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Calendar • M 30 Sept: Course introduction

• W 2 Oct: Functional imaging

• F 4 Oct: Statistics (Cesca)

• M 7 Oct: Functional imaging

• W 9 Oct: Biophysics of diffusion

• F 11 Oct: Statistics (Cesca)

• M 14 Oct: Functional imaging

• W 16 Oct: General introduction to the papers for the presentations

• F 18 Oct: Statistics (Cesca)

• M 21 Oct: Modeling in neuroscience

• W 23 Oct: Molecular approaches in neuroscience

• F 25 Oct: Statistics (Cesca)

• F 25 Oct: Laboratory (14:00- 18:00)

• M 28 Oct: Practical exercises on the first part of the course

• W 30 Oct: Genome editing in neuroscience (Dr. Jaudon)

• M 4 Nov: Optogenetics

• W 6 Nov: Papers assignment to the groups; introductions to the specific papers

• T 12 Nov: X-genetics + Practical exercises on the second part of the course

• W 13 Nov: Introductions to the specific papers

• M 18 Nov: Introductions to the specific papers

• 9, 10, 11 Dic: Paper presentation 15:00-19:00)

• Tue 17 Dic: Test (14:00 - 16:00 Room 3A, Building H2bis)







A bit of history
The idea that memory is stored in the brain as physical alterations goes back at

least as far as Plato (427-347 BC)

In the Theaetetus, he puts the following words into the mouth

of Socrates:

"I would have you imagine, then, that there exists in the mind

of man a block of wax, which is of different sizes in different

men; harder, moister, and having more or less of purity in one

than another, and in some of an intermediate quality. . . Let us

say that this tablet is a gift of Memory, the mother of the

Muses, and that when we wish to remember anything which

we have seen, or heard, or thought in our own minds, we hold

the wax to the perceptions and thoughts, and in that receive

the impression of them as from the seal of a ring; and that we

remember and know what is imprinted as long as the image

lasts; but when the image is effaced or cannot be taken, then

we forget and do not know.”



A bit of history
In the first decade of the 20th century, Richard Semon, a German zoologist (1904, 1909;

translated into English in 1921), advocated the physical theory of human memory.

Semon’s contributions were almost completely ignored by mainstream psychologists

concerned with memory until the late 1970s and early 1980s.

Semon coined the term engram, which he defined as ‘‘…the

enduring though primarily latent modification in the irritable

substance produced by a stimulus (from an experience)...’’

‘Engram’ is roughly equivalent to ‘memory trace’’

Learning activates a small ensemble of neurons, inducing in

these cells persistent physical/chemical changes (memory

storage). Reactivation of these cells by relevant (partial)

recall cues results in retrieval of the specific memory

(memory retrieval).



A bit of history

In the 1920s, Karl Lashley, an American psychologist, pioneered a systemic hunt

for engram cells in the rodent brain by introducing lesions of varying sizes into

different areas of the cerebral cortex, attempting to find an engram for a maze

task.

Lashley found that memory was impaired in many

of these lesioned animals, and the severity of the

impairments was proportional to the sizes of the

lesions.

The engrams for maze-resolving memory are

spread throughout the cerebral cortex with no

obvious localization (Mass Action Principle)

(Lashley 1950).



A bit of history

In the 1920s, Karl Lashley, an American psychologist, pioneered a systemic hunt

for engram cells in the rodent brain by introducing lesions of varying sizes into

different areas of the cerebral cortex, attempting to find an engram for a maze

task.

Lashley’s notion that engram cells for a specific

memory are spread broadly and indiscriminately

throughout the brain has not been supported by

subsequent studies.

Lashley’s failure in identifying localized engram

cells might be because the maze tasks he used

were too complex and required multiple regions of

the cerebral cortex.

Lashley’s extreme view was essentially wrong.



Forms of memory and their localization in the brain

Kandel, 2013



Explicit memory requires the medial temporal lobe 

and the hippocampus

Hippocampus



The neurosurgeon Wilder Penfield was the first to demonstrate, in the 1940s,

that human memory is localized in particular regions of the brain.

In ≥1000 awake patients, he introduced electrodes and stimulated different areas

of the cortex. Only when stimulating the temporal lobe, he evoked, in 8% of

patients, a memory, i.e.. the patient described a coherent memory of a previous

experience.

This study provides a ‘‘gain-of-function’’ or ‘‘sufficiency’’ evidence

for the notion that the temporal lobe harbors a biological locus for

episodic memory.

Explicit memory requires the medial temporal lobe 

and the hippocampus



Declarative memory:

the startling case of Henry Molaison (H.M.)

In the early 1950s Brenda Milner studied the case of H.M., who, after undergoing
removal of the medial portion of the temporal lobe (including the hippocampus)
from both hemispheres because of refractory epilesy, presented a dramatic
memory deficit:
Complete inability to form new long-term memory traces; however, IQ, speech,
memory related to experiences prior to surgery remained unaffected.



