U"B ,.-“t#t""NC

Universitat Autbnoma L Institut de
de Barcelona ™~ Neurociéncies

Instituto de Neurociencias

Departamento de Bioquimica y Biologia Molecular

Role of the transcriptional coactivator Crtcl on

hippocampal-dependent associative memory

Papel del coactivadortranscripcional Crtcl en la memoria

asociativa dependiente de hipocampo

Meng Chen

Director: Carlos A.Saura

Doctoral thesis

Bellaterra, Jul. 2014



r"'u
UnB A "INC

Universitatl Auionoma

de Barcelona Institut de
-"El ‘, Neurociéncies

Instituto de Neurociencias

Departamento de Bioquimica y Biologia Molecular

Role of the transcriptional coactivator Crtcl on

hippocampal-dependent associative memory

Papel del coactivadortranscripcional Crtcl en la memoria

asociativa dependiente de hipocampo

Memoria de tesis doctoral presentada por MengChen para optar al grado de Doctor en
neurociencias por la UniversitatAutonoma de Barcelona.

Trabajo realizado en la Unidad de Bioquimica y Biologia Molecular de la Facultad de
Medicina del Departamento de Bioquimica y Biologia Molecular de la
UniversitatAutonoma de Barcelona, y en el Instituto de Neurociencias de la
UniversitatAutonoma de Barcelona, bajo la direccion del Doctor Carlos Saura Antolin.

El trabajo realizado en esta tesis doctoral ha estado financiado por los proyectos de
investigacion del Ministerio de Economia y Competitividad (MINECO) “Analisis del
transcriptoma en ratones transgénicos de la enfermedad de Alzheimer” (SAF2010-
20925) y por el Centro de Investigacion Biomédica en Red de Enfermedades
Neurodegenerativas (CIBERNED, CB/06/05/0042).

Bellaterra, 18 de Julio de 2014

Doctoranda Director de tesis

Meng Chen Carlos A.Saura



DA 1
I List of abbreviations 4
2 A A 8
3 IntrOdUC O 11
3.1 Alzheimer’s diSease 12
3.1.1 Alzheimer’s disease etiopathogenesis . . 12

3.1.2 Alzheimer’s disease p neuropathology . ... 12

o Bramyloid 15

L ¥ 1 ST ¥4

3 1.3 Preseniling 18

3.2 Hippocampus-dependent memory 23
3.2.1 Associative memoOry 24

3.2.2 Molecular mechanisms mediating memory encoding and storage in the

hIpPOCAMPUS 2T

3.2.3 The transcription factor CREB in learning and memory_____ 28

3.2.4 CREB-dependent genes 31

O CofOS oo D2

O NIFAaS 33

3.2.5 Roleof CREB signaling in AD 34

3.2.6 CREB regulated transcriptional coactivators (CRTCs)_ . 35

3.2.6.1 CRTC family members . ......35

3.2.6.2 Function of Crtc in the nervous system 39

A O I S 41
5  Materials and Methods 43
5.1 Invivo experimental procedures 45
5.1 Transgenic MICe 45

5.1.2 Injection of recombinant AVVs_ ..M

S L3 BeaVIO 47

5.1.4 Intracardial perfusion and histology. 48

5.2 Human brain tissue 49



6

5.3 Cell culture A
5.3.1 Primary neuronal cultare .~ 4
5.3.2 PCI12 culture and differentiation_ 51
5.3.3 Transfection and shRNA S
5.3.4 Pharmacological treatments______ . 52
5.4 Biochemical methods .53
5.4.1 Cell and brain lysis and protein quantification_____ 54
5.4.2 Gel electrophoresis and Western blotting____ 54
5.4.3 Dual-luciferase reporter assay 55
5.4.4 Immunoprecipitation .5
5.5 Molecular biology methods 56
5.5.1 Quantitative RT-PCR 56
5.6  Microscope methods 57
5.6.1 Immunocytochemistry 57
5.6.2 Immunohistochemistry 58
5.6.3 Nissl staining . 59
5.6.4 Image acquisition and processing 59
5.7 Statistical analysis. 59
ROSUIS 60
6.1 PartI: Crtcl function is critical for contextual fear conditioning . 61
6.1.1 Activity-dependent Crtcl nuclear translocation in neurons ¢ 6l
6.1.2 Contextual learningi nduces C rtcl de phosphorylationi nt he

6.1.3

6.1.5
6.1.6

MIPPOCAMPUS 64
Contextual learningi nduces C rtcl nuc leart ranslocationi nt he
hippOCamMPUS 67
Contextual 1 earning induces differential expression of Creb/Crtcl-
dependent genes 70
Age-dependent memory deficits in PScDKO mice 71

Impairment of Crtcl nuclear translocation in C A3 hippocampus in PS

¢DKO mice 73

Age-dependent C rtcl-dependent t ranscriptional de ficitin PS ¢cDKO



6.1.8 Crtcl g ene transferr everses Crtcl transcriptional a nd associative

memory deficits in PScDKO mice . 77

6.1.9 Effect of Crtcl on brain degeneration in PS cDKOmice____ . . 81

6.1.10 CRTCI1 protein changes in human brain at AD pathological stage 84

7 DISCUSSION 86
8 Hypothesis & Conclusions 90
9 Reference List 93



Abbreciations

Abbreviation



Abbreciations

aCaMKII
AD
AP

AF
AMPA
Aphl
APLP1
APOE
APP
Arc
ATF 1
BDNF
BACE
bZIP
cAMP
CBP
cKO
CR
CREB
CREM
CRTC
CS
CTF

DBD

Abbreviations

Ca*"/calmodulin-dependent protein kinase Ilol
Alzheimer’s disease

Amyloid-p

Activation function
a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
pharynx-defective 1
Amyloid-like protein 1
Apolipoprotein E4 isoform

B-amyloid precursor protein
Activity-regulated cytoskeleton-associated protein
Acting transcription factor 1
Brain-derived neurotrophic factor
beta-site APP cleaving enzyme 1
Basic Leucine Zipper

Cyclic adenosine monophosphate
CREB-binding protein

Conditional knockout

Conditional responses

cAMP response element-binding protein
cAMP response element modulator
CREB regulated transcription coactivators
Conditional stimuli
C-terminal fragment

DNA-binding domain



Abbreciations

DIV

DNA
Egrl
ER
ERK
FAD
FTD
IEG
LBD
LTP
MAPK
MEF
MSK1
Nct
NFTs
NMDA
NR
PBS
Pen2
PDE4
PKA
PKC
PS
PVH

RIN

Days in vitro

Deoxyribonucleic acid

early growth response protein 1
Endoplasmic reticulum
Extracellular signal-regulated kinases
Familial AD

Frontotemporal dementia
Immediate-early gene
Ligand-binding domain

Long-term potentiation
Mitogen-activated protein kinases
Myocyte enhancer factor

Mitogen and stress-activated kinase 1

Nicastrin

Neurofibrillary tangles
N-methyl-D-aspartate receptor

Nuclear receptors

Phosphate buffered saline
Presenilin enhancer 2
Phosphodiesterase [V

Protein kinase

Protein kinase C

Presenilin

The paraventricular nucleus

RNA integrity number



Abbreciations

RIPA
SARE

SD
SRF
STM
TAD
TBS
LT™M
US

VGCC

Radioimmunoprecipitation assay buffer

Synaptic activity response element
Splicing domain

Serum response factor
Short-term memory
Transactivation domain
Tris-buffered saline

long-term memory
Unconditional stimulus

Voltage-gated calcium channels



Abstract

Abstract



Abstract

Abstract

Alzheimer’s disease (AD) is an age-dependent neurodegenerative disorder and the
main cause of dementia in the elderly. Cognitive decline in AD correlates with synaptic
dysfunction a nd ne uron 1 oss, w hereas b rain f unctional ch anges ar ¢ o bserved b efore
clinical diagnosis and atrophy of the hippocampus. Besides the classical episodic memory
impairment s ymptoms, dementia patients de velop de ficits in encoding and r etrieval of
emotional associative me mory a nd fear ¢ onditioning (Granholm a nd B utters, 1988;
Hamann et al., 2002; Sperling et al., 2003; Hoefer et al., 2008; van der Meulen et al.,
2012). P ersons w ith r isk f or de veloping A D s how i mpaired associative e motional
encoding and conditioned responses (Sperling et al., 2003; Hoefer et al., 2008; Parra et
al., 2013). Despite the evidence for emotional learning and memory deficits in dementia,

the molecular mechanisms involved are largely unknown.

The cA MP-response e lement bi nding pr otein ( CREB) s ignaling pa thway
regulates gene ex pression p rograms m ediating s ynaptic plasticity and m emory. Recent
evidences suggest that deregulation of cAMP/Ca*"-mediated CREB signaling negatively
affect hippocampal synaptic plasticity, memory and synapse loss in AD models (Vitolo et
al., 2002; Smith et al., 2009; Espana et al., 2010). These results suggest that disruption of
CREB signaling may contribute to me mory d eficits in AD (Saura and Valero, 2011).
However, the s pecific role of CREB and its transcriptional c oactivator Crtcl on ge ne
transcription during associative memory in normal and neurodegenerative conditions are

unknown.

Int his doctoral t hesis, w e i nvestigated t he specificr oleo ft he CRE B
transcriptional coactivator Crtcl in associative memory in physiological and pathological
conditions. In cultured primary ne urons, Crtcl is rapidly (min) de phosphorylated a nd
translocated to the nucleus upon synaptic stimulation indicating that Crtcl is activated by
dephosphorylation. By using f ear ¢ onditioning, w e f ound t hat ¢ ontext ¢ onditioning
induces rapid translocation (15 min) of Crtcl from the cytosol to the nucleus of neurons
in the CA1 and CA3 regions of the adult mouse hippocampus. Crtcl nuclear translocation

is associated with Crtcl dephosphorylation at Ser151, a residue critical for transcriptional
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activation, whereas Creb phosphorylation (Ser133) is induced independently of a paired
unconditioned stimulus. Interestingly, Crtcl dephosphorylation is induced specifically in
the hippocampus by context conditioning but not by context encoding or shock stimuli.
Contextual conditioning but not context encoding or shock up regulates gene epression
levels including c-fos and the Nr4a family m embers Nr4a I and 2 genesina C rtcl-
dependent m anner. N otably, r educed C rtcl nuc lear t ranslocation a nd C rtc1-dependent
transcription is associated w ith 1 ong-term ¢ ontextual me mory imp airments in a mo use
model of neurodegeneration lacking the presenilin genes (PS ¢cDKO). In addition, adeno-
associated v iral-Crtcl gene t ransfer i n t he h ippocampus r everses h ippocampal C rtcl-
dependent t ranscription ¢ hanges and associative m emory d eficits d espite u nchanged
cortical de generationin PS ¢cDKO m ice. Finally, post mo rtem a nalysis s hows t hat
CRTCI11 evelsa rer educed i n hum an hi ppocampus a ti ntermediate B raak II/IV
pathological stages.

These f indings r eveal acr iticalr oleo fC rtcl n uclear t ranslocation an d
transcriptional f unctioni nc ontextual memory e ncoding inph ysiologicala nd

neurodegenerative conditions.
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3.1 Alzheimer’s disease

3.1.1 Alzheimer’s disease etiopathogenesis

Alzheimer’s d isease ( AD) is th e mo st c ommon f orm o f d ementia among th e
elderly and ch aracterized clinically by progressive de terioration o f m emory and ot her
cognitive f unctions. In 2010, 35.6 m illion pe ople w ere e stimated t o be 1iving w ith
dementia. The total number of people with dementia is projected to almost double every
20 years, to 65.7 million in 2030 and 115.4 million in 2050. T he total number of new
cases of de mentia e ach year worldwide is ne arly 7.7 million, i mplying one ne w c ase

every four seconds (WHO, 2012).

The principal risk factor for AD is aging. According to different e stimates, the
prevalence doubles every five years after the age of 65 (WHO, 2012). More than 95% of
AD cases are sporadic, whereas less than 5 % of cases are considered as early-onset AD
because start before the age of 65. The majority of early-onset AD cases are linked to
mutations in genes encoding presenilin 1 (PSEN 1, PS1), presenilin 2 (PSEN 2; PS2) and
B-amyloid precursor protein (4PP). Although the underlying mechanism(s) leading to the
development of sporadic AD are still not known, several potential risk genes have been
identified (Ballard et al., 2011; Table 1). The main genetic risk factor of late-onset AD is
the a polipoprotein E 4 i soform ( APOE4) ( Corder, etal., 1993 ). SORLI has al so b een

identified as an important genetic cause of late-onset AD (Rogaeva et al., 2007).

