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A
fter

single-trialclassicalconditioning
(Fig.1),

there
are

w
ell-defined

tim
e

w
indow

s
of

activation
of

and
requirem

ent
for

key
‘conventional’

m
olecular

players
in

the
different

phases
of

the
consolidation

of
long-

term
m
em

ory
(LTM

)
in
Lym

naea
(Figs.

2
and

3).Tw
o
im

portant
related

discoveries
w
e
have

m
ade

recently
are:

i)
late

LTM
(24h

post-training)
requires

transcription
at6h

post-training
(Fig.4A

)

ii)
at

6h
post-training,

there
is

ongoing
phosphorylation

of
C
R
EB

1
and

increased
acetylation

of
H
3,

both
of

w
hich

can
be

m
easured

in
the

‘learning
ganglia’as

w
ellas

in
single

identified
neurons

know
n
to

be
involved

in
learning

(Figure
4B

,C
).

H
ow

ever,
the

requirem
ent

for
new

protein
synthesis

for
LTM

only
lasts

for
up

to
1h

after
conditioning

(Fig.
3).

Together,
these

findings
gave

rise
to

the
hypothesis

that
new

ly
transcribed

non-coding
R
N
A
s
(e.g.,

m
iR
N
A
s)

are
involved

in
the

early
as

w
ell

as
interm

ediate-term
phase

of
m
em

ory
consolidation.

W
e

tested
this

hypothesis
by

investigating
the

tem
poral

dynam
ics

of
the

post-training
expression

of
m
iR
N
A
s

in
the

‘learning
ganglia’ofLym

naea.

?
?
?

am
ylacetate

F
o
o
d
!

Pre
C
onditioning

sucrose

A
A
=
F
o
o
d
!

C
onditioning

am
ylacetate

sucrose
+

F
o
o
d
!

PostC
onditioning

am
ylacetate

Feeding response to CS
(rasps/2 min)

C
S
tests

24
hours

after
training

C
S
+U

S
U
npaired

0 2 4 6 8 10 12 14 16

N
aive

U
npaired

N
aive

SIN
G
LE

TR
IA
L
R
EW

A
R
D
C
LA

SSIC
A
L
C
O
N
D
ITIO

N
IN
G

LEA
D
IN
G
TO

LTM
IN
LYM

N
A
EA

O
N
G
O
IN
G
G
EN

E
TR

A
N
SC

R
IPTIO

N
AT

6H
A
FTER

SIN
G
LE-TR

IA
L
TR

A
IN
IN
G
IN
LYM

N
A
EA

C
O
N
SERVED

D
IFFER

EN
TIA

LLY
EXPR

ESSED
(X)m

iR
N
A
s
IN

TH
E
LYM

N
A
EA

'LEA
R
N
IN
G
G
A
N
G
LIA

'(A
)A

N
D
TH

EIR
PO

TEN
TIA

L
R
N
A
TA

R
G
ETS

(B
,C

)

cA
M
P

C
aM

K
II M
A
PK PKA

C
R
EB N

ew
R
N
A
and

protein
synthesis

LTM

N
O
S

N
O

sG
C

cG
M
P PK
G K
+K
+ N

a +
N
M
D
A
-R
s

C
a
2+

dep.

C
R
EB

2
PC

R
EB

1

C
a
2+

C
a
2+

dep.

C
lassicalconditioning

PA
C
A
P

channels
D
A
,5-H

T,SC
P

b ?

G
A
C

cytoplasm

m
em

brane

G

C
a
2+

C
a 2+

U
S

C
S

C
/EB

P

D
1,D

2,5H
Tlym

,
SC

P
b receptors?

PA
C
1

N
a +

N
a +

2
C
O
N
SERVED

M
O
LEC

U
LA

R
PR

O
C
ESSES

O
F
M
EM

O
RY

C
O
N
SO

LID
ATIO

N
IN
LYM

N
A
EA

Acquisition
(PAC

AP,N
O
,PKA,M

APK,
N
M
D
A-R

s,C
aM

KII)

C
S
+
U
S
(training)

Early
consolidation

(PKA,N
O
,M

APK,C
aM

KII)

Late
consolidation

(C
aM

KII)
24

hours

Interm
ediate

term
consolidation

(G
luA1,C

aM
KII)