Ablation of the medial temporal lobes (and the hippocampi) eliminated

the ability to transfer learned new information from short-term memory

(seconds, few minutes) to long-term memory (days, years).

This study provides a ‘‘loss-of-function’’ or ‘‘necessity’’ evidence

for the notion that the temporal lobe is required for episodic

memory.

Declarative memory:

the startling case of Henry Molaison (H.M.)



HM could learn motor skills in a normal way.

The medial temporal lobe (with the hippocampus) is involved in the transfer of
memory from short- to long-term only for those tasks that require the
recognition of faces, things, places (explicit memory) while it is not involved in
memory related to motor skills (implicit memory)

Declarative memory:

the startling case of Henry Molaison (H.M.)



Why makes optogenetics such a valuable tool 

for comprehending the memory engram?



To pinpoint a biological process as the underlying mechanism for a specific phenomenon,

three types of evidence are normally required.

1) Correlation: recording the parallel occurrence between the phenomenon and the

process, which will show an indirect relationship between these two

2) Blockade: interrupting the candidate process, and if this also interferes with the

phenomenon, then this shows the necessity of the process for the expression of the

phenomenon

3) Mimicry: to artificially generate the process, and if by doing so one can recreate the

phenomenon, then this demonstrates sufficiency

Experimental evidence for memory engrams





Susumu Tonegawa. Nobel Prize for Physiology
or Medicine in 1987, for his discovery of the
genetic mechanism that produces antibody
diversity.



To identify which neurons are active during the formation of a memory, one can rely on

the activity-dependent nature of immediate early genes (IEGs). The best characterized IEGs

are zif268, c-fos and Arc/Arg3.1.

The proportion of cells expressing Arc and c-fos in DG (2-6%), CA3 (20-40%) and CA1 (40-

70%) after exposure to a novel environment resembles the proportion of hippocampal

excitatory cells physiologically active in a given environment.

The cellular expression pattern of c-fos and Arc is different for different contexts, but

remains stable upon re-exposure to the same context.

Hypothesis: cells expressing c-fos after a training episode are participating in the encoding

of the memory for that specific experience. These cells may therefore represent a

component of the stored memory engram.

1. Immediate early genes



Transgenic mouse TetTag: drives the expression of the tetracycline transactivator (tTA) under
the control of the c-fos promoter. tTA mimics the expression pattern of endogenous c-fos
and appears only transiently in activated neurons.

The tTA protein bind to the tetracycline-responsive element (TRE) to trigger the expression
of ChR2-EYFP. However, the binding of tTA to TRE is blocked by Dox, which can be
administered through an animal’s diet.

If Dox is removed from the food, a temporal window for activity-dependent labeling is
opened and tTA can bind to TRE to turn on the expression of ChR2-EYFP.

ChR2-EYFP is injected in the dentate gyrus via rAAVs.

2. The TetTag mouse



3. Fear conditioning

Contextual encoding: exposing an animal to a

novel environment results in a memory of

that context.

Context conditioning: If that context is paired

with an adverse stimulus (electric footshock),

it will yield an association between context

and shock.

Context conditioning occurs with either a

signaled shock in which a conditional stimulus

(CS, e.g. a sound) is paired with the shock (the

unconditioned stimulus, US) or with

unsignaled shock.

Contextual retrieval: a CS is paired with the US in one context but not in an another.
Subsequently, the context serves to retrieve the meaning of the CS





Fig. 1 - Introduction to the experimental approach

FC = fear-conditioned
DG CA1 CA3



Fig. 2 - Validation of the experimental approach

On Dox
Off Dox

in home cage
Off Dox + FC
in novel cage

Off Dox + No shock
in novel cage

Off Dox + FC
in novel cage

5 days

Off Dox + FC
in novel cage

30 days

Kainic acid



Control 1:
No foot shock 

Control 2:
No ChR2

Fig. 3 - Is optogenetic reactivation of DG neurons active during 

fear conditioning sufficient to induce freezing behavior?

+ tone

The key experiment



Pre-training



Test session post-training



Fig. 4 - Is light-induced fear memory recall context-specific?

Endogenous
c-Fos

ChR2-EYFP





Dox



Current research:

1) Variability of memory engrams, e.g. hippocampal vs. cortical engrams

Memory traces are initially elaborated in one or more association areas of the

cortex that receive and/or elaborate visual, auditory, somatic… information.

From here information is transferred through the entorhinal cortex to the

hippocampus from where it returns to entorhinal cortex and associative cortices

(long-long-term storage)



Several properties of LTP suggest this phenomenon as a possible cellular

mechanism underlying memory:

LTP requires a strong and coincident pre- and postsynaptic activity (due to

NMDARs acting as coincidence detectors: they are activated by glutamate

released from the pre-synaptic neuron and by post-synaptic depolarization).

The need for a coincident pre- and postsynaptic activity was

first postulated by Donald Hebb (The organization of

behavior; 1949).

When an axon of cell A is near enough to excite 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.

Current research:

2) How Hebbian plasticity (e.g. LTP; neurons that fire together wire 

together) relates to the engram?