3.1.2 Alzheimer’s disease neuropathology

The ne uropathological ha llmarks of A D are pr ogressive a nd s elective loss of

neurons and synapses, deposition of extracellular amyloid-f (Ap) peptides in senile

12
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plaques and formation of intracellular neurofibrillary tangles (NFTs). Since synaptic and

neuronal d ysfunction ar e evident at very e arly stages o fthe disease, 1 0ss o f's ynapses
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Table 1: Genes linked to Alzheimet’s disease (Ballard C et al.. 2011)

could b e associated w ith ear ly s ynaptic and m emory dysfunction (Scheff and P rice,
2003). Current evidence strongly supports the notion that the initiating eventin AD is
related t o abnormal p rocessing of AP ultimately leading to its a ccumulationin Af
plaques (Jack et al., 2010). This process might occur in presymptomatic stages while the
individuals are quite cognitively normal, preceding s ymptomatic stages characterized by
gross neuronal dysfunction, neurofibrillary tangles accumulation and neurodegeneration
(Jack et al., 2010). Some neurodegenerative dementias, such as frontotemporal dementia
(FTD), occurin the absence o f AP plaques suggesting that A accumulation is not a

central feature of all dementias.

The ne uropathological progression of A D oc cursi n di fferent s tages na med
Braak stages 1to VI classified according to neurofibrillary tangles and neuropil threads.
Braak stage 01 s used to indicate the absence of any neurofibrillary changes. In B raak
stage Ia nd II( transentorhinal s tages), slightp athology ¢ hanges p resentin th e
transentorhinal cortex, but there is no cognitive decline. In Braak stage III and IV (limbic

stages), the neurofibrillary changes extend to the transentorhinal cortex, hippocampus and
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limbic area. Patients suffer from a mild cognitive impairment. In Braak stage V and VI
(isocortical s tages), m osto fth eis ocortical a ssociation areasar e af fectedb y
neurofibrillary changes, and pa tients a re di agnosed w ith de mentia (Braak and Brake,

1991; Gauthier, et al., 2006; Braak, et al., 2006; Thal, et al., 2002; Figure 1).

a stagel b stagell c stage lll

d

Lot Ly
g
A

p-l"-illﬁ L il

Figure 1. AD neuropathological s@ges in human brain. Inrmmchistological
characterization of cortical newofibnllary stages VI in 100 pmm polyetllens
glveol-emmbedded hamisphere sections mmmmosained for kyperphosgphorvlated tan
[ATE, Innogenetics) (Braak Hetal, 2006)
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3.1.2.1. p-amyloid

Neuritic plaques are formed by extracellular deposits of aggregated AP peptides
(Glenner and Wong, 1984). AB are 38 to 43 amino acid peptides formed as products of
the pr oteolytic pr ocessing of the A PP. Three protease a ctivities cal led a-, B-, and y-
secretase are involved in specific processing of APP (Haass, 2004), which occurs through
two m ain pa thways: t he a myloidogenic a nd t he non -amyloidogenic pa thways. Int he
amyloidogenic p athway A PP unde rgoes e ctodomain s hedding by B-secretase ( BACE)
and produce B-CTF (or C99) fragments which is then cleaved by y-secretase to generate
AP (Haassetal,2012). Inthe non -amyloidogenic p athway, APPiscleavedby a-
secretase to produce o-CTF (or C83) thatis cleaved by y-secretase to release a s mall

peptide called p3 (Haass et al., 2012, Figure 2).

Anti-amyloidogenic pathway Amylobdogenic pathway

APPsax APPsf

APP APP

Ap

[ | Lirnan |
T} T
Cytosal

aAPP CTF l BAPP CTF l

AICD AICD

Figure 2. Proteolytic processing of APP within the anti-amyloidogenic (left) and

amyloidogenic (right) pathways (Haass C, 2012).
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Under physiological conditions, approximately 90% of secreted AP is APa4g, while
10% is APa4. The A4y 1s more prone to aggregate than AP4o and the ratio of these two
isoforms is affected by enzymatic cleavages of a- or B- and y-secretases (Hardy, 2006).
AP self-aggregates i nto di fferent ¢ oexisting f orms. O ne f orm ¢ onsists of oligomers
formed by 2 to 6 m onomers. AP can also form insoluble fibrils. It is currently thought
that the small soluble oligomers are more toxic than the insoluble fibrils. The toxic effect
of oligomers, not the total Ap burden, causes synaptic changes and neuronal dysfunction

and death (Lue, 1999; Ballard, et al., 2011; Figure 3).

Neurotranumutier

Figure 3: Amyloid cascade hypothesis

APP 1z processed mto Af. wiich acamnulates mside neuronal cells and extracellularly,
where it aggregates into plaques. In the amyloid cascade hypothesis, these Af
deposits are toxic and cause synaptic dysfimction and neuronal cell death. (Ballard T,

gtal_2011)
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3.1.2.2. Tau

NFTs are present in the brain of AD and other dementing disorders such as FTD
(Ballatore, 2007; Lee, 2001). The major component of tangles is the paired helicament
filaments formed by the microtubule-associated protein tau. In normal conditions, tau is
soluble p rotein th at a ssembles a nd s tabilize th e mi crotubules a llowing a xonal ve sicle
transport. In pa thological ¢ onditions, ta u is a bnormally h yperphosphorylated a nd
aggregated, so insoluble forms of tau reduce their affinity for microtubules ( Figure 4).
The aggregates of tau are cytotoxic and impair cognition (Khlistunova, 2006; Santacruz,
2005; O ddo, 2006). T he co rrelations of N FTs de nsity a nd cognitive de clinein A D
suggest that tau plays an important role in pathology. However, tau mutations have not

been detected in AD.

P

'
- %i
o
"

Figure 4. Taupathology in AD and related tanopathies

At autopsv, the brains of patients with Alzheiner's dizease or related tauopathies
show abundant neuro fibnllary tangles (INFTz) and neuropil threa ds that are forned by
pathological phsophorviated tan. Thess tan depositz can be wvisualized by treating
brain slices with certam silver stains or by mmmmmostaining with antibodies that
recognize tau (A). Schematic reprezertation of NFTs and newropil threads within a
newon is shown i B, with an example of tau fibrils that rezamble those fowrd n

NFT=zdepictedinthe mset. (Brunden KE 20087
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3.1.3 Presenilins

Presenilins (P S) a re membrane pr oteins ¢ ontaining 9 t ransmembrane domains
(Laudon, et al., 2005). They are present in the endoplasmic reticulum ( ER) and ot her
compartments in neurons but also broadly expressed in different tissues (Walter, et al.,
1996). U nder ph ysiological ¢ ondition, P S unde rgoes e ndoproteolysis t o g enerate N -
terminal and C-terminal fragment (Thinakaran, et al., 1996). The mammalian PS genes,
presenilin 1 (PSENT) and presenilin 2 (PSEN 2), share a high degree of homology at the

protein sequence (67%) and functional redundancy (Lle6 and Saura, 2011).

Agmregation z i
e 1
' 3
FRPEY T | - '_ Pt
APP E Dheposition by i
"mcr\elmu
Yicarrrin
Prevemudip
FiN 2 \PH-1

et gl -Secretase complex

[l APP.ACD: -+ & nuclear signaling

Figure 5 Generation of Ab from APP via protechtic processing by - and
-secretase,

Ab aggregates and finally precipitates i antyloid plaques. This event imitiates the
anrtyloid cascade resulting in additional mtracellular aggregations of the tau protein,

which then form tangles (Haass C, 2004)

PS to gether w ith a nterior pha rynx-defective 1 (Aphl), p resenilin e nhancer 2
(Pen2) and nicastrin (Nct) are integral components of the multiprotein protease complex
y-secretase, w hich1 s responsible f ort hei ntermembranous cleavageo ft ype I

transmembrane p roteins, 1 ncluding a mong ot her A PP, A PLP-1, N otch, or C D44
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(Fortini, 2002, F igure 5 ). T he general r equirements t o b e cl eaved e fficiently b y v-
secretase ar eat ype Itr ansmembrane h elix and a s mall e ctodomain, p ermissive
transmembrane and ¢ ytoplasmic dom ains ( Lle6 a nd S aura, 2011) . P resenilins a re
essential f or y-secretase a ctivity s ince th eir in activation imp airs A  generation an d
accumulation in vitro and in vivo (De Stroper, 1998; Yu, Saura, et al., 2001; Saura et al.,

2005).

B tingle Mstation
[ R RLETTTY

@Fm

¥ - .- LT

Figure 6 Large numbers of pathogenic P51 mutations are diffusely distributed

throughout the coding sequence (Shen J and Kelleher BT 3r-d, 2006).

Presenilins were first identified in screens for mutations causing early onset forms
of familial AD by Peter St G eorge-Hyslop in 1 995. Presenilin-1 (PS1)islocated on
human chromosome 14 and Presenilin-2 (PS2) is located on chromosome 1. Dominantly
inherited mu tations in PS/ and PS2 contribute t o a pproximately 9 0% o f familial A D
(FAD), although most of them have been identified in PS/. More than 150 mutations in
the PS1 have been identified in different families with FAD (Hutton M. and Hardy, 1997,

Figure 6 ). P S m utations e nhance s electively p roduction of t he a myloidogenic A 42
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peptides, often at the expense of the less amyloidogenic A 40 (Moehlmann, 2002). PS
mutations ¢ an ¢ ause ne urodegenerative de mentia i n t he a bsence of AP accumulation
suggesting t hat P S m utations m ay c ause ne urodegeneration t hrought ot her pa thogenic
mechanisms (Shen, and K elleher, 2007). For instance, P S1 mutations (L113P, G183V
AND insR352) have been identified in F TD cases characterized by phosphorylated tau
accumulation in the absence of Ab. In conclusion, the pathogenic mechanisms by which
presenilin mu tations ¢ ause me mory lo ss a nd neurodegeneration r emain s till la rgely

unclear.

Increasing evidence s hows that P Ss al so car ry o ut y-secretase—independent
activities involved in W nt/B-catenin s ignaling p athway, c ell ad hesion, calcium r elease,
lysosomal proteolysis and apoptosis (Tu, et al., 2006; Lee, et al., 2010). Thus, presenilins
play essential r oles d uring d evelopment. M icel acking P S1 or bo thP S dur ing
embryogenesis display perinatal lethality and skeletal and neural developmental defects
(Shen, etal., 1997; Donoviel, eta l., 1999 ; H andler, eta I., 2000 ). P resenilins ar e
implicated in the processing of Notch receptor, an important developmental protein, and
play a major role in the maintenance of the ne ural pr ogenitor popul ation t hrough t he

Notch signaling pathway (Kim and Shen , 2008).

In t he a dult br ain, pr esenilin i s e xpressed hi ghly i n e xcitatory ne urons of t he
cerebral co rtex, a nd i s r equired f or hi ppocampal-dependent s ynaptic p lasticity a nd
memory (Ho and Shen, 2011; Table 2). In contrast to the embryonic lethality of PS null
mice, b rain-specific PSI conditional knoc kout ( cKO), in w hich expression of P S11is
selectively el iminated in excitatory neurons o f the forebrain be ginning at postnatal day
~18 (Yu, 2001) exhibit normal hippocampal s ynaptic transmission and p lasticity subtle

spatial memory deficits (Yu, 2001).
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Tahle Z. Bole of presenilins in synaptic plasdcio, learning and memory, and
neuronal survivalin the adultcerebral cortex

(CAL-PS cDEOD, inactivation by conditional double knockowt of presenilins in CAl
newrons, CA3-PS cDEO, inactivation by conditional double knockowt of presenilins
i CA3 neurons: FB-P31 cK Q. forebrain PS1 conditional kmockout; FB-FS cDEC,
forebram P5 conditional double knockout.

*1 0, input—output; LTD (ppLFS), long-term depression (paired-pulse low-frequency
stimulation); L-LTP (HFS), late phase of long-temm potentiation (high-frequency
stimulation); LTP {TES), long-temm potertiation (theta burst stimulation); NMDAFR,
N-methyl-D-agpartic acid receptor; PPE, pair-pulse facilitation; Pr, release
probahbility.

‘N A not available. (Adapted fromnHo Aand Shen J, 20113

Presenilin ¢ onditional doubl e knoc kout (PS ¢cDKO) mice lacking both PS1 and
PS2 in the pos tnatal forebrain di splay age-dependent synaptic p lasticity and me mory
deficits. Loss of PS function results in selective imp airment in long-term p otentiation
(LTP) which is a measure of experience —dependent synaptic strengthening. LTP deficits
in PS ¢cDKO mice are associated with reduced N MDAR-mediated s ynaptic r esponses
(Saura, et al., 2004). PS also participate in the release of neurotransmitter during synaptic
transmission. Specific knockout presenilins in presynaptic (CA3) or postsynaptic (CA1)
neurons of t he hi ppocampal S chaffer ¢ ollateral pa thway ( Figure 7)s hown't hat
presynaptic, but not postsynaptic inactivation of presenilins, leads to inhibition of theta

burst i nduced LTP. D ecreased 1 evel o f glutamate r elease co ntributes to LTP d eficits.
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Moreover, de pletion of e ndoplasmic r eticulum ( ER) C a*" storage and bl ockade of

intracellular C a*" release mimicked the e ffect o f p resynaptic p resenilin in active. LTP
deficits a nd in hibition g lutamate r elease by regulating C a*" release from i ntracellular
stores (Zhang, et al., 2009; Ho and Shen, 2011). In addition, loss of neuronal PS leads to
a s elective reduction i n's ynaptic N MDA receptor | evels and responses, as w ell as

decreased aCaMKII, CBP and CREB/CBP target genes (Saura et al., 2004). Finally, PS
cDKO m ice d evelop s ubsequently age-dependent s ynaptic, d endritic a nd n euronal
degeneration (Figure 8) with accompanying astrogliosis and hyperphosphorylation of tau,

demonstrating an essential role for PS in neuronal survival (Saura, et al., 2004).