6
hours

TIM
E
W
IN
D
O
W
S
O
F
A
C
TIVATIO

N
O
F
(A
)A

N
D
R
EQ

U
IR
EM

EN
T
FO

R
K
EY

'C
O
N
VEN

TIO
N
A
L'M

O
LEC

U
LA

R
PLAYER

S
(B
)IN

TH
E

D
IFFER

EN
T
PH

A
SES

O
F
TH

E
C
O
N
SO

LID
ATIO

N
O
F
LTM

IN
LYM

N
A
EA

*

0h
1h

6h
24h

42h

C
S
+
U
S

M
em

ory
test

M
em

ory
test

Acquisition/Early
consolidationInterm

ediate
and

late
consolidation

AB

Lym
naea

C
G
C

nucleus
C
G
C

nucleus
50

m

C
G
C

nucleus
C
G
C

nucleus
50

m

A
B

C

0.5

1.0

1.5

AcH3/H3

Trained
C
ontrol

0

*

4 8 12

Conditioned feeding score
(rasps/2 min)

A
ct-D

Saline
0

*

2015

Trained
C
ontrol

A
cH

3

50
m

50
m

n
=
15

n
=
18

n
=
10

n
=
10

(A
)ForLTM

at24h,transcription
is
required

at6h
post-training.

(B
)Increased

A
cK

18H
3
levels

in
nuclearextracts

from
the

'learning
ganglia'at6h

post-training,m
easured

in
w
estern

blots.The
loading

controlw
as

totalH
3.

(C
)A

cK
18H

3
signal(green)in

the
C
G
C
nucleus

at6h
post-training.O

therD
A
PI-stained

neuronalnuclei(blue)
in

the
sam

e
C
G
C
's

vicinity
do

not
show

the
A
cH

3
signal.

pS133
C
R
EB

is
also

upregulated
in

the
C
G
C

nucleus
at6h

aftertraining
(bottom

leftpanel)com
pared

to
control(bottom

rightpanel).
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m
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2,
repressor

of
the

transcriptional
activator

C
R
EB

1.(C
)A

long
non-coding

natural
antisense

transcript
(N
AT)

is
a
potentialtarget

for
Lym

-m
ir1175.

The
seed

region
of

Lym
-

m
ir1175

exhibits
perfect

sequence
com

plem
entarity

to
a
target

site
w
ithin

the
3'

U
TR

of
Lym

-antiN
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S3

R
N
A
.
Lym

-antiN
O
S3

R
N
A
is

a
long

non-coding
N
AT

produced
from

the
non-tem

plate
strand

of
the

Lym
-N
O
S1

locus.Lym
-antiN

O
S3

R
N
A
is
likely

to
serve

as
a

negative
regulatorofN

O
S1

expression.

A

•
W
e

identified
individual

annotated
m
iR
N
A
s

belonging
to

35
conserved

m
iR
N
A

fam
ilies

exhibiting
learning-induced

changes
in

their
expression.

O
ver

50%
of

these
m
iR
N
A
s
show

ed
differentialchanges

in
theirexpression

atdifferent
tim

es
after

training.
Five

m
iR
N
A

fam
ilies

are
specific

for
the

1h
post-training

group
and

2
are

specific
for

the
6h

post-training
group.The

restof
the

m
iR
N
A
s
w
ere

differentially
expressed

in
tw
o

phases
of

consolidation
and

no
m
iR
N
A
s
specific

forthe
24h

post-training
group

have
been

found.

•
M
any

of
the

differentially
expressed

m
iR
N
A
s
are

know
n

to
be

involved
in

neuronal
functions,

including
14

that
are

also
present

in
the

hum
an

brain
and

24
thatare

presentin
the

A
plysia

C
N
S.

•
W
e
have

also
identified

potentialtargets
fortw

o
of

the
differentially

expressed
m
iR
N
A
s
(Lym

-m
iR
137

and
Lym

-m
iR
1175)identified

in
these

experim
ents,

Lym
-C
R
EB

2-encoding
m
R
N
A

and
the

long
non-

coding
R
N
A
Lym

-antiN
O
S3,

respectively.
N
otably,

both
C
R
EB

2
and

N
O
S
are

im
portant

com
ponents

of
conventional

m
echanism

s
involved

in
m
em

ory
form

ation.
W
e
propose

that
Lym

-m
iR
137

inhibits
the

translation
of

C
R
EB

2
w
hereas

Lym
-m

iR
1175

prom
otes

the
translation

ofN
O
S.
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