nonlinguistic forms of

thought…..

Written language – a recent invention in human history and must be taught…



All human cultures have language – all of which have basic universal

concepts:

-words are arbitrary associations between a sound and a meaning…

-Grammar is the system that specifies how vocabulary units are combined

into words, and how meaning of a combination can be determined by the

specific arrangement of these units…

By age 6, children can understand about 13,000 words, and high school

graduates know about 60,000…



Grammar and lexicon are just codes or protocols that one uses to establish

certain relationships between meaning and signals of a language….

To produce a signal one must choose words and use grammatical rules to

encode ideas and intentions, and also to generate a set of commands to

the motor system….

To understand a sentence one must coordinate the sensory information

that comes in through the auditory or visual systems (hearing or reading,

respectively), with the grammar and lexicon, and send information about

the resulting interpretation to the systems of memory and reasoning….

Therefore using language requires many different parts of the brain…..



The Critical Period

learning before the age of 7 yields perfect command;

learning between the ages of 8 and 15 yields progressively less perfect 

command;

learning at a greater age includes no advantage for relative youth.

Stage Typical 

age

Description

Babbling 0;6 - 0;8 repetitive patterns

One-word 0;9 - 1;6 Single open-class words or word stems

Two-word 1;6 - 2;0 "mini-sentences" with simple semantic relations

Early 

multiword

2;0 - 2;6 "telegraphic" sentence structures of lexical rather than functional or grammatical

morphemes

Later 

multiword

2;6 on Grammatical or functional structures emerge



Different Stages of Learning Seem to Take Place in Different 

Structures of the Brain

•Most activities involve multiple brain areas 

•Consider hearing and then repeating words: impulses start in the ear and 

end in the precentral gyrus 



In most people (97%), both Broca's area and Wernicke's area are found in only the left

hemisphere of the brain.

In the early 1950s, the famous neurosurgeon Wilder Penfield and his colleague Herbert

Jasper, described how electrical stimulation of certain areas of the brain blocked language.

These neurosurgeons were able to perform these studies asking their patients questions

during the surgical procedure.

More recently (late 1980s), Dr. George Ojemann at the University of Washington has used

electrical stimulation experiments to show that there can be a large difference in the brain

area that is important for language from person to person.



To speak a word that is read, information must first get to the primary

visual cortex. From the primary visual cortex, information is transmitted

to the posterior speech area, including Wernicke's area. From

Wernicke's area, information travels to Broca's area, then to the

Primary Motor Cortex.

Speaking the Written Word 



To speak a word that is heard, information must first get to the primary

auditory cortex. From the primary auditory cortex, information is

transmitted to the posterior speech area, including Wernicke's area.

From Wernicke's area, information travels to Broca's area, then to the

Primary Motor Cortex.

Speaking the Heard Word 



The language problems associated with damage to Broca's and Wernicke's area are quite different 

from one another:

Damage to Broca's Area

(Broca's aphasia)

•prevents a person from 

producing speech 

•person can understand 

language 

•words are not properly formed 

•speech is slow and slurred.

Damage to Wernicke's Area

(Wernicke's aphasia)

•loss of the ability to understand language 

•person can speak clearly, but the words that are put together 

make no sense. This way of speaking has been called "word salad" 

because it appears that the words are all mixed up like the 

vegetables in a salad.



APHASIA

The lack of a homolog to language in other species prevent attempts to model

language in animals…

Our understanding of the neural basis of language comes from other sources,

particularly disorders associated with language, known as aphasias.

Studies of aphasia have taught us a few things about language:

-In a majority of individuals language depends mostly on the left hemisphere

(all but a few right-handed individuals have left cerebral dominance for

language- same for left-handed individuals – even for sign language, which

depends on visual signals)…

-Damage to Broca’s area and Wernicke’s area creates different problems…



Broca's aphasia is sometimes called disfluent aphasia or agrammatic aphasia.  

Agrammatism typically involves laboured speech, and a lack of use of syntax in speech production and 

comprehension (although patients who present with agrammatic production may not necessarily have 

agrammatic comprehension). 

An example of agrammatic speech: 

Ah ... Monday ... ah, Dad and Paul Haney [himself] and Dad ... hospital. 

Two .. .ah, doctors ... and ah ... thirty minutes .. .and yes ... ah ... hospital.

And, er, Wednesday ... nine o'clock. And er Thursday, ten o'clock .. .doctors. Two doctors ... and ah ... 

teeth. Yeah, ... fine. 

Another example: 

M.E. Cinderella...poor...um 'dopted her...scrubbed floor, um, tidy...poor, um...'dopted...Si-sisters and 

mother...ball. Ball, prince um, shoe... 

BROCA’S APHASIA



Wernicke's aphasia is sometimes called sensory aphasia or fluent aphasia.

The speech of a Wernicke's patient is often a normally-intoned stream of

grammatical markers, pronouns, prepositions, articles and auxiliaries, with

difficulty in recalling correct content words, especially nouns (anomia).

Words may be meaningless neologisms (paraphasia).