Parloradcd path (PP
Mossy ees (W)
L
[eaa]
Schatier colalemis [5C

Figure 7. The hippocampal network

The hippocampus forms a wudirectional newral network with mput ansing from the
entorhinal cortex that fonms syvnaptic connections with the dentate gyms (DG via the
perforant path (FP). Axons from DG project to CA3 pyramidal neurons via the mossy
fibers (MF) pathway. Axons froom CAS project to CAl pyranuidal neurons via the
Schaffer collateral (3C) pathway. These CAl neurons in tum send the main output
back to the entorhinal cortex. CA3 and CAl newrons can also receive input directly

fromthe perforantpath (Ho A and ShenJ 2011)
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Control FB-P5 cDKO

Fil
e
: % | Cortical volume (-21.7%)

| Cortical neuronal number (-8.75)
£t

| Cortical volume {-35%)
| Cortical neuronal numbser (-24%)

| Cortical volume (-52.7%)
| Cortical neuronal number (ND)

Figure 8. Cortical degenerationin PS5 ¢ DK O mice.

Black honzontal bars delneate neocortical lavers. At 2

months, no detectable

difference 1= found m size or shape ofthe P5 ¢ DEO bram relatree to control. However,

subsequent ages reveal a gracual decrease in cortical thickness in PSEN cDEO muce.

Scale bar: 1 mum (Wines-Samuelzonhl et al, 2010; Ho Aand Shen J, 20117

Hippocampus-dependent memory

Memory ist he pr ocessi nw hichi nformationi se ncoded,s tored,a nd
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retrieved. Learning is considered as a way to acquisition and encoding the information to
memory. Short-term memory (STM) is reflected by a rapid decay of the newly acquired
neural r esponse. STM is temporary and subject to di sruption, while lo ng-term me mory

(LTM), once consolidated, is persistent and stable. Consolidation of STM into LTM at the
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molecular level presumably involves synaptic changes, such as LTP and LDP.

Hippocampus is critical to the c onsolidation of information from s hort-term to
long-term me mory.  Studies i n hi gher pr imates a nd hum ans ha ve demostrate that
hippocampus i s r equired f or s patial 1 earning, declarative memory (Squire a nd Zola-
Morgan, 199 1) or episodic memory ( Tulving et al., 1994). In addition, the hippocampus
has be ent houghtt o be involvedi n several memory processes, s ucha s encoding,
consolidation, a nd retrieval. Lesion s tudies i n a nimals s upport a requirement of t he
hippocampus in the process of long-term memory formation (Anagnostaras, et al., 1999),
and the d amage limite d in h ippocampus is sufficient to cause memory deficit (Zola-
Morgan et al., 1992). The hippocampal structure is functionally heterogeneous as different
portions of the longitudinal axis sharing different functional roles, due to di fferences in
connectivity (Moser and Moser, 1998). Indeed, the dorsal (septal) hippocampus seems to
be highly involved in spatial learning (Moser and Moser, 1998), which is consistent with
the major visual-spatial inputs received from the temporal and parietal cortices, whereas
the ventral (temporal) hippocampus has a strong connectivity with the hypothalamus and
the a mygdala, w hich po tentially a cconts f or t he hi ppocampal p articipation on e motion

(Kjelstrup et al., 2002).

3.2.1 Associative memory

Associative memories e licited by le arning new in formation o f p eople, places or
locations an d ar e es sential f or r ecollecting t he p asti nterpreting t he p resent an d

anticipating the future, etc.

Contextual f ear ¢ onditioning i s a hi ppocampus-dependent t ask t hat i nvolves a
learned process including a specific training context and an aversive foot-shock (Maren,

2008). In fear conditioning, conditional s timuli (CSs) such as tones, lights, or places

24



Introduction

(contexts) are arranged to indicate aversive outcomes such as footshock (an unconditional
stimulus, US). A fter ¢ onditioning, C Ss leadt o learned f ear r esponses ( conditional
responses or CRs) such as conditioned freezing (Maren, 2008). Thus, during a typical
context fear-conditioning training, animals first encode a representation of the co ntext
(when t he a nimal e xplores t he ¢ ontext be fore a f ootshock) a nd t hen a ssociate t hat
representation with the US. These two learning stages are referred to as context encoding
and ¢ ontext ¢ onditioning, r espectively (Marene ta 1.,2013) . C ontext e ncodingi s
necessary for context conditioning. Animals do not show context conditioning if they are

shocked immediately when placed into chamber (Maren et al., 2013).

The hippocampus and am ygdala aret wo b rain ar eas playa critical role in
conditioned freezing behavior. Whereas the amygdala was participated in learning about
both ¢ ontextual a nd di screte ( e.g. ¢ ues) s timuli ( Phillips & LeDoux, 1992) ,t he
hippocampus play a selective role in fear in response to contextual stimuli (Phillips &
LeDoux, 1992; M aren, 2008) . T hese t asks a re of ten considered asa w ay to i ndex
‘hippocampal-dependent’ ¢ ontextual ¢ onditioning and ‘hippocampal-independent’ c ue
conditioning in the s ame a nimal (Maren, 2008 ). D espite t his, hi ppocampus-amygdala

interactions are involved in the contextual fear memories (Figure 9).

Several subregions of hippocampus are involved in associative memory. CAl and
CA3 hippocampus are involved in the acquisition and encoding contextual fear memory.
CA3 is involved in the rapid formation the representation of the context and a configural
representation of num erous s patial cues can be initially formed and stored for a short-
time period during acquisition. The DG functions as a pattern s eparator that c an input
patterns n eeded t o b e f urther d ifferentiated f rom each o ther b efore t hey reach C A3
(Treves and Rolls, 1994). Therefore, the DG-CA3 network may play a critical role in the
initial phase of the acquisition of context-specific fear memory. The C A1 hippocampal
subregion has been considered as an output structure from the hippocampal network to

the neorcortex.
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Figure 9. A simplified anatomical diagram of connections among brain structures
involved in fear conditioning.

The hippocampal region projects to both vinPFC and amvgdala. The amvgdala has
different nuclei; each has different connectivity pattems to afferent structures, and
plavs different connectivity pattems to afferent structures, and plav different function
in fear conditioning. vinPFC, ventromedial prefrontal cortex; ITC, intercalated cells
of the amvgdala; BLA, basolateral nucleus of the amvgdala; CeA, central nucleus of

the amvgdala.

3.2.1 Associative memory in dementia

Persons w ith r isk for developing A lzheimer’s di sease ( AD) s how 1 mpaired
associative e motional e ncoding a nd r educed ¢ onditioned r esponses a ssociated w ith
disrupted hi ppocampal a nd a mygdala f unctional ¢ onnectivity (Sperling e ta 1., 2003;
Hoefer et al., 2008; Parra et al., 2013). Dementia patients de velop d eficits in encoding
and r etrieval of e motional a ssociative m emory a nd f ear ¢ onditioning (Granholm a nd

Butters, 1988; Hamann et al., 2002; Sperling et al., 2003; Hoefer et al., 2008; van der
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Meulen et al., 2012). Despite the evidence for emotional learning and memory deficits in

dementia, the molecular mechanisms involved are largely unknown.

3.2.2 Molecular mechanisms mediating memory encoding and storage

in the hippocampus

Santiago Ramon y Cajal originally hypothesized that the potential of the brain to
adaptt ot he environment ¢ ould 1 nvolve t he r einforcement o f pr e-existing n eural
connections b y m eans of's tructural ¢ hanges t hat w ould i mprove t he e fficiency of
neuronal circuits ( Ramon y C ajal, 18 94). C ajal > s m odern vi ew pos tulates t hat t he
strength of synaptic connections or plastic changes that persist for days or much longer as
ar esultof t raininga nd1 earningi nduces m emory formation. A ctivity-dependent
reinforcement and refinement of synaptic connections occurs during development and in
the adult brain. These s ynaptic p lastic ch anges are m ediated by |l ong-lasting s tructural
changes at s ynapses t hat r equire activation o f gene ex pression p rograms ( Saura an d

Valero, 2011).

Long-lasting s ynaptic plasticity a nd me mory r equire a ctivity-dependent g ene
transcription and synthesis of new proteins (Kandel, 2001). Gene transcription mediates
long la sting c hanges o f synaptic e fficacy e ssential for s ynaptic p lasticity and me mory
(Guzowskie tal., 2001; C ohen a nd G reenberg, 2008) . T o da te, alarge num ber of
transcription f actors a nd mo lecules h ave b een id entified to ¢ ontrol ma ny b iological

processes through regulation of gene expression (Dynlacht, 1997).

During fear ¢ onditioning, t he p resentation of CS and U S triggers a ctivation of
protein kinase/phosphatase pathways which can cause changes on t ranscription factors
activity in hippocampal and amygdale neurons. These molecular changes are significantly
higher when the CS and US are presented in a paired way than when the CS is performed
alone. The same rule applies to downstream target: the CREB and the immediate-early
genes (IEGs), a ctivity-regulated cyt oskeleton-associated pr otein (Arc), ¢ -fos and early

growth r esponse protein 1 (Egr-1); also the w hole family of C RE-regulated g enes. In
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addition, key regulators of the calcium/calmodulin kinase II (CaMKII) pathway are not
activated by context a lone but are s trongly upr egulated by context and s hock. T hese
CS/US-specific signaling patterns provide convincing evidence for differential processing
of the CS in the presence or absence of US (Tronson et al., 2012). In addition, the cAMP
and E RK/MAP ki nase (MAPK) s ignal i s a Iso i nvloved i n hi ppocampus-dependent
memory t hrough C REB-mediated tr anscription. The s tudy d emonstrates th at c AMP-
dependent protein kinase (PKA), MAPK, mitogen and stress-activated kinase 1 (MSK1)
and C REB ha s b een a ctivated i n hi ppocampus C Al p yramidal ne urons f ollowing
contextual fear ¢ onditioning through Ca**-stimulated adenylyl c yclase activity (Sindreu

et al., 2007).

3.2.3 The transcription factor CREB in learning and memory

CBP/p300 binding
i"} ‘: "“\L
15er108, Serlll, Serll4,) ___i___ iSerl4l. ) TAF4 CRTC
15eri1], Serill | 15er133} 15Ser143 | binding binding
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Figure 10. Modular organization of CREB

CREB contains two Glu-rich domains (Q1 and Q2), a central kinase-inducible domain
(EID) and a carboxv-terminal basic Leu zipper (bZIP) domain. The EID domam and
the Q2 domain make up the amino-terminal transactivation domain (TAD).
Phosphorviation of the EKID domain at Serl33 promotes an interaction with
CREB-binding protein (CBP) and its paralogue p300. Two clusters of phosphorviation
sites flanking S2r133 inhibit CBP/p300 binding. The bZIP domain promotes CREB
DA binding and dimerization; 1t also mediates CREB binding to cAMP-regulatad
transcriptional co-activators (CRTCs). Arg3l4 in the bZIP domain is critical for the

CREB-CRTC interaction. (Altarsjos I.Y. and Montminy M. 20117
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The t ranscription f actor C REB isa 43 kD ap rotein a nd bi nds t o t he hi ghly
conserved C RE pa lindromic s equence 5° -TGACGTCA-3’ or ha If-site s equence 5 ’-
TGACG-3’ or 5’-CGTCA-3’ (Montminy, et al. 1986; Comb, Et al. 1999). CREB belongs
to the bZIP superfamily of transcription factors that includes CREB, the cAMP response
element mo dulator ( CREM) a nd th e a cting tr anscription factor 1 (ATF-1) ( Lonze a nd
Ginty, 2002 ). CREB and its family members are structurally characterized by an amino-
terminal transactivation domain (TAD) and a carboxy-terminal basic Leu zipper (bZiP)

DNA-binding and dimerization domain (Altarejos and Montminy , 2011; Figure 10).
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Figure 11. Signaling pathwavs regulating CEEB-dependent transcription in
MEUrons

CEEE-dependent transeription depends on mltiple cellular mechamans that act m
concert with CEEE phosphorvlation on Serl 33, meluding additional phesphorvlation
events and binding to the transcrnptional machimery through coactivators such as

CRTIC s or CBF. (Saura and Valero, 2011
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CREB t ranscriptional a ctivation de pends on ¢ alcium- and cA MP-dependent
phosphorylation of CREB at Serl133 (Shengetal., 1991; Mayr and M ontminy, 2001 ).
CREB c ontains c onsensus s ites for s everal kinases t hat r egulate C REB transcriptional
activity ( Gonzalez a nd M ontminy, 1989 ). C a**/calmodulin ( CaM)-dependent pr otein
kinases C aMKII and C aMKIV, ras-mitogen-activated pr otein ki nase ( MAPK/ERK),
MAPK-activated kinase RSK and cAMP-dependent protein kinase A (PKA) are kinases
that participate to mediate CREB phosphorylation at Ser133 (Deisseroth and Tsien , 2002;
Saura, 2011; Figure 11). Calcium influx through L-type voltage-gated calcium channels
(VGCCs) or g lutamate ligand-gated 1 on ¢ hannels (NMDA and A MPA) is crucial for

CREB phosphorylation and nuclear translocation.

However, phops phorylation at Ser 133 1 s important to stimulate C REB activity
butitisnot s ufficient f or gene t ranscription. T he t iming a nd dur ation of C REB
phosphorylation is critical for CREB-mediated transcription. The rapid p hosphorylation
of CREB is associated to CaMKIV pathway and induced by neuronal

activation including depolarization, synaptic stimulation and behavioral training (Bito, et
al., 1996). While both CaMKIV and R ass/MAPK m ediate 1 ong-lasting phos phorylation
whichi s elatedt o gene e xpression ( Wu, e ta l.,2001) . H owever, selective g ene
transcription b y C REB depends on additional e vents i ncluding ot her p hosphorylation
sites and recruitment of specific coactivators (Cohen and Greenberg, 2008; Saura, 2011;
Figure 12). For instance, phosphorylation of CREB on Ser142 and Ser143 participates in

Ca*"-dependent gene transcription (Kornhauser , et al., 2002).

CREB is essential for synaptic plasticity and long-term memory (Bourtchuladze et
al., 1994; Won and Silva, 2008). CREB is widely expressed in the brain and especially
areas as sociated with | earning and m emory, i ncluding t he hi ppocampus and c ortex. In
Drosophila, expression of a dominant negative CREB transgene inhibits the acquisition
of | ong-term m emory, w hereas i nduction of C REB e xpression e nhances m emory
formation (Yin et al., 1994, 1995). Targeting of [a and & [JCREB isoforms disrupt long-
lasting LTP and | ong-term as sociative an d s patial m emories, w hereas a cquisition an d
short-term memory are normal in CREB mutant mice. These studies indicate that CREB-

dependent transcription is essential for long-lasting s ynaptic plasticity and me mory but
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not for s hort-term m emory ( Bourtchuladze et al., 1994) . CREB is required for s ome
forms of e motional m emory and s pecifically f ort he ¢ onsolidation of 1 ong-term
conditioned fear memories, but not for encoding, storage or retrieval of these memories
(Kidae t al.,2002) .D isruption of C REB-mediated t ranscription bl ocks bot h
reconsolidation and long-term extinction of contextual fear memory, which are associated
with reduced levels of the CREB target gene Arc in hippocampus and amygdala (Mamiya
et al., 2009).

3.2.4 CREB-dependent target genes

There are more than 4000 known genes involved in s ynapse function, neuronal
survival and memory containing in their promoter potential CRE binding sites (Murphy
etal., 1991; C ohen a nd G reenberg, 2008 ; Lonza a nd G inty, 2002 ). Inr esponse t o
different stimuli, CREB promotes the transcription of genes in minutes (immediate gene
expression) and last for few hours (long-term genes) (Tischmeyer and Grimm, 1999). The
immediate e xpression of ge nesisregulated b y C REB and t ranscriptional ¢ oativators
factors or other DNA b inding pr oteins w hich facilitates s ubsequent t ranscription. The

following neural genes are regulated by CREB.

Arc

Arc, fo r activity-regulated cytoskeleton-associated p rotein (also know na s
Arg3.1), is a plasticity protein first characterized in 1995. ARC / Arg 3.1 encode a novel
cytoskeleton-associated p rotein in dendrites of pos t-synaptic of glutamatergic neurons
and belong to the immediate-early gene (IEG) family, a rapidly activated class of genes

(Lyford et al., 1995).

The presence of the CRE-binding sequence in the promoter of the Arc has been
described (Kawashima et al., 2009). A number of promoter and enhancer regions have
been id entified th at me diate a ctivity-dependent Arc transcription, i ncluding a s ynaptic
activity response element (SARE) sequence at ~7 kb upstream that contains binding sites

for C REB, m yocyte e nhancer f actor2 (MEF2),a nd s erum re sponse fa ctor (S RF)
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(Kawashima e t al., 200 9). Arc is lo calized to activated s ynaptic s ites in an NMDA
receptor-dependent manner (Steward et al., 2001). Transcription of Arc occurred in the
nucleus a nd t ranslocated t o a ctivated s ynapses ( Steward eta l., 1998) . In s ynapses,
Arc/Arg3.1 pr otein i nteracts w ith d ynamin a nd s pecific i soforms of e ndophilint o
enhance receptor endocytosis which is necessary for maintaining the regulation of AMPA
receptors d uring s ynaptic activity (Chowdhury et al., 2006; S ong and Huganir, 2002).
Changes i n Arc mRNA a nd/or pr otein a re ¢ orrelated with a num ber of be havioral
paradigms i ncluding cued fear c onditioning, contextual fear ¢ onditioning, a nd s patial
memory (Monti, et al., 2006; Huff, et al., 2006; Guzowski, et al., 2000; Guzowski, et al.,
2001). Activation of Arc/Arg3.1 is essential for memory ¢ onsolidation as Arc/Arg3.1
knockout m ice animals f ail to form lo ng-lasting me mories f or imp licit a nd e xplicit

learning tasks, despite intact short-term memory (Plath, et al., 2006).

c-Fos

c-Fos is a 62 kDa protein with a basic leucine zipper region for dimerisation and
DNA-binding and a transactivation domain at C-terminus. c-Fos is a part of a bigger Fos
family o f transcription factors which includes c-Fos, FosB, Fra-1 and Fra-2 as well as
smaller F osB s plice va riants, F osB2 a nd de ItaFosB2 (Milde-Langosch K , 2005) . A
variety of stimuli promotes transcription of c-fos. c-Fos is generally among the first to be
induced after stimulation and hence referred to as an IEG. The activity of c-fos is also
regulated b y posttranslational m odification ¢ aused b y phos phorylation b y di fferent
kinases including MAPK, cdc2, PKA or PKC.

The expression of c-fos is induced quickly in response to neurotransmitters after
the memory test (Graham and Gilman, 1991). The Morris water maze study showed that
the peak expression of c-fos was occurred 10 minutes after the completion of the test and
the induction is maintained throughout the training (Guzowski et al., 2001). D ifferent
memory tests lead to the expression of c-fos in the hippocampus of animals. Adult mice
lacking ¢ -fos i nt he C NS ( c-fosDeltaCNS) showed nor mal ge neral a nd e motional

behavior but  were s pecifically i mpairedi n hi ppocampus-dependent s patial a nd
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associative | earning tasks. T hese 1 earning d eficits co rrelated w ith a reduction o f1ong-

term potentiation (LTP) in hippocampal CA3-CA1 synapses (Fleischmann et al., 2003).

Nr4a gene family

The NR4A family of transcription factors is a part of the nuclear receptors (NR)
superfamily. T he s tructure o f nuclear r eceptors is ch aracterized by an amino-terminal
A/B region containing the a ctivation function ( AF)-1 transactivation do main, a hi ghly
conserved DNA-binding domain (DBD), and a carboxy-terminal li gand-binding domain
(LBD) (F igure 12). H owever, a s N R4A pr oteins ha ve no know nl igand, t hey a re
described as orphan nuclear receptors. The major difference between NR4A and classic
nuclear receptors is ligand-independent regulation, and activity of the NR4A is regulated

at the level of gene expression and protein stability (Hawk and Abel, 2011).

Three m embers of the NR4A family have b een identified in ma mmals: Nur77
(NR4AI), Nurrl (NR4A2) and Nor 1 (NR4A43) (Law, et al., 1992; Milbrandt, et al., 1988;
Ohkura, etal., 1994). All three genes can be expressed in areas CAl and CA3 of the
hippocampus, although the relative abundance in these areas differs for the three genes
(Xiao, et al., 1996; Hawk and Abel, 2011). The Nr4as are IEG and can be induced by a
variety of stimuli, including activation of G-protein-coupled receptors, tyrosine receptor
kinases an d d irect activation o fi ntracellular p rotein k inase p athways. In a ddition t o
regulation of Nr4a gene expression, signaling molecules involved in long-term memory
formation such as PKA and MAPK also regulate the subcellular localization and activity

of newly synthesized NR4A proteins (Hawk and Abel, 2010; Hawk and Abel , 2011).

Recently, several studies show that Nr4as may participate in memory formation.
Training in th e contextual f ear conditioning i ncreases expression of Nr4al in CAl
hippocampus (Malkani and Rosen, 2000; von Hertzen and Giese, 2005), an effect that is
blocked by reducing CaMKII s ignaling (Irvine, etal., 2005; von Hertzen an d G iese,
2005; Hawk and Abel, 2011). The expression of Nr4al, Nr4a2 and Nr4a3 is increased
after learning. Blocking NR4A activity in memory-supporting brain regions, including in
the hippocampus, impairs hippocampus-dependent long-term contextual fear memory but

does not 1 mpact s hort-term m emory or hi ppocampus-independent cued f ear m emory

33



Introduction

(Hawk et al., 2012). In addition, mice with reduced Nurrl epression are deficient in the

retention of emotional memory (Rojas et al., 2007).
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Figure 12. XR4Aprimary protein structure

WNEAA consists of an amine (WH2) -tenminal A'B transactivation dormnain {TAD) that
includes the activator fimction (AF)-1 region implicated in coactivator recniitimer.
The DNA-binding dornam (DED) and C4enminal extension (CTE) both contributs to
target sequence specificity and contam miclear localization signals (INLE) that
regulate the miclear import of NEAA proteins. The carboxy (COOH) —tenminal
ligand-binding dormain (LED) comtains the AF-2 domain and three putative nuclear
export sequences. Phosphorvlation sites (pSer) om NE4A proteins regulate
nuclear-cvtoplaznic shittling and DNA-binding capacity. (Hawl JD and Abel T,
2011

3.2.5 Role of CREB signaling in AD

Bioinformatic analysis of gene expression profile databases have revealed a global
deregulation of t he C REB t ranscriptional ne twork a ssociated w ith AD cl inical s tages
(Satoh et al., 2009). It has been reported that as result of reduced cAMP and PKA activity
CREB phos phorylationi st educedi n AD Db rains (Yamamoto-Sasakie ta 1., 1999 ).
Deficiencies i n C REB phos phorylation i nducedb y AP42 h aveb een as sociated t o
deregulated c AMP/PKA s ignaling (Tongetal., 2001; Vitoloetal., 20 02) and al tered
glutamatergic t ransmission i n ne urons ( Snyder e ta I., 2005) . Importantly, decreased
expression of CREB downstream genes, such as BDNF, c-fos and Egr-1/Zif268, has been

observed i n hi ppocampus a nd f rontal ¢ ortex of A D br ains a nd A PP t ransgenic m ice
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(Phillipse tal., 1991; Ferrer etal., 1999; D ickeyetal., 2003; P alopetal., 2003).
Furthermore, it h as b een s hown th at altered C REB signaling is a ssociated w ith a Itered

NMDA currents and LTP, memory loss and neurodegeneration in PS cDKO mice (Saura et

al., 2004).

Taken t ogether, t hese results s uggest t hat A B may alter C REB tr anscriptional
activation, c ausing d eficiencies in s ynaptic p lasticity and me mory. Due to its essential
role on s ynaptic pl asticity, m emory a nd n euronal s urvival, it ha s be en pr oposed t hat
CREB a ctivation m ay be an alternative t herapeutic ap proach fort het reatment o f
dementia di sorders (Tullyetal., 2003 ). T he p hosphodiesterase IV ( PDE4) i nhibitor
rolipram, which increases cAMP and activates CREB, enhances LTP and associative and
spatial memories in old mice (Bach et al., 1999; Barad et al., 1998; Villiger and Dunn,
1981),i na m entalr etardationm ouse m odel of R ubinstein-Taybis yndrome

(Bourtchouladze et al., 2003) and APP/PS1 transgenic mice (Gong et al., 2004).

3.2.6 CREB regulated transcriptional coactivators (CRTCs)
3.2.6.1 CRTC family members

CREB regulated transcription coactivators (CRTCs) are involved in the regulation
of CREB-dependent gene expression programs (Conkright, et al., 2003). CRTCs promote
the transcription of CREB targets genes following its recruitment to promoter regions and
by enhancing the interaction of CREB with the RNA polymerase component TAFy; 130.
CRTCs mediate selective ex pression o f CREB target genes in response to cAMP Ca*"
signals, but not by stress stimuli, through interactions with CBP/p300 and increasing its
association to specific gene promoters (Wang et al., 2010). In addition to its function on
transcription, CRTCs regulate alternative mRNA splicing of certain CREB target genes
via a co nserved P ro-rich dom ain, s uggesting t hat t hey play mu ltiple roles in g ene
regulation (Amelio et al., 2009). D ecreasing C RTC1 level or bl ocking t he i nteraction
between C RTC1 a nd C REB di srupt C RE-mediated t ranscription 1 n ¢ ultured ne urons
(Kovéacs KA et al., 2007, Ch’ng et al., 2012).
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Three members of the CRTC family involved on CREB activation named CRTC/
(mouse Crtcl), CRTC2 (mouse Crtc2) and CRTC3 (mouse Crtc3) have been described in
mammals (Iourgenko et al., 2003; Ravnskjaer et al., 2007). All three members share the
similar mo dular s tructures: a n N -terminal C REB-binding dom ain ( CBD), a central
regulatory (REG) dom ain, a s plicing dom ain ( SD) and a C -terminal T rans-activating
domain (TAD) (Figure 13). CRTC1 is expressed at low levels in the embryonic brain,
whereas it is highly e xpressed in pos tmitotic ne urons of t he ¢ ortex a nd hi ppocampus
particularly in e arly pos tnatal days (Li S etal., 2009). All three C RTC isoforms are
widely expressed in the forebrain, although C RTC1 is highly expressed in almost all
brain regions including cortex, hippocampus, striatum, thalamus, hypothalamus and other

structures (Watts et al., 2011). In contrast to the
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Figure 13. Modularstructure of CRTCs
Domam structure of the CETC family of CEEE co-activators, as exemplified by

CRETC2. CETICs contain an N-temrminal CEEE binding domam (CED). a central
regulatory region (EEG), a splicing domain (3D) and a C-temninal TAD. CRTC
phosphorylation at Serl71l (by AMPE and SIK2), Ser273 (by microtbule
affimityregulating kinase 2 (MAFRK?)) and 2er307 (by SIED) promotes 14-3-3
protein binding and the cvtoplagnic ssquestration of CRTC2. [(Altarejos JY and

MMontminy M. 20113,

high levels of CRTC1 in the brain, CRTC2 and CRTC3 are reduced and more sparsely
distributed across the forebrain with the exception of some discrete areas, and particularly
the hi ppocampus, P VH, s upraoptic, s uprachiasmatic, ve ntromedial n ucleia ndt he

piriform cortex (Watts et al., 2011).
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In basal conditions, CRTCs are present in the ¢ ytosol as phosphorylated forms.
cAMP an d cal cum ¢ auset he cal cineurin-mediated dephosphorylation and n uclear
translocation of C RTCs. Exposuret o c AMP a nd ¢ alcium, t riggers t he ¢ alcineurin-
mediated de phosphorylation a nd nuc lear t ranslocation of C RTCs, w hich then bind to
CREB over relevant promoters. Indeed, CRTC nuclear transport is sufficient to activate
CRE-dependent transcription ( Bittinger et al., 2004, Figure 1 4). S imilarly, CRTCs are
exported from the nucleus to the cytoplasm through a CRMI-dependent pathway, because
treatment w ith Leptomycin B, an inhibitor of C RMI-mediated pr otein n uclear e xport,
results in nuclear CRTC accumulation (Bittinger et al., 2004). Nuclear accumulation of
CRTCI is a sensitive readout of synaptic activity in hippocampal neurons. Recent studies
show t hat C RTC1 localizes t o de ntrites a nd s pines i n hi ppocampal ne urons, a nd
translocates t o t he nucleus in a cal cium- and c alcineurin-dependent m anner following
glutamatergic synaptic transmission. CRTC1 is specifically transported from stimulated-
synapses t ot he nuc leus onl y i n e xcitatory n eurons w hich m eans C RTCI nuc lear
accumulation is tig htly ¢ oupled to s timulation a nd th is tr anscription factor r emains
localized in the nucleus as long as ex citatory s ynaptic activity or cA MP levels remain
elevated. (Ch’ng etal., 2012). Thus, nuclear CRTC] is a sensitive monitor of synaptic
and ne uromodulatory a ctivity t hat d ynamically informs t he nuc leus a bout a ctivity
received at synapses. Because the nuclear translocation does not require any transcription

or translation, it is also a very rapid marker of activity.

CRTCI1 expression is almost exclusively confined to the CNS, where it mediates,
among others, effects of hormonal and nutrient signals on energy balance-(Altarejos and
Montminy, 2011 ). T hus, Crtcl null mice are h yperphagic, o bese, an d infertile. A ctive
Crtcl s timulated t he e xpression of C ocaine a nd A mphetamine R egulated T ranscript
(CART) and KISS1 genes, which encode hypothalamic neuropeptides that mediate leptin
effects o n s atiety and f ertility ( Altarejos e t a 1., 2 008). B oth th e r hythmic a nd lig ht
regulate CRTC1 and CRTC?2 in the murine suprachiasmatic nucleus (SCN). In the middle
of the day, Crtcl expression can be detected in the dorsoventral extent of the SCN, while
in the early night, limited expression of CRTC1 can be detected, and during the late night
CRTCI1 ex pression | evels ar e b etween m id-day a nd e arly ni ght 1 evels. In c ontrastto

CRTCI1, CRTC2 expression has been detected during the day and night. In addition, light
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pulse cause CRTC1 nuclear accumulation but not affect CRTC2 subcellular localization
(Sakamoto K et al., 201 3). The analysis in SCN has found that an entraining s timulus
causes Crtcl nuclear translocation and acts as a coactivator of CREB-driven transcription
of Sikl and Perl. S IKI t hen i nhibits f urther e xpression of P erl by deactivation of
CRTCI1 (Jagannath, et al., 2013).

CRTC2, the most highly expressed member of this family in the liver, is regulated
through phos phorylation by members of t he ¢ AMP-activated p rotein k inase ( AMPK)
family of stress- and —energy sensing Ser/Thr kinases. CRTC2 is mainly participates in
the regulation of gluconeogenic enzymes in the liver and glucose homeostasis (Conkright,
et al., 2003). CRTC3 has been less studies but it is known to be present in the liver where
it r egulates mitochondrial bi ogenesis a nd t o attenuate b eta-adrenergic s ignaling i n

adipocytes (Than T. et al., 2011).

Cytoplazm

MNucleus

Figure 11. CRTC nuclear shuttling is regulated by phosphorylation
cAMP and calenmn signals regulate CEEB target genes by stmmilating the nuclear

translocation of CE.TCs. (Montirmny, 20113
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3.2.6.2 Role of CRTC1 in learning and memory

Several s tudies ha ve s hown t hat C RTC1 c ontribute t o | earning a nd memory
processes. E xpression of a dom inant-negative f orm of C RTC1 ( TORC-DN-EGFP-
11R) in C Al ne urons blockst he t ranscription-independent | ate-phase of 1 ong-term
potentiation (LTP), but not the early, transcription-independent phase (Zhou et al. , 2006 ;
Kovécs et al., 2007). In contrast, overexpression of CRTC1 in CA1 neurons decreases the
threshold for late-phase LTP (Zhou et al., 2006). These finding support a critical role of
CRTCI1 during hippocampal synaptic p lasticity. M oreover, C RTC1 facilitates fasting-
mediated a ppetitive lo ng-term memory in Drosophila (Hiranoe ta 1.,2013) ,a nd
overexpression of CRTCI1 enhances fear memory consolidation (Sekeres et al., 2012). In
addition, a ltered e xpression of Crtcl-dependent C REB target g enes is as sociated w ith
spatial me mory imp airments in a tr ansgenic mouse m odel of A D (Espafial, 2010).
Indeed, g enome-wide transcriptome analysis in the m ouse hi ppocampus ha ve r ecently
revealed de regulation o fa gene ne twork related w ith ne urotransmission, s ynaptic
plasticity, a nd 1 earning/memory i n t he hi ppocampus of A PPs,, mq mice a fter s patial
memory training (Parra-Damas A, 2014). Importantly, APPsy, 1n¢ mice show changes on a
CREB-dependent t ranscriptional pr ogram de pendent on t he C rtcl | ikely by reducing
Crtcl de phosphorylation at S erl151. A denoviral-mediated C rtcl ove rexpression int he
hippocampus of A PPsy g mice ef ficiently r everses A B-induced s patial | earning and
memory d eficits by restoring a s pecific subset o f Crtcl target genes ( Parra-Damas A,
2014). AP suppress Crtcl-dependent gene transcription in response to cAMP and Ca*"
signals t hrough r eduction of ¢ alcium i nflux and P P2B/calcineurin-dependent C rtcl
dephosphorylation at Ser151. E xpression of Crtcl or active Crtcl S 151A reverse t he

deficits on Crtcl transcriptional activity in APPgy, n¢ neurons.

Whereas t he function of Crtcl on ne uronal m orphology a nd pl asticity is w ell
established, its role as a mediator o f activity-dependent ge ne transcription required for
different forms of memory remain largely elusive. The present study attempts to elucidate

the m olecular and cellular m echanisms unde rlying Crtcl a ctivation dur ing associative
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learning a nd m emory i n or der t o ¢ larify t he role of C rtcl i n associative m emory

impairments during neurodegeneration.
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Objectives

To study the molecular mechanisms regulating Crtc1-dependent signaling during
associate memory in mouse models of neurodegeneration

To ex amine t he r ole o f C rtcl-dependent gene t ranscription dur ing a ssociative

memory

Tos tudyt hef unctionof C rtclons ynapsesi nm ouse m odels of

neurodegeneration
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5 Materials and Methods

Antibody index

Table 1. Primary antibodies used for biochemical analysis

Antibodies Source Ref. Applications
CRTC1 Cell #2587 IF 1:300, WB
Signaling 1:10000
CREB Cell #9197 WB 1:1000
Signaling
MAP2 Sigma M1406 IF 1:300
Myc (A-14) Santa Cruz sc-789 IF 1:1000, WB 1:500
NeuN Neuroscience MAB377 IF 1:1000
pCREB Cell #9198 WB 1:1000
Signaling
pCRTC1 Saura’s lab

Table 2. Secondary antibodies used for biochemical analysis

Antibodies Source Ref. Applications
Anti-rabbit- Molecular A-11001 IF 1:200
Alexa488 Probes
Anti-rabbit- Molecular A-11011 IF 1:200
Alexa568 Probes
Anti-rabbit- Molecular A-11012 IF 1:200
Alexa594 Probes
Anti-mouse- Molecular A-10667 IF 1:200
Alexa488 Probes
Anti-mouse- Molecular A-11004 IF 1:200
Alexa568 Probes
Anti-mouse- Molecular A-21044 IF 1:200
Alexa594 Probes
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Anti-rabbit-HRP Cell 7074 WB 1:3000
signaling

Anti-mouse- Sigma A3673 WB 1:3000

HRP Aldrich

B -tubulin Sigma T7816 WB 1:20000

GAPDH Ambion Life AMA4300 WB
Technologies 1:100000

(Lamin B1) Zymed 33-2000 WB 1:500

5.1 Invivo experimental procedures

5.1.1 Transgenic mice

The generation of PS ¢cDKO mice was described previously (Saura
et al., 2004). Briefly, PS1 cKO; PS2+/- (fPS1/fPS1; CaMKIla-Cre; PS2+/-
) females (Yu etal., 20 04) were crossed with fPS1/fPS1; P S2-/- males
(Steiner et al., 1999) to generate control (fPS1/fPS1; PS2+/-), PS1 ¢DKO
(fPS1/fPS1; C aMKlIla-Cre; P S2+/- ), PS2 -/- (fPS1/fPS1; P S2-/-) a nd
double P S ¢ DKO ( fPS1/fPS1; C aMKlIla-Cre; PS2 -/-) m ice. G enetic
background of all mice was C 57BL6/129 h ybrid. Animal e xperimental
procedures w ere s upervised and a pproved by Animal C are and Ethical
Committee o fth e U AB (protocol C EEAH 178 3, G eneralitatCatalunya
6381) followingthe European Union guidelines.

Genotyping

Genomic DNA purification: Genomic DNA was purified from a tail
piece (1-2 mm) treated with 0.1 m g/ml proteinase K (Roche) dissolved in
0.5 ml of DNA purification lysis buffer, and incubated overnight at 56 C
under stirring for protein digestion. After centrifugation at 12000 rpm for 5
min, genomic DNA was precipitated with 0.5 ml isopropanol (Baker). The
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sample w as c entrifuged at 12000 r pm for 10 m in. 0.5 m 1 e thanol 70%
were added to the DNA pellet. After reprecipitationby centrifugation, the
pellet was resuspended in 50-100 ml TE buffer, and dissolved at 65 C 2 h

under stirring. DNA was stored at 4 C.