The patient in the passage below is trying to describe a picture of a child taking a

cookie:

C.B. Uh, well this is the ... the /dodu/ of this. This and this and this and this.

These things going in there like that. This is /sen/ things here. This one here,

these two things here. And the other one here, back in this one, this one /gesh/

look at this one.

WERNICKE’S APHASIA



Doctor [Produces a comb] Can you tell me what this is?

Patient Ooohhh. . . . isn't that funny . . . I'm getting old . . . it's so terrible,

ohhh . . . you know . . . I just . . it's that funny, oh geez . . you know .. .

I know, it's that thing you use to comb your hair with.

Note that the patient uses the word comb as a verb: ". . . the thing you use to

comb your hair with." Yet she could not associate the noun "comb" with the

object. The deficit appears to be related to naming, specifically to the use of

nouns rather than verbs.



Split brain 



In the human brain, the two hemispheres are joined together by fiber pathways. The

major connective structure is the corpus callosum. The surgery developed by Bogan

and associates, involves the severing of the corpus callosum that connects the two

halves of the brain and two other pathways connecting the right and left

hemispheres.

In the brain, the right side of the brain controls and processes information from the

left side of the body and the left side of the brain controls and processes information

from the right side of the body.



Differences between the two hemispheres of the brain

Body control and vision processing are two of many functions which are shared

by both sides of the brain.

But many functions are specialized for one side of the brain or the other. We say

they are lateralized.

Some function differences in the two hemispheres:

There are exceptions. In 95% of right-handers, the left side of the brain is

dominant for language. Even in 60-70% of left-handers, the left side of brain is

used for language.

Left Right 

Emotion Emotion 

Language Melody 

Rhythm Face Recognition 

Temporal Order Pattern Recognition 

Spatial Orientation



The following is an illustration of a setup sometimes used in split-brain

studies

A person sits at a table. There is an array of objects which the subject cannot

see. The name of one object, say, key is displayed to the left visual field--thus

the information will be projected to the right hemisphere.

The person's task is to pick out with the left hand the object named. Under this

conditions the subject can do well. However, the person cannot find the key by

touch if the key is projected to the right visual field while reaching for the object

with the left hand.





Agnosia (Typical Brain Area: superior right parietal lobe)

The word agnosia (from the Greek) basically means not knowing. 

Case Mr. Jones is in the hospital. Doctor enters the room and pours out a

collection of common objects on the table, including a set of keys, a comb, a

quarter, a wallet, and a paper clip.

Doctor Mister Jones, please find the keys.

Patient [picks out comb]

Doctor [Puts comb back]. Please find a quarter.

Patient [selects paper clip]

Doctor Please pick out the wallet.

Patient [immediately picks out the wallet.]

Doctor Mister Jones, I'm going to read a sentence. I want you to repeat it:

"The big lanky first baseman ambled out to the bull pen."

Patient "The big lanky first baseman ambled out to the bull pen."

Diagnosis This behavior is characteristic of a person with visual agnosia.



Visual agnosia is characterized by:

Inability to identify names or describe visually projected objects.

Inabilty to select an object from an array.

At best, can draw or copy major features of an object.



Other forms of agnosia….

Sensory Neglect (Typical Brain Area: Parietal 

lobes). 

Consider a person who has suffered a very large right parietal lesion as a result of a

stroke. A common consequence of such a lesion is a phenomenon known as

sensory neglect.

A patient with sensory neglect ignores, in large part, the left side of the world, i.e.

the side of the world contralateral to the hemisphere where the lesion is. Thus, the

typical situation is that a massive right parietal lobe lesion results in that person's

ignoring the left side of the world.



Doctor [hands the patient a page with evenly distributed alphabetic letters on it]

Can you please circle all the A's?

Patient {Works for a while, then hands back the page. All the A's on the right side

of the page are cirecle. All those on the left side have been ignored.]

Doctor [Hands the patient a blank sheet of paper.]

Can you please draw a clock for me?

Patient [Patient works for a while, then returns the sheet of paper. The clock

looks like this:]

The clock is all on the right side. 

The left side is completely neglected. 



Doctor Can you show me your right hand?

Patient [Shows right hand.]

Doctor Can you show me your left hand?

Patient I can't.

Doctor Why not?

Patient The other doctor sent it away on vacation. [Pretty weird!]

Doctor Okay, then, can you show me your eye?

Patient [Points to right eye.]

Doctor [Calls a large group of teaching assistants into the room. They arrange

themselves on both sides of the bed, four on the right, six on the left.]

Can you count the teaching assistants for me?

Patient Four.

Doctor Okay I see four over on this side of the bed, but what about these

people?[indicates the teaching assistants on the left side of the bed.]

Patient They don't count. [Pretty weird!]

Doctor [Gives a prearranged signal and one of the teaching assitants who "don't

count" suddenly throws a ball at the patient.]

Patient [Ducks and the ball sails harmlessly over her head.]



Autotopagnosia (Talking about your body)

The word "auto" means self, and "topos" means place, referring to the place of

the one's own body.

Compare the following dialogue to the dialogue with the sensory neglect patient

above.