DNA amplification by Polymerase Chain R eaction (PCR): 2 ul of
purified genomic DNA was added to 2.5 pl of PCR buffer (Biotools), 0.5
ul 10 mM dNTP (Biotools), 0.5 pul MgCl, 50 mM ( Biotools), 0.2 ul Taq
DNA polymerase 5 U /ml (Biotools) and forward and reverse primers 0.5
uM (Table 3) in a final volume of 25 pl. The amplification was carried out
ina P XE 0.2t hermal c ycler ( Thermo E lectron C orporation) w ith t he
certain P CR profile ( Table 4).15 ul of P CR product w as resolved on a
2.5% a garose gel t o vi sualize t he a mplified b ands, us ing S YBR-Safe
(Invitrogen) under UV light

Table 3. Primer used for DNA amplification by conventional PCR and

amplified band sizes..

Gene Name primer/sequence Size (bp)
fPS1 P139: PS1 allele
5’GGTTTCCCTCCATCTTGGTTG 3’ 216bp
P140: fPS1 allele
5’ TCAACTCCTCCAGAGTCAGG 3’ 262bp
P158:
5’ TGCCCCCTCTCCATTTTCTC 3
P162: PS2 540 bp
5’ CATCTACACGCCCTTCACGG 3’ APS2 326 bp
P163:
5’ CACACAGAGAGGCTCAAGATC 3’
P164:

5> AAGGGCCAGCTCATTCCTCC 3’

CaMKlla- | P156: WT no band

5’ GCCTGCATTACCGGTCGATGCAACGA 3’ | CaMKlIlo-
P157: Cre 700 bp
5’ GTGGCAGATGGCGCGGCAACACCATT 3’
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5.1.1

Table 4 PCR procedure for a mplification of PS1, PS2 and CaMKII-
Cre

Gene PS2 PS1, CaMKII-Cre
94°C,4 min 94°C,4 min

PCR 94°C,1 min 94°C,1 min

Profile 65°C,1 min | 35 cycles 60°C,1 min | 35 cycles
72°C,1 min 72°C,1 min
72°C,7 min 72°C,7 min
4°C, forever 4°C, forever

Injection of recombinant AVVs

Adeno-associated v irus ( AAV2/10)f romr hesusm acaque
(AAVrh.10)
containing AAV2 genome i nto AAV10 p acking ve ctors i s s pecific f or
neuron t ransduction (Kleine ta 1.,2008) . A AV2/10-Crtcl-myc w as
generated by s ubcloning pc DNA3-Crtcl-myc (Kovacs etal., 2007) into
pVAXI1 (Invitrogene) and pGV-IRES2-GFP vectors. AAV were generated
byt ransfectingH EK293Tc ellsw ithA AV2r ecombinant,
pRepAAV2/CapAAV10, and pXX6 vectors. For viral injections, 6-month
old mice (=8 mice/group) were anesthetized with isofluorane and placed in
as tereotaxic pl atform ( Kopf). T hei njection ¢ oordinates f ort he
hippocampus were as follows: anterior 0.2 c audal to bregma; 0.18 1 ateral
to bregma; depth 0.2 ventral to dural surface according to (Paxinos and
Franklin, 2004) . A AV2/10-GFP o r -Crtcl vi ral s tocks ( 3ul; 5.1x
10" ge/ml; 0.5pl/min) were injected bilaterally into the hippocampus.

5.1.2 Behavior

Mice used for be havioral studies were handled individually for 3
min during three consecutive days. For contextual fear conditioning, mice
were placed within the conditioning chamber (15.9 x 14 x 12.7 cm; Med
Associates Inc., St. Albans, VT) for 3 m in (neophobia freezing) to allow

them to develop a representation of the context via exploration before the
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onset of the unconditioned stimulus (footshock; 1s/ImA). After the shock,
they were left in the chamber for 2 min (immediate freezing) and returned
to the home cages. Conditioning was tested 2 h (short-term) or 24 h (long-
term) a fter t raining for 4 minint he s ame c onditioning ¢ hamber. T he
control context gr oup remained in the chamber for 5 m in and di d not
received f ootshock, w hereas t he shock gr oup received f ootshock an d
immediately r eturned to th e h ome c age to eliminate th e a ssociation o f
context and unconditioned stimulus. Mice were sacrificed by dislocation
I5Smin,2 hor 24h aftert raining. Freezing, d efined as a co mplete
cessationo fal Im ovementex ceptf orr espiration, w asan alyzed

automatically by using the Video Freeze Software (Med Associates, Inc.).

5.1.3Intracardial perfusion and histology

Paraffin sections

Mice were a nesthetized w ith a 1 ethal phe ntobarbital dos e ( 120
mg/kg) and pe rfused intracardially w ith 0.9% NaCl s olution a nd fixed
with 4% formaldehyde for 10 min. Brains were removed and immersed in
4% formaldehyde for 2 h. Tissue was d ehydrated ina graded series of
ethanol followed b y x ylene and t hen e mbedded i n pa raffin. B rain w as
sectioned at 5 um a nd mounted on g lass s lides. S ections f rom e ach
genotype were mounted on the same slide in order to achieve maximum
homogeneity during staining procedures.

Floating sections

Mice were a nesthetized w ith a 1 ethal phe ntobarbital dos e ( 120
mg/kg) and pe rfused intracardially w ith 0.9% NaCl s olution a nd fixed
with 4% formaldehyde for 10 min. Brains were removed and immersed in
4% formaldehyde for 2 h. Then brain was transferred to 30% sucrose in
PB buf fer ov ernight. T he t issue w as freeze a nd s ectioned at 40 um
thickness 1 n ¢ ryostat ( Leica C M 3050s ). T he s ample w as ke pti n
antifreezing buffer at -20 [ 1.
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Solution

PB b uffer (0.1 M,p H 7.4): Mix N aH,PO,4 2.70977g a nd N a,HPO,
10.9898¢g to 1L and check the pH.

Antifreezing B uffer: PB0.1 M pH 7.4 30m |, E thylene glycol 40 ml,
Glycerol 30 ml.

5.2 Human brain tissue

Human brain samples were obtained from brain banks of Hospital de Bellvitge
(Universitat de Barcelona, Spain) and Fundacio’'n CIEN (Instituto de Salud Carlos III,
Spain). B rains s amples w ere m atched as cl osely as possible fors ex, a ge and
postmortem interval (Table 5). N europathology was cl assified a ccording t o B raak
staging for neurofibrillary tangles and neuritic plaques according to previous reported

protocols (Braak et al., 2006).

Table 5. Summary of human brain samples used in the biochemical assays

Braak n Sex Age PMD (h)
stage

Ctrl 12 4F/8M 50,42 +234 |6,33+0,69
I-11 12 2F/10M | 68,58 +2,74 | 6,75+ 1,25
111 5 2F/3M 76,80 +3,31 |8,55+2,35
1\% 5 2F/3M 85,40 +3,87 |7,12+2,74
V-VI 8 AF/AM | 78,63 2,37 |9,71 £2,09

F, Female; M, male; PMD, postmortem delay;

5.3 Cell culture

5.3.1 Primary neuronal culture

Both hi ppocampal a nd c ortical ne urons w ere obt ained from E 15
mouse ¢ mbryos. After embryo de capitation, brain w as ex tracted, t he

hemispheres w ere s eparated an d meninges w ere di scarded t o a void t he
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presence of f ibroblasts. C ortices or hi ppocampi w ere di ssected a nd
incubated with filtered Krebs buffer (solution 1) previously filtered. Tissue
was centrifuged with solution 1 (250 x g, 30 sec), the pellet was incubated
with trysin (solution 2) to disgregate enzymatically the tissue at 37 [Ifor
10 m in. Solution4 w asa ddedt o1 nhibitt rysin a ctivity and D NA
degradation. Tissue was centrifuged (250 x g, 30 sec), the supernatant was
discarded and the pellet was incubated with solution 3. Then this solution
was digested m echanically using a P asteur pi pette. To obtain a c ellular
suspension, it w as filtered t hrough a n ylon m esh ( diameter 40 um) to
eliminate the cell clumps. The suspension was transferred to a tube with
solution 5 and the cells w ere c entrifuged at 1000 r pm for 5 m in. The
supernatant w as d iscarded an dt he p ellet co ntainingt he cel Is w as
resuspended i n s eeding medium. C ell num ber was obtained by using a
Neubauer chamber.

Cells in DMEM were seeded on 24 well-dished (50,000 cells/well
for i mmunocytochemistry; 100,000 -150,000 c ells/well for1 uciferase
assay) or on 6-well dishes (350000 cells/well for biochemical assays). Two
hours after incubation at 371 and 5% CO,, seeding medium was removed
Neurobasal m edium c ontaining 2% B27,2 mM g lutamine and 30 m M
glucosew asad ded.C ellsw erew asheda ndpr ocessedf or
immunofluorescence, us e for l uciferase assays or | ysed for bi ochemical
analysis.

Solution

Dulbecco’s Modified Eagle Medium, DMEM (Sigma Aldrich D5796)
Neurobasal (Gibco, 21103-049)

Fetal Bovine Serum, FBS (Invitrogen-Gibco 10106-169)

Bovine serum albumin (Sigma T4665)

B27 (Invitrogen 17504-044)

Poly-D-lysine (Sigma P7658)

Trypsin (Sigma T4665)

Trypsin inhibitor (Sigma 17075-029)
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Solution 1: 120 mM NacCl, 4.8 mM KCI, 1.2 mM KH ,P04, 25 mM
NaHCOs;, 14.3 mM Glucosa, 0.3% bovi ne s erum a lbumin a nd 0.03%
Mg,SO4

Solution 2: Solution 1, 0.025% trypsin

Solution 3: Solution 1 plus 0.052% trypsin inhibitor, 0.008% DNAse and
0.03% MgSO4

Solution 4: Solution 1 plus 16% solution 3

Solution 5: Solution 1 plus 0.03% MgSO4 and 0.0014% CacCl,

5.3.2PC12 culture and differentiation

5.3.3

Cell plates were coated with Collagen (BD 354236). Collagen was
1:50 di luted a nd a dded 2 ml in tothewellsofa 6 0 mm di sha tr oom
temperature for 1 h and washed with ddH,0. PCI12 cells were plated in
complete medium.100 ng/ml N GF was added into media 24 h later, and
the NGF was renovated every 2 days. PC12 cells were transfected 4 days
after NGF treatment. 24 h later the cell were stimulated and lysis for CRE-
transcriptional activity analysis.
Solution
Completed medium: 500 ml DMEM (Sigma D5796) with glutamine, 35
ml FBS, 35 ml HS, 1 ml AB, 5.75 ml HEPES 1M, pH6.8.

Transfection and shRNA

Transfection of primary neurons

CRE-luciferase a nd T KR enila pl asmids w ere obt ained from
Stratagene and Promega, respectively.

Lipofectamine 2000 r eagentw asus ed fort ansfection of
hippocampal a nd ¢ ortical ne urons. Lipofectamine 20001 sa c ationic
liposome f ormulation th at f unctions b y complexing w ith n ucleic acid
molecules, allowing them to overcome the electrostatic repulsion ofthe

cell membrane and to be taken up by the cell. 1 pl of Lipofectamine 2000
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5.3.4

was diluted in 50 pl OptiMEM containing 1mM glutamine, a solution that
was incubated at room temperaturefor S m in. 1-2 ug DNA w ere mixed
with 50 pl OptiMEM c ontaining ImM glutamine, in cubated at r oom
temperature for 20 min.

100 ul  OptiMEM ¢ ontaining DNA/Lipofectamine 2000
transfection complexes were added to each well, containing approximately
200 pl of medium. The transfection medium was incubated for 2 hours at
37 [1. Before replacing the conditioned culture medium kept at 37 [] was
added again to the well.

Solution
Lipofectamine 2000 reagent: Invitrogen 11668-019
OptiMEM: Invitrogen 31985-062

Lentiviral infection

Oligonucleotides w ere cloned i nto B glII/HindIIl s iteso fth e
pSUPER.retro.puro pl asmid ( OligoEngine). Lentiviral ve ctors w ere
obtained by digesting EcoR1-Clal sites from pSUPER-Sh to generate the
sequence H 1-shRNA th at w as in serted in to p LVTHM v ector. Lentiviral
particles were generated in HE293T cells transfected with p LVTHM-Sh,
pSPAX2, and pM2G vectors.

Cultured neurons w ere i nfected at 3-4 D IV. Lentiviral p articles
were a dded t o t he ¢ ulture m edium, which w asr emoved 12 h a fter
infection. In the case of lentiviral Crtcl shRNAs and scramble shRNA, 1
particle/cell w as u sed, w hereas | entiviralCre-recombinase a nd | entiviral

ACre-recombinase was used at 2 particles/cell.

Pharmacological treatments

For Western blotting, neurons were treated with vehicle or KCI1 (30
mM) a nd f orskolin (20 pm) an dcollected at di fferent t ime poi nts. F or
immunocytochemistry (ICC), neurons w ere t reated w ith v ehicle or K Cl

(30 mM) and forskolin (20 pum) for 30 min before fixation. F or C RE-
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transcriptional activity analysis, neurons or PC12 cells were treated with
vehicle, KCI (30 mM) and/or forskolin (20 um) for 4 h before lysis. SIK
inhibitors were added 1 h before stimulation at different concentration as

detailed below according to the IC50 (Table 6).

SIK Final
Inhibitor Concentration
MRT 1 uM
199665
MRT 67307 2 uM
HG 9-91-01 500 nM
KIN 112 10 uM
STS 10 nM

Table 6. The concentration of SIK inhibitors used for experiment.

5.4 Biochemical methods
5.4.1 Cell and brain lysis and protein quantification

Mice were scarified by dislocation, and the brain was dissected on
ice. C ortices or hi ppocampi w ere hom ogenizedw itha dounc e
homogenizer inlysis buffer containing proteaseand phosphatase inhibitors.
1200 pl lysis buffer was used for 1/2 cortices and 400 pl lysis buffer was
used for 1/2 hippocampi. Cells were washed twice with ice-cold PBS (1x)
andt henl ysedi nc old R IPA1 ysis buf fer ¢ ontaining pr otease a nd
phosphatase i nhibitors ( 100 pl/well o f 6-well d ishes). The 1 ysate was
sonicatedusing 35% of power (relative output 5.5) for 10 s ec (Dynatech
Sonic Dismembrator model 300), and keep the samples on t he ice for at
least 25 s ec. Protein concentration w as de termined by the B CA m ethod
(Pierce#23225).
Solution

Lysis buffer:50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 2 mM EDTA, 0.5%
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Triton X -100, 1% N P-40, .1% S DS,1 mM Na3;VO4, 50 mM NaF, 1
mmol/L PMSF.

RIPA 1ysis b uffer: 50 mM Tris base pH 7.4, 150 mM NaCl, 2.5 mM
EDTA, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM Na3;VOy,
1 mM PMSF.

Protease inhibitor cocktail tablets: Roche #11836145001

Phosphatase inhibitors:Roche #04906837001

BCA protein assay kit: Pierce 23225

5.4.2 Gel electrophoresis and Western blotting

Equal amount of protein were diluted with sample loading buffer
(3x) and heated at 951 for 5 min before load each sample onto each lane.
A molecular weight marker was added to identify the proteins of interest.
The de nsity of pol yacrilamide g els ( PAGE) r anged f rom 7 % -12.5%
dependingont he pr otein of i nterest. P roteins w ere t ransferred t o
methanol-activated PVDF membranes and membranes were stained with
Ponceau S solution to verify the presence of transferred protein.

To avoid non-specific protein interactions, PVDF membranes were
incubated with bl ocking solution for 1 hour. After blocking, m embranes
were w ashed with TBST (10 min x 3). M embranes w ere i ncubated with
primary antibody diluted in antibody buffer for 2 h at room temperature or
overnight at4 []. M embranes w ere w ashed with T BST ( 10 min x 5)
followed by incubating with secondary antibody coupled to HRP at room
temperature for 45 min. Finally, membranes were washed with TBST (10
min x 5) be fore ¢ hemoluminescence r eaction with W estern Light pl us-
ECL.

If necessary, the membrane was stripped in stripping buffer at room
temperature for 1h and wash with TBST (10 min x3) before starting new
blotting.

Solution
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Sample loading buffer (1x): 62.5 mM Tris HCI pH 6.8, 10% glycerol, 2%
SDS, 5% B-mercaptoethanol (BME) and 0.01% bromophenol blue
SDS-PAGE electrophoresis b uffer ( 10x): 250 mM Tris buf fer,2 M
Glycine, 1% SDS, Ph8.3

Transfer buffer (20x): 200 mM Tris base and 2 M Glycine, pH8.3

TBST: Tris 30.3g, NaCl 80.1g, Tween-20 10 ml, add ddH,O to 1L, pH 7.6
Blocking solution: 5% skimmed milk powder and 0.05% Tween in TBS,
pH7.4

Primary an tibody b uffer: 0.1% BSA and 0.02 % t himerosal in T BST,
pH7.4

Stripping buffer: 0.1 M Glycine pH2.3

Ponceau S solution: Sigma 81462

Molecular weight marker: Invitrogen 10748-010

Immun-Blot PVDF membrane for protein blotting: Bio-rad 162-0177
Western Light plus-ECL: Peroxide solution (Promega, #W 100B), Luminol
enhancer solution (Promage, #W101B)

5.4.3 Dual-luciferase reporter assay

For luciferase reporter assay, 6-14 DIV neurons in 24 -well dishes
(100000 cells/well) were transfected with pCRE-luc (0.5 pg), TK-Renilla
(0.25 pg), and empty vector or the indicated plasmids (0.5 pg) by using
Lipofect AMINE 2000. F or interference a ssays, 3 -4 D IV ne urons w ere
infected w ith s hRNA lentiviral v ectors ( 1 tr ansducing u nits p er ¢ ell).
Neurons w ere treated at7 D IV w itht hei ndicated r eagents b efore
stimulation with vehicle, KCI1 (30 mM), and/or forskolin (20 1 M; Sigma)
for 4 h. Luciferase activity w as me asured by triplicate in at le ast t hree
independent t ransfections by u sing t he D ual-Luciferase A ssay S ystem
(Promega E1960) in a Synergy HT lu minometer ( Bio-Tek, pow er wave

XS).

5.4.4Immunoprecipitation
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For immunoprecipitation, 1 ml lysate (1 mg aprox) were precleared
with adding 100 pl of beads slurry (Pierce #22811) followed by end-over-
end rotation for 20 min at4 [1. Centrifuge at 2000 g for2 minat4 [1.
Discard bead pellet and keep supernatant for immunoprecipitation.

Lysate (500 pg, 500 pl) and recommended amount of antibody (2
ul) w ere i ncubated overnightat4 [1. Add40 plofthebeadsto each
sample and incubated for 2 hat 4 [1. The beads were washed for three
times, each time centrifuging at 2000 g for 2 min at 4 [J and removing the
supernatant. 1) (1x) lysis buffer, 10 min,4 []; 2) (1x) lysis buffer 0.5% NP-
40, 10 min, 4 [1; 3) (1x) lysis buffer 0 or 0.1% NP-40, 10 min, 4 [1. 25 pl
2x loading buffer were added to the samples. Boil at 95 [] for 5 min. The
samples were checked bygel electrophoresis and instant blue (Expedeon #

ISBILUK).

5.5 Molecular biology methods
5.5.1 Quantitative RT-PCR

RNA f rom ¢ ultured ne urons or hippocampal t issue w as 1 solated
usingt his P ureLink RNAM ini K ita ccordingt om anufacturer’s
instructions (Ambion, Life T echnologies, U SA). T he R NA i ntegrity
number (RIN) was measured using the A gilent 2100 bi oanalyser (Agilent
Technologies, U SA). Mouse R NA( 1 pg; R IN >8 .0) w erer everse-
transcribed in 50 pl of a reaction mix c ontaining 1 uM of O ligo (dT)
primers, | pMr andom he xamers, 0.5 m MdANTP,045m MD TT,
RNAseOut ( 10 uni ts) a nd S uperScript'™ II reverse t ranscriptase ( 200
units; Invitrogen) at 25°C for 10 m in, 42°C for 60 min and 72°C for 10
min. Quantitative real time RT-PCR of a reaction mix containing 1:20 to
1:100 diluted cDNA (5 pl), primer pairs designed with PerlPrimer v1.1.14
(Owen M arshall) and the Power S YBR Green P CR M aster Mix (15 pl;
Invitrogen) was performed in duplicate using the Applied Biosystems 7500

Fast s ystem. A mplification s pecificity was a ssessed b y me Iting curve
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analysis an d am plification ef ficiencies w ere cal culated f romt he
fluorescence raw data using the LinRegPCR software (Ruijter et al., 2009).
Data analysis was performed by the comparative ACt method using the Ct
values an dt heav eragev alueo fP CRef ficiencies o btained f rom
LinRegPCR s oftware (Ruijtere ta 1.,2009) .G ene e Xxpression w as
normalized t o Gapdh for ¢ ultured ne urons or t he geometric m ean o f
Gapdh, h ypoxanthine g uanine phos phoribosyltransferase (Hprt) and
peptidylprolylisomerase A (Ppia) for brain samples. T he stability of the
reference genes was evaluated in each experiment using the NormFinder,

BestKeeper and geNorm algorithms (Bustin et al., 2009)

5.6 Microscope methods

5.6.1 Immunocytochemistry

Hippocampal and cortical neurons (50000cells/well) were cultured
in 24 -well di shes c ontaining 12 mm c overslips. A fter 19-21 DIV were
washed with cold PBS and fixed with 4% paraformaldehyde in PBS for 15
min at room temperature. Cells were permeabilized with 0.02% saponin in
PBS for 7 min at room temperature and blocked with 10 mM glycine in
PBS. F inally, nons pecific pr otein bi nding w as bl ocked w ith 10 mM
glycine and 5% BSA in PBS for 1 hour. Cells were incubated with primary
antibodies diluted in 1% normal goat serum in PBS overnight at 4 [].

Cells w ere w ashed w ith P BS ( 10 min x 3). S econdary a ntibodies
were diluted with 1% normal goat serum in PBS and incubated for 45 min
at room t emperature. A gain, cells were washed with PBS (10 min x 3).
Hoechst staining was performed by incubating the cells for 5 min at room
temperature. A fter ex tensive w ashes w ith P BS ( 10 min x 3), coverslips
were m ounted i n s lides us ing F luorSave R eagent ( Calbiochem). C ells
were examined with a N ikon E clipse 1 90 fluorescence microscope or a
Leica laser confocal microscope TCSSPS.

Solution
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PBS (10X): 80 gNaCl,2.2g KCl, 18.680 g Na,HPO, * 7TH,0, 2.0 g
KzHPO4, pH 7.4

5.6.2Immunohistochemistry

Paraffin sections

Coronal brain sections were heated at 60 [ for 2 h. Paraffin was
removed by immersing the slides in xylene (twice, 5 min) followed by
rehydration in a graded series of ethanol (100%, 100%, 95%, 70%, 50%
and d istilled w ater; 3 min each ). Heat-induced an tigen r etrieval w as
applied by steaming sections in a microwave at high power for 8min on
citrate s olution ( 1x). A fter 3 O min at room te mperature, s lides w ere
washed w ith T BS ( 1x) a nd i ncubated with nor mal g oat s erum ( NGS;
Invitrogen) and 0.02% Triton X-100 in Tris-buffered saline pH 7.6 for 30
min, followed by ove rnight incubationat4 [] with p rimary antibodies.
The ne xt day, s ections were w ash w ith T BS ( 10 min x3) followed by
incubation with the corresponding secondary antibodies in 10% NGS and
0.02% Triton X-1001in TBS at RT for 90 m in. Cell nuclei were stained
using H oechst 34580 ( 1:5000, M olecular P robes). F inally, s lides w ere
mounted ove rc overslips us ing F luorSave R eagent m ounting m edia
(Calbiochem) and analyzed with a laser scanning confocal microscope.
Floating sections

Tissue sections in 0.1M TBS, pH 7.3 were washed with TBS (3 x

Smin plus 3 x 10min). Sections were incubated at r oom te mperature in
gentle stirring for 30min in blocking buffer. Sections were incubated with
primary antibodies diluted in blocking buffer overnight at 4 1. Wash with
TBS 3*10m in. Incubate t he s ections w ith secondary a ntibodies which
diluted in T BST for 90 min a t r oom t emperature. T o vi sualize t he c ell
nucleus, add 5 pul per well of 1: 100 ho echst from s tock ( hoechst s tock
1:10000 di lution) ha If hour be foret he end o fs econdary a ntibodies

incubation. Wash w ith TBS 3*10m ina nd mounted ons lides with
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FluorSave R eagent (Calbiochem). The slides were analyzed with a laser
scanning confocal microscope.

Solution

TBS: 20 mM Tris base, pH 7.6, 136.87 mM NaCl

TBST: TBS (500ul/24-well), 0.2% Triton X-100

Blocking buffer: Normal goat serum 5% in TBST

5.6.3 Nissl staining

The floating sections were left on the slides overnight followed by
treated with the graded solution (50% ethanol, 70% ethanol, 96% ethanol,
2x 100% ethanol, 2x xylene, 2x 100% ethanol, 9 6%ethanol, 70% ethanol,
50% ethanol) for 5Smin each. Wash the slides with water and stained with
cresil violet (5 g/l) for 5 min. A fter de hydratation ( 50% e thanol, 70%
ethanol, 96% ethanol, 2x 100% e thanol, 5 min f or e ach) a nd pa raffin
(xylene 5min twice), sections were mounted into coverslips and analyzed

with a Nikon Eclipse 901 microscope.