Doctor: Can you show me your right hand?

Patient: Well, I did see it, it was around here somewhere. I guess I left it down in the

cafeteria when I had lunch.

Doctor: All right, could you please point to my right hand?

Patient: [Points to doctor's right hand.]

Doctor: All right, could you please point to your eyes?

Patient: Oh, um, geez, oh yeea, they're over there. [points to a wall of the room.]

Doctor: All right, could you please point to my eyes?

Patient: [points to the doctor's eye.]

Doctor: Now, would you point to your nose?

Patient: Oh, yeah, it's over there too.[indicates wall.]

Such patients autotopagnosia dress themselves appropriately and use their

body normally, but they cannot talk about their bodies. These patients are

normally better at identifying body parts belonging to other people; their most

extreme deficit is in relating to their own body parts.



Finger agnosia

One form of agnosia which is associated with the left parietal, temporal lesion.

Finger agnosia is characterized by the lack of knowledge about one's hand.

If a person suffering from finger agnosia is asked to draw a hand, the patient will

draw a picture somewhat like this:

However, the same people given the model of the foot with the toes cut off, can

complete the picture perfectly: the deficit is selective for the organization of hands

only.



http://en.wikipedia.org/wiki/File:The_Man_Who_Mistook_His_Wife_for_a_Hat_cover.jpg
http://en.wikipedia.org/wiki/File:The_Man_Who_Mistook_His_Wife_for_a_Hat_cover.jpg
http://en.wikipedia.org/wiki/File:9.13.09OliverSacksByLuigiNovi.jpg
http://en.wikipedia.org/wiki/File:9.13.09OliverSacksByLuigiNovi.jpg
http://en.wikipedia.org/wiki/File:David_Eagleman_speaking_at_UP2011.jpg
http://en.wikipedia.org/wiki/File:David_Eagleman_speaking_at_UP2011.jpg


back to...  Learning and Memory



Once learned – the information must be “stored” in memory .....



Accidents and Diseases Reveal Some of the Anatomy of Memory

Accidents which destroy parts of the brain often reveal some of its function

The case of HM (first and best-studied case of the effects on memory of

bilateral removal of portions of the temporal lobes….H.M. was the patient of

Brenda Milner):

Left and right hippocampus and nearby regions (including the rhinal cortex)

removed surgically to control epilepsy (hippocampus is an internal part of

the temporal lobe)

Produced severe amnesia- loss of ability to form new long term memories

Short term memory is OK,

Long term memory of events before the surgery also OK

He does not know the date, his age, the fact that his parents have died or

where he is

Although he has seen his doctor, Milner, on a monthly basis for many years,

each time he behaved as if he had seen Milner for the first time – he could not

transfer new short-term memory into long-term memory…

BUT H.M. COULD LEARN NEW MOTOR SKILLS AT A NORMAL RATE!

This and other revelations led to the general categorizations of memory referred

to before……..



IMPLICIT (NONDECLARATIVE) MEMORY

Information about how to perform something, recalled unconsiously….

Typically involved in training reflexive motor or perceptual skills…..

Rigid and tightly connected to the original stimulus conditions under which the learning occurred.

EXPLICIT (DECLARATIVE) MEMORY

Factual knowledge of people, places, and things, and what these facts mean…

Recalled by consious effort…

Highly flexible and involves the association of multiple pieces of information…

a) Episodic memory

memory for events and personal experience

(eg. Memory of having heard Moonlight sonata, or where you first met your girlfriend etc)

b) Semantic memory

memory for facts

(eg. Things learned in school or books etc)



IMPLICIT (NONDECLARATIVE) MEMORY

Priming Procedural
(skills and habits)

Associative learning
Classical and operant conditioning

Non-Associative learning
Habituation and sensitization

Emotional 
responses

Skeletal 
musculature

Neocortex          Striatum              Amygdala                 Cerebellum              Reflex Pathways



IMPLICIT MEMORY –

does not depend on conscious processes directly, and

recall does not require a conscious search of memory……………

This type of memory builds up slowly, through repetition, and is expressed primarily in performance,

not in words….

Examples include perceptual and motor skills, and the learning of certain types of procedures and

rules…

MEMORY ACQUIRED DURING FEAR CONDITIONING –

Has an emotional component, and is thought to involve amygdala….

MEMORY ACQUIRED THROUGH CLASSICAL CONDITIONING, SENSITIZATION AND

HABITUATION –

Involves changes in the sensory and motor systems (which themselves are involved in learning)



EXPLICIT MEMORY –

1- There is not a single, all-purpose memory store

2- Any item of knowledge has multiple representations in the brain, which can be accessed

independently…

3- Both semantic and episodic knowledge are the result of at least 4 different stages of processing:

I- ENCODING

II- CONSOLIDATION

III- STORAGE

IV - RETRIEVAL



I - ENCODING 

Refers to the processes by which newly learned information is attended to and processed when first 

encountered….

The extent and nature of this encoding are critically important for determining how well the learned 

material will be remembered at later times…

For a memory to persist and be well-remembered, the incoming info must be encoded thoroughly and 

deeply!

This can be achieved by associating it meaningfully and systematically with knowledge that is already 

well established in the memory – integrate the incoming info with the already present memory

Memory storage will also be stronger when one is motivated….



II – CONSOLIDATION

Refers to the processes that alter the newly stored and still “labile” information – to make it more stable 

for long-term storage…

Involves expression of genes and synthesis of new proteins, leading to structural changes that store 

memory stably over time….

III – STORAGE

Refers to the mechanism and the sites by which memory is kept over time…

Long-term storage seems to have unlimited capacity, whereas short-term memory is limited….



IV – RETRIEVAL

Refers to processes that permit the recall and use of the stored information….

Retrieval involves bringing together information stored in many different locations….

Just like perception, it is a constructive process, which implies that it is subject to distortion – similar to 

illusions are for perception….

If retrieval occurs in the same context in which the info was originally acquired, it becomes more 

reliable….

Relies partly on short-term memory sites….



Short Term Memory



SHORT-TERM MEMORY

Also called WORKING MEMORY

1. Attentional control system – central executive

Located in the prefrontal cortex;  

Actively focuses perceptions on the specific events in the environment

Very limited capacity (less than 12 items)

2. Articulatory Loop (rehearsal)

Storage system with a rapidly decaying memory trace where memory for words and 

numbers can be maintained in subvocal speech –

Similar to when you’re repeating a phone number to remember before you dial it….

3. Visuospatial sketch pad (rehearsal)

Represents both visual properties and spatial location of objects to be remembered…

Allows one to store the image of the face of a person one meets at a coctail party…

The information processed in either one of these rehearsal, working memory 

systems has the possibility of entering long-term memory.
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IMPLICIT (NONDECLARATIVE) MEMORY

Priming Procedural

(skills and habits)

Associative learning

Classical and operant conditioning

Non-Associative learning

Habituation and sensitization

Emotional 

responses

Skeletal 

musculature

Neocortex          Striatum                  Amygdala                       Cerebellum                    Reflex Pathways



Non-Associative learning

Habituation and sensitization

Occurs when an animal or a person is exposed once or repeatedly to a single type of stimulus…

Habituation is a decrease in response to a benign stimulus when that stimulus is presented repeatedly.

Sensitization is an enhanced response to a wide variety of stimuli after the presentation of an intense one (say a

pinch on the arm)…

Associative learning

Classical conditioning and operant conditioning

Classical conditioning involves learning a relationship between two stimuli;

Operant conditioning involves learning a relationship between the organism’s behavior and the consequences

thereof



Memory Storage Seems to be a Sequential Process with Several Steps

Many memory traces last for only a few seconds (a phone number that you use once); others can last

for a lifetime- there is evidence that the short traces can be converted into long term storage by

processes involving chemical and anatomical changes:

Short term memory -> Intermediate memory -> Long term memory

If the structure converting short term memory to long term memory is destroyed you will have an

amnesia of the type seen in HM …..



Memory Involves Changes in Synapses

If you give animals a learning task (i.e., learning how to run a maze to get food) and then examine

their brains you find chemical and anatomical changes, especially in synapses :

•Synaptic transmission increases

•In short term learning this may be due to increased Ca in the presynaptic nerves

•Later modification of existing proteins is observed (phosphorylation)

•Still later production of new proteins is seen



Long Term Memory Involves Protein Synthesis

•For long term memory to occur there must be new protein synthesis

•Inhibitors of protein synthesis will block long term memory

•Some of the new protein is used to make new synaptic connections- one observation is of

increased numbers of spines on the dendrites where new synapses are made

•Other proteins go into more receptors on the postsynaptic side of the synapse



An Enriched Environment Promotes Brain Development

Experiments done at UC Berkeley show that the environment is very important in brain development

Rats where put into a deprived environment (1 rat/cage, no toys) or an enriched environment (many

rats/cage, lots of toys)

Rats in the enriched environment had thicker cortexes and more synaptic contacts than those in the

deprived environment

The brain is not static- evidence shows that it can be improved with use



CELLULAR MECHANISMS OF LEARNING

Aplysia californica 



Learning: A Working Definition

A relatively permanent change in behavior, thoughts or feelings as a result 

of experience. 

It allows us to:

• Use past experience to predict the future

• To adapt to a rapidly changing environment.

• To exert control over our environment.



Learning by Association (simplest form of learning)

Ivan Pavlov, a turn of the century Russian physiologist, confronted with 

the ability of his research dogs to adapt to laboratory conditions, set out 

to understand learning and made important discoveries.

Classical or Pavlovian Conditioning

The connectionist explanation: we learn to associate ideas or events 

because they occur close together. Think of the adaptive value of 

learning when one event predicts another.

Food is an unconditioned stimulus (UCS) to the salivation response. 

Salivation is unconditioned response (UCR) to the food (you don't need to learn to salivate to food; it's 

an automatic response).

Pavlov wondered whether you could take these natural associations between certain stimuli and 

responses and use them to produce true learning.

He noticed that his dogs would start to salivate before they were even given any food, e.g., when the lab 

assistant simply opened the door to the room in which dogs were housed (just like you might start to 

"salivate" when the clock chimes 6 p.m.)

What is going on here? 



Pavlov took a neutral stimulus = a stimulus that can catch the learner's attention but does 

not elicit the UCR (e.g., a bell)

At baseline, the situation looks like:

Neutral Stimulus (Rung Bell) No salivation

Unconditioned Stimulus (Food; UCS) Salivation(UCR)

During the conditioning (learning) trials:

Repeatedly rang bell just before presenting food

Neutral Stimulus (Rung Bell) + UCS (Food) Salivation (UCR)

After conditioning (learning):

Repeatedly rang bell without showing dog any food & he finds:

Conditioned Stimulus (Rung Bell; CS) Salivation (Conditioned Response; CR)

The initially neutral stimulus (bell) became a learned (conditioned) elicitor of the response

conditioned stimulus (CS) = a neutral stimulus which you have learned to give the

response to.

conditioned response (CR) = similar to UCR but is made to CS because oflearning



Examples of classical conditioning in humans include:

• Many phobias

(such as fear of dental work; fear of dogs; fear of snakes;)

• waking up right before your alarm goes off

•  feeling nauseous or dizzy upon entering a hospital

and many ad campaigns use classical conditioning



Operant Conditioning 

The area of Operant Conditioning owes heritage to Thorndike's Law of

Effect

The fundamental principle behind operant conditioning is that

responses leading to "pleasant" effects are more likely to be repeated

in future than those leading to "discomforting" ones.

Idea of Operant Conditioning

You operate on environment and your behavior has effects. The effects

of consequences of your voluntary behavior determine which behaviors

or responses you learn, retain, or forget.

This principle doesn't necessarily apply to reflexes and emotions

(like classical conditioning does).

Does it apply to heart rate, blood pressure, love, anger, fear? Only if

you can voluntarily regulate them.

Edward Lee Thorndike 



In order to maximize learning…….

Be it either through reinforcement or

punishment, the “cues” must be:

1. contingent (consistent)

2. immediate (e.g., with punishment, it must

be swift and certain)

3. right magnitude

http://www.offthemark.com/psych/psych03.htm
http://www.offthemark.com/psych/psych03.htm


Observational Learning

Tolman's place learning research showed that animals learn (= acquire a new behavior) even if they

aren't rewarded for it. Rewards don't seem to necessarily/always affect learning.

Instead, rewards sometimes affect whether we show the behavior we've learned.

Is all voluntary behavior learned this way? Do we have to respond to learn?

This led to another Basic Idea: We can learn from observing the behavior of others.

If this is true you do not have to actually experience consequences or respond in order to learn. For

example, children will do not only what they are reinforced for. They also will do what they see you do

(and on the TV), and your friends, and their friends, and the teachers, etc., etc.

This is known as Modeling or Observational Learning.





BACK TO CELLULAR ASPECTS ......

Learning in a Simple System: 

Aplysia Identification of synaptic changes directly related to learning (i.e.

memory trace) is difficult in complex nervous systems of mammals Simple

invertebrate nervous systems offer an alternative, e.g., sea slug Aplysia

Aplysia shows learning such as habituation, sensitization, and classical

conditioning



Aplysia Gill Withdrawal Reflex
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Cajal: learning & memory involve changes in synaptic connections = synaptic plasticity 

Changes in synaptic connectivity serve as mechanism to encode and store information in the CNS 





The α-amino-3-hydroxy-5-methylisoxazole-4- propionic 

acid receptor (also known as AMPA receptor, AMPAR, or 

quisqualate receptor) is a non-NMDA-type ionotropic 

transmembrane receptor for glutamate that mediates 

fast synaptic transmission in the central nervous system 

(CNS). 

Its name is derived from its ability to be activated by the 

artificial glutamate analog, AMPA. 

AMPARs are found in many parts of the brain and are 

the most commonly found receptor in the nervous 

system.



AMPARs are composed of four types of subunits, designated as GluR1, GluR2, GluR3, and GluR4

(alternatively called GluRA-D), which combine to form tetramers. Most AMPARs are either homo-

tetramers of GluR1 or GluR4, or symmetric 'dimer of dimers' of GluR2 and either GluR1, GluR3 or

GluR4.

The AMPAR's permeability to calcium and other cations, such as sodium and potassium, is governed

by the GluR2 subunit. If an AMPAR lacks a GluR2 subunit, then it will be permeable to sodium,

potassium and calcium. The presence of a GluR2 subunit will almost certainly render the channel

impermeable to calcium…

AMPA receptors (AMPAR) are both glutamate receptors and cation channels that are integral to

plasticity and synaptic transmission at many postsynaptic membranes.

One of the most widely and thoroughly investigated forms of plasticity in the nervous system is known

as long-term potentiation, or LTP.

There are two necessary components of LTP: presynaptic glutamate release, and postsynaptic

depolarization. Therefore, LTP can be induced experimentally in a paired electrophysiological recording

when a presynaptic cell is stimulated to release glutamate on a postsynaptic cell that is depolarized.



The NMDA receptor (NMDAR) is an ionotropic receptor for glutamate (NMDA (N-methyl d-aspartate) is a

name of its selective specific agonist).

Activation of NMDA receptors results in the opening of an ion channel which is nonselective to cations.

This allows flow of Na+ and small amounts of Ca2+ ions into the cell and K+ out of the cell.

Calcium flux through NMDARs is thought to play a critical role in synaptic plasticity, a cellular mechanism

for learning and memory.

The NMDA receptor is interesting in that it is both ligand-gated and voltage-dependent.

NMDA Glutamate 

http://upload.wikimedia.org/wikipedia/commons/a/a8/L-glutamic-acid-skeletal.png
http://upload.wikimedia.org/wikipedia/commons/a/a8/L-glutamic-acid-skeletal.png


Long-term potentiation (LTP) is an increase in the strength of a chemical 

synapse that lasts from minutes to several days.

It has been observed both in cultured cells (in vitro) and in living animals (in vivo). In cultured cells,

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 the presynaptic cell are more

likely to elicit action potentials in the postsynaptic cell.





Early LTP is the series of events that take place within minutes

and hours following LTP induction. Few downstream molecular

events leading to the expression and maintenance of E-LTP are

known with certainty, yet there is considerable evidence that E-

LTP depends upon the activity of several protein kinases,

including calcium/calmodulin-dependent protein kinase II

(CaMKII), protein kinase C (PKC), protein kinase A (PKA),

mitogen-activated protein kinase (MAPK), and tyrosine kinases.

CaMKII and other protein kinases carry out the expression of E-LTP postsynaptically via two major mechanisms:

1. First, they chemically modify postsynaptic AMPA receptors by adding phosphate groups to them.

2. Second, they mediate or modulate the insertion of AMPA receptors into the postsynaptic membrane.

AMPA receptors are the brain's most abundant glutamate receptors and mediate the majority of its excitatory activity.

By increasing the number of AMPA receptors at the synapse, future excitatory stimuli generate larger postsynaptic

responses. Importantly, the delivery of AMPA receptors to the synapse during E-LTP is independent of protein

synthesis. This is achieved by having a nonsynaptic pool of AMPA receptors adjacent to the postsynaptic membrane.

When the appropriate LTP-inducing stimulus arrives, nonsynaptic AMPA receptors are rapidly trafficked into the

postsynaptic membrane under the influence of protein kinases





Unlike early LTP, which is independent of protein

synthesis, late LTP requires transcription and protein

synthesis in the postsynaptic cell.

Two phases of L-LTP exist: the first depends upon protein

synthesis, while the second depends upon both

transcription and protein synthesis. These phases are

occasionally called LTP2 and LTP3, respectively.

Hippocampal LTP may be altered by a variety of modulators.

For example, the steroid hormone estradiol may enhance

LTP by driving CREB phosphorylation and subsequent

dendritic spine growth.

Additionally, β-adrenergic receptor agonists such as

norepinephrine may alter the protein synthesis-dependent

late phase of LTP.

Nitric oxide synthase activity may also result in the

subsequent activation of guanylyl cyclase and PKG.

Similarly, activation of dopamine receptors may enhance LTP

through the cAMP/PKA signaling pathway.



Kandel, Science, 2001



Kandel, Science, 2001



Long-term depression (LTD) is the weakening of a neuronal 

synapse that lasts from hours to days.

It results from either strong synaptic stimulation (as occurs in the cerebellar Purkinje

cells) to persistent weak synaptic stimulation (as in the hippocampus).

LTD is thought to result from changes in postsynaptic receptor density, although

changes in presynaptic release may also play a role.

Cerebellar LTD has been hypothesized to be important for motor learning. However, it is

likely that other plasticity mechanisms play a role as well.

Hippocampal LTD may be important for the clearing of old memory traces.



EXPLICIT MEMORY –

I- ENCODING

II- CONSOLIDATION –
processes that alter the newly stored and still 

“labile” information – to make it more stable for 

long-term storage…

III- STORAGE 

IV - RETRIEVAL



AMYGDALA LTP IN FEAR CONDITIONING ????



ASSAYS FOR LEARNING AND MEMORY





The Classic maze 

This is the kind of maze everyone thinks of when they think of rats and mazes. The maze 

consists of a large platform with a series of vertical walls and a transparent ceiling. The rat 

starts in one location, runs through the maze, and finishes at a reward in another location.

How many trials does it take for a hungry rat to run the maze to the food reward at the end with 

no mistakes? How quickly does the rat complete the maze each time? Does the rat get faster 

over multiple trials? Over time, rats tend to run the maze with fewer and fewer errors, more and 

more quickly. 

By graphing the number of errors over time, you can generate a learning curve for the rats.



The T-maze 

The T-maze is shaped like a T. The test animal starts at the base of the T. 

A reward may be placed in one arm of the maze, or different rewards may be placed in each arm. 

The rat walks foward and chooses the left or right arm of the maze.



What kinds of questions can you answer with a T-maze?

Side preferences: The simplest question one can ask in a T-maze is whether a rat has a natural side

preference. With no reward in either arm, does a rat prefer to go right or left?

Alternation: You can study natural alternation by running a rat in a T-maze over multiple trials with no

reward. Do rats alternate between left and right arms? You can also train rats to alternate by rewarding

first one arm, then the other, over many trials. The rat should learn to choose the arm that was not visited

on the previous trial.

Learning: T-mazes are also used to study simple learning. You can place a reward at the end of one of

the arms, then run a hungry rat through the maze multiple times. How many trials does it take before the

rat chooses the correct arm most of the time? Further, if the reward is removed, and the rat is run through

the maze multiple times, for how many trials does the rat continue to prefer the now empty arm? If the

reward is replaced, how many trials does it take for the rat to re-establish a preference for that arm?

Preference: T-mazes are used to ask rats to choose between two options. A different reward is placed in

each arm of the maze. Rewards can be anything: different foods, another rat in a small cage, shelter, an

odor. The rat is allowed to explore the whole maze. Then the rat is placed in the start location, and the

researcher records the rat's choice: for example, the amount of time the rat spends at the end of each

arm over a period of time (say, 5 minutes).



The Multiple T-maze 

The multiple T-maze is a complex maze made of many T-junctions. Performance in the multiple 

T-maze is easy to measure because each intersection is identical and has a clear right or wrong 

answer. The multiple T-maze is also quite challenging for rats.



What kinds of questions can you ask with a multiple T-maze?

Multiple T-mazes were used to answer questions of place vs. response learning and cognitive maps.

Cognitive maps and latent learning:

Do rats learn a maze by choosing the corridors that lead to a reward, or do they generate an internal

map of the maze even without a reward (called latent learning)?

To answer this question, researchers placed a rat in a maze and let it explore the maze with no

reward. The rat simply wandered about. Then the researchers started placing food in the reward

corner. Rats who were already familiar with the maze learned to solve the maze more quickly and

acheived better scores than rats who had never been given exploration time. Their proficiency

indicated that the rats had generated a cognitive map of the maze during their explorations (Tolman

and Honzik 1930).

Place learning vs. response learning:

Do rats solve the maze by learning that the goal box is in a particular place in space, relative to cues

outside the maze?

For example, they might learn to go toward the place closest to the room's window or under an

overhead lamp. This is called place learning, and is the chief form of learning in cognitive map

theory. Alternatively, rats might learn a particular response to a maze, like 'left, right, left, left, right.'

This is called response learning and belongs to stimulus-response theory. In this theory, rats choose

to go left or right depending on which choice led them to the food in previous trials. The food reward

reinforces the correct choices.



The Y-maze 

The Y-maze is similar to the T-maze, but it has three identical arms. The rat starts at the end of 

one arm, then chooses one of the other two. The Y-maze is a little easier than a T-maze because 

gradual turns decrease learning time as compared to the sharp turns of the T-maze.



The radial arm maze 

The radial arm maze has a center platform with eight, twelve, or sixteen spokes radiating out 

from a central core (Olton and Honig 1978).



The Morris water maze 

The Morris water maze (Morris et al. 1982) is a large round tub of opaque water (made white 

with powdered milk) with two small hidden platforms located 1-2 cm under the water's surface. 

The rat is placed on a start platform. The rat swims around until it finds the other platform to 

stand on. External cues, such as patterns or the standing researcher, are placed around the 

pool in the same spot every time to help the rat learn where the end platform is. The researcher 

measures how long it takes for a rat to find hidden platform.





Optogenetics





Optogenetics uses light to control neurons (or mice) which have been genetically sensitised to light.

It is a neuromodulation technique employed in neuroscience that uses a combination of techniques

from optics and genetics to control and monitor the activities of individual neurons in living tissue—

even within freely-moving animals—and to precisely measure the effects of those manipulations in

real-time.

The key reagents used in optogenetics are light-sensitive proteins. Spatially-precise neuronal control

is achieved using optogenetic actuators like channelrhodopsin, halorhodopsin,

and archaerhodopsin, while temporally-precise recordings can be made with the help of optogenetic

sensors for calcium (Aequorin, Cameleon, GCaMP), chloride (Clomeleon) or membrane voltage

(Mermaid)





Basic principle behind optogenetics – bacteriorhodopsins, halorhodopsins and channelrhodopsins

Types of opsins. Channelrhodopsins (ChR), are light-activated cation channels.

Halorhodopsins (HR) and bacteriorhodopsins (BR) are light-activated chloride and proton

pumps. OptoXRs enable light-activated control of intracellular G-protein-coupled signalling

cascades. Adapted from “Molecular Tools and Approaches for Optogenetics,” by Y. Mei and F.

Zhang, 2012, Biological psychiatry, 71, p. 1033. Copyright 2012 by Society of Biological

Psychiatry.



Optogenetics can be used to either excite or inhibit a neuron



Designer Channelrhodopsins.....

http://www.nature.com/nature/journal/v484/n7394/full/nature11028.html



Adult neurogenesis and learning



Neurogenesis in the adult SVZ and SGZ

http://onlinelibrary.wiley.com/doi/10.1002/jnr.10378/pdf



Adult hippocampal neurogenesis

http://www.uva.nl/over-de-uva/organisatie/medewerkers/content/s/c/m.schouten/m.schouten.html

Adult hippocampal neurogenesis is a multi-step process that starts with neural stem cells and end with the

functional integration of a new neuron roughly one month later. In this time-frame of one month a lot of

regulation is occurring, both extrinsic (e.g. stress hormones) and intrinsic (e.g. epigenetic factors such as

small non coding RNAs).



Adult hippocampal neurogenesis

http://keck.bioimaging.wisc.edu/neuro670/reqreading/adultneurogenesisinthemammaliancentralnervoussystem.pdf

Adult neurogenesis in the dentate gyrus of the hippocampus undergoes five developmental stages.

Stage 1. Proliferation: Stem cells (blue) with their cell bodies located within the subgranular zone in the

dentate gyrus have radial processes that project through the granular cell layer and short tangential

processes that extend along the border of the granule cell layer and hilus. These stem cells give rise to

transient amplifying cells (light blue). Stage 2. Differentiation: transient amplifying cells differentiate into

immature neurons (green). Proliferating progenitors in the SGZ are tightly associated with astrocytes and

vascular structures. Stage 3. Migration: Immature neurons (light green) migrate a short distance into the

granule cell layer. Stage 4. Axon/dendrite targeting: Immature neurons (orange) extend their axonal

projections along mossy fiber pathways to the CA3 pyramidal cell layer. They send their dendrites in the

opposite direction toward the molecular layer. Stage 5. Synaptic integration: New granule neurons (red )

receive inputs from the entorhinal cortex and send outputs to the CA3 and hilus regions.



Adult SVZ neurogenesis and olfactory bulb

http://keck.bioimaging.wisc.edu/neuro670/reqreading/adultneurogenesisinthemammaliancentralnervoussystem.pdf

Adult neurogenesis in the SVZ/olfactory systems undergoes four developmental stages.

Stage 1. Proliferation: stem cells (blue) in the SVZ of the lateral ventricles give rise to transient amplifying

cells (light blue). Stage 2. Fate specification: transient amplifying cells differentiate into immature neurons

(green). Adjacent ependymal cells (gray) of the lateral ventricle are essential for neuronal fate specification

by providing inhibitors of gliogenesis. Stage 3. Migration: Immature neurons (green) migrate with each

other in chains through the rostral migratory stream (RMS) to the olfactory bulb. The migrating neurons are

ensheathed by astrocytes. Once reaching the bulb, new neurons then migrate radially to the outer cell

layers. Stage 4. Synaptic integration: Immature neurons differentiate into either granule neurons (Gr,

orange) or periglomerular neurons (PG, red ). These unusual interneurons lack an axon and instead

release their neurotransmitter from the dendritic spines at specialized reciprocal synapses to dendrites of

mitral or tufted cells.



Adult SVZ neurogenesis and olfactory bulb

http://keck.bioimaging.wisc.edu/neuro670/reqreading/adultneurogenesisinthemammaliancentralnervoussystem.pdf





Intrinsic programmes and external factors controlling adult neurogenesis in the subventricular zone

http://www.nature.com/nrn/journal/v7/n3/fig_tab/nrn1867_F2.html

Several intrinsic factors expressed

by stem cells and progenitors

control both proliferation rates and

the fate of newborn cells. In

addition, external factors such as

neurotransmitters, hormones and

growth factors might cooperate

with intrinsic programmes to

modulate these processes.

Tangential migration along the

RMS is regulated by interactions

between neuroblasts and the local

RMS microenvironment, which

involves different receptors and

proteins that are necessary for

contact-mediated repulsion or

attraction. After reaching the core

of the olfactory bulb, chain

detachment and radial migration

of neuroblasts is regulated by the

external factors reelin, tenascin-R,

and prokineticin 2 (PK2). When

cells detach from chains, they

invade the overlaying layers,

where they differentiate into two

local interneuron subtypes:

granule cells (located in the

deeper layer of the olfactory bulb)

and periglomerular neurons

(located in the most superficial

layer). Newborn cell survival then

depends on sensory input.



Intrinsic programmes and external factors controlling adult neurogenesis in the dentate gyrus

http://www.nature.com/nrn/journal/v7/n3/fig_tab/nrn1867_F2.html

In the hippocampus (Hipp), stem

cells located in the subgranular

zone (SGZ) of the dentate gyrus

(DG) produce neuroblasts (but for

an alternative view, see Ref. 212),

which function as transient

precursors, and give rise to new

granule neurons (type A cells, or

neuroblasts).

The proliferation of newborn cells

in this niche has been studied

extensively, revealing many

external and internal factors —

including transcription factors,

neurotransmitters, hormones,

growth factors and environmental

stimuli — that are involved in

regulating the process. In addition,

many external factors modulate

newborn neuron survival in the

granular cell layer (GCL).

http://www.nature.com/nrn/journal/v7/n3/full/nrn1867.html#B212