5.6.4Image acquisition and processing

Nissl s tainingw as examined us ing Nikon E clipse 901
epifluorescence microscope (Nikon Instrument) couples to a DXM 1200F
uptake imaging system and ACT-1 software (Nikon).

Immunoflurescence s taining w as ex amined using A xioZeiss

Examiner D1 LSM700 confocal microscope.

5.7 Statistical analysis

Statistical analysis was performed with GraphPad Prim 5 software,
using one -way AN OVE o rt wo-way AN OVE. Date wa s s hown as t he

mean+ SEM or SD. Differences with p < 0.05 were considered significant.
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6.1Part I : Crtcl function is critical for contextual memory

6.1.1 Activity-dependent Creb/Crtcl activation in cultured neurons

To investigate the mechanisms involved in Creb-dependent signaling and
transcription in neurons, we first established a neuronal cell line model of PC12
cells, a rat phe ochromocytoma cell line c ommonly e mployed f or s tudies of
neuronal d evelopment. PC12cel Is culturedi ns erum-free m edium can
differentiate t o a ne uronal phe notype i nduced by n eurotrophic factors. The
neurotrofic f actor N GF a pparently i nduces a t ime-dependent m orphological
differentiation of PC12 cells starting at 2 days (Fig. 1). Cells show 4 days after
and a Iready di fferentiateda t2 da ysa nd m ost ¢ ells w ith m orphology of
connected fibers at 4 days (Fig. 1). PC12 cells show abundant p rocesses and
fiber connections at 4 d ays of treatment, s o this time point was used for the

following experiments.

Ctrl

Figure 1. PC12 differentiation.

PC12 cells were treated by NGF and taken the photos at different time points. Scale bar:
100pm.
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To mimic the effects of neuronal activity, cells were treated with KCl to
increase i ntracellular Ca”" through vol tage-gated ¢ alcium ch annels af ter
depolarization or w ith t he a denylate ¢ yclase a ctivator f orskolin ( FSK) t o
increase intracellular cAMP levels (Greer and Greenberg, 2008). Treatment with
FSK and KCl resulted in ~21- and ~2-fold increase on C RE-luciferase activity,
respectively (Fig. 2). In c ontrast t o primary hi ppocampal or cortical n eurons
(Espana et al., 2010), FSK/KCI treatment did not induce a synergistic effect on
CRE transcriptional activity (~19-fold) (Fig. 2). Inhibition of calcineurin with
cyclosporine s electively bl ocked C RE-transcriptional a ctivity i nduced b y
cAMP/Ca”" signals ( Fig. 2). A's th e C REB tr anscriptional ¢ oactivators Crtcs
mediate t he s ynergistic ef fecto f cAMPan d C a*" on C REB-dependent
transcription ( Screaton eta l., 2004) , wet hen f ocused on C rtcl, t he m ost
abundant Crtc isoform in neurons and brain (Kovécs et al., 2007; Altarejos et al.,
2008). Lentiviral ve ctors e xpressing Crtcl shRNA de creased Crtcl and CRE-
mediated transcription induced by cAMP/Ca*" signals (~40%) (Fig. 2).
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Figure 2. CRE-transcriptional activity in neuronal differential PC12 cells.

PC12 cells were treated by NGF for 4 da ys and transfected with C RE-luciferase and
TK-Renilla plasmids followed by stimulated by FSK/KCI before quantification of

luciferase activity. *** P < 0.000.
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Next, w e i nvestigated w hether Crtcl subcellular 1 ocalization c ould be
regulated b y neuronal act ivity, Toa chievet his,w epe rformed
immunofluorescence s taining of C rtcl i npr imary n eurons. Under b asal
condition, Crtcl was enriched in the cytoplasm and highly colocalized with the
dendritic marker M AP2. A fter stimulation with KCI/FSK, Crtcl translocates to

the nucleus decreasing the colocalization with MAP2 (Fig. 3).

MaP2 MAP2/Hoechst

Viehicle

FSKKCI

Figure 3. Translocation of Crtcl to the nucleus in response to neuronal activity.

Representative image of Crtcl (green), MAP2 (red) and nuclear (Hoeschst 33324, blue)

staining in neurons treated with vehicle or FSK/KCI for 15 min.

As Crtcl was translocated to the nucleus upon ne uronal stimulation, we
therefore investigated the timing of Crtcl dephosphorylation, a measure of Crtcl
activation, i n pr imary neurons. B iochemical a nalysis s howed t hat C rtcl i s
rapidly d ephosphorylated i n r esponse to cAMP/Ca®" signals ( Fig. 4). Indeed,
Crtcl was rapidly dephosphorylated already at 1 min after stimulation. Similarly,
phosphorylation of Creb at Ser133 was increased at 1 min and reached the peak
at 15 min (Fig. 4).

These results s uggests that Crtcl and Creb are quickly activated a fter
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neuronal stimulation, and phosphorylation of Creb get the maximum level at 15

min after stimulation.
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Figure 4. Activity induces changes on phosphorylation of Crtcl and Creb in

cultured cortical neurons.

Western blot (left) and quantification (right) analyses of pCrtcl, Crtcl, Creb and pCreb
(Ser133) in cultured cortical neurons stimulated w ith v ehicle or F SK/KCI for 0-8 h.
pCrtcl was decreased after stimulation quickly, while pCreb was increased. Total Crtcl

and Creb protein expression levels were not change.

6.1.2 Contextuall earningi nduces C rtcl de phosphorylationi nt he

hippocampus

To in vestigate th e s pecific r ole o f C rtcl in a ssociative le arning we
analyzed Crtcl activation in the hippocampus after contextual fear conditioning
(CFCQ). In this task, context and shock association elicits a fear memory response
(i.e freezing) in rodents, whereas single context or shock does not result in fear
conditioning to the context (Rosen, 2004). Mice used for behavioral studies were
handled i ndividually for 3 m in during t hree ¢ onsecutive days. For co ntextual
fear conditioning, mice were placed within the conditioning chamber (15.9 x 14
x 12.7 cm; Med Associates Inc., St. Albans, VT) for 3 min (neophobia freezing)
to allow them to develop a representation of the context via exploration before

the onset of the unconditioned stimulus (footshock; 1s/ImA). A fter the shock,
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they were left in the chamber for 2 min (immediate freezing) and returned to the
home cages. Conditioning was tested 2 h ( short-term) or 24 h ( long-term) after
training for 4 min in the same conditioning chamber. Fear conditioning induced
a time-dependent increase of freezing responses after training indicating efficient
contextual m emory association ( training effect: F(3,42)=9.26, P = 0.0 001),
whereas unshocked ¢ ontext-exposed m ice di d not de veloped contextual f ear

memory (Fig. 5).

Handlling

E B

Lomexl Shock Imimedeale
r i g 1

[}
—
2 —

Figure 5. Contextual fear conditioning induces freezing responses in control mice.

Left: Schematic design of the contextual fear conditioning test performed in this study.
Different groups of mice were exposed to a novel context without shock (context) or
with shock an d i mmediately r emoved ( shock) o r remained i n t he ch amber for an
additional 2 min and then s acrificed 15m in,2h and 24 ha fter training. D ifferent
groups o f mice w ere used for i mmediate, sh ort-term and | ong-term. Right: F reezing
responses o f mice be fore shock (n=20) or i mmediately (n=16), 2 h (short-term; n=5)
and 24 h ( long-term; n=5) after contextual training. *P < 0.05, ** P < 0.001, *** P <
0.0001.

Next, we checked whether Creb and Crtcl protein levels were changed
after CFC training. The mice were treated by 1) only handling (naive), 2) left in
the chamber for 5 min without shock (context), 3) only shock (shock), 4) 3 min’s

contextual e xposure followed by shock plus 2 min’s co ntextual ex posure and
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sacrificed in 15 min after CFC (15 min), 5) sacrificed in 2 h after CFC (2 h) or
6) sacrificedin2 h after CFC (24 h). Biochemical analyses showed a time-
dependent i ncrease o f C reb phos phorylation ( Ser133) in the hi ppocampus of
mice e xposed t 0 a nov el ¢ ontext w ith or w ithout s hock ( Fig. 6 ). N otably,
contextual | earning induced a significant transient de crease o f phos phorylated
(p) Crtcl at Ser151 15 minand 2 h a fter training (F(4, 16) = 4.34, P = 0.01),
whereas p Crtcl | evels w ere u nchanged b y co ntext o r s hock al one ( Fig. 6).

Contextual learning did not affect expression of total Creb and Crtcl (P > 0.05;
Fig. 6).

.Pi Maoive Context 15min 2h  24h  Naive '\llml\.

EEE I i e —

L ——— i gy, e

Tl - —————————
Creb ——— — s
Ceapadh —— —
B i P
S B ]
ks : ﬂ
H ol e
& . -
...1?‘ Pw 1_.3;" \,_..5\ il -3" Pl \..é’" 7o
" CH L H

wic Ui
sagudh

fild change
I F
—
I
b ) E—
Crohi
ild change
e -
|
—F
—

Figure 6. Contextual learning but not novel context induces dephosphorylation of

CRTC1 in the hippocampus.

A. Western blot analyses of CRTCI, pCRTC1, CREB and pCREB ( Ser133) in the
hippocampus of home cage mice (naive) or mice exposed to training chamber without
shock ( context) or with shock and sacrificed 15 m in,2 ha nd24 ha fter c ontextual
training. GAPDH was used as loading control. B. Quantitative of WB. Values represent

fold changes + s.e.m (n= 4-5 mice/group). * P < 0.05.
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Wen ext analyzed pC REB and pCrtcl I evels i n t he ¢ ortex b y us ing
similar b iochemical a nalysis. In contrastto the h ippocampus, 1 evels of
phosphorylated Creb or Crtcl were unchanged in the cortex of context or CFC
groups ( Fig. 7).These r esults r evealed t hat co ntextual | earning i nduces C rtcl
dephosphorylation specifically i n t he hi ppocampus, a nd t hat C reb i s a Iready
phosphorylated in the hippocampus after context encoding.
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Figure 7. Contextual 1 earning does no t a ffect C RTC1 pho sphorylation in t he

cortex.

A. Western b lot analyses of CRTCI1, pCRTC1, CREB and pCREB (Ser133)inthe
cortex of experimental mice used in Fig. 5. B. Quantitative of WB. Statistical analysis
was determined by one-way ANOVA followed by Dunnett's multiple comparison post

hoc test.

6.1.3 Contextual 1 earning i nduces C rtcl nuclear t ranslocation i n t he

hippocampus

To examine whether contextual learning induced nuclear translocation of

Crtcl in vivo, we analyzed Crtcl localization in the CA3 and
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Figure 8 . Contextual learning i nduces nuc lear translocation o f C rtcl int he

hippocampus CA3.

A.  Confocal microscopy images showing expression of Crtcl (green), M AP2 (red)
and Hoechst (blue) in CA3. Crtcl translocated to nucleus 15 min after CFC training. B.

Quantification of Crtcl nucleus/cytoplasm intensity. * P < 0.05.

CA1 hippocampus, t he ar ea essential f or rapid e ncoding of ¢ ontext
representations during CFC (Anagnostaras et al., 2001). The mice were treated
by 1) only handling (naive), 2) 3 min’s contextual exposure followed by shock
plus 2 min’s contextual exposure and sacrificed in 15 min after CFC (15 min) or

3) sacrificed in 2 h after CFC (2 h). Confocal imaging analysis revealed Crtcl
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expressed i n C A3 ar ea an d was a bundantly p resent i n t he nuc leus of C A3
pyramidal ne urons 15 minbut not 2ha fter contextual fear c onditioning
compared t o naive mice (Fig. 8 A). Quantitative ima ging analysis r evealed a
rapid transient increase of Crtcl in the nucleus of p yramidal neurons in C A3

caudal and rostral regions (Fig. 8B).

Crtcl also expressed in CAl area and moderately present in the nucleus
after contextual fear conditioning compared to naive mice (Fig. 9). Together, we
conclude that Crtcl is translocated from the cytosol and dendrites to the nucleus

of hippocampal neurons after contextual learning.
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Figure 9 . Immunostaining images of Crtcl labeling in the CAl1 hippocampal
neurons.

A. Confocal microscopy images showing expression of Crtcl (green), MAP2 (red) and
Hoechst (blue) in CAl. In contrast to C A3 region, only slight differences in Crtcl
nucleus translocation were observed in CAl hippocampal region. B. Quantification of

Crtcl nucleus/cytoplasm intensity. * P < 0.05.

70



Results

6.1.4 Contextual I earning i nduces d ifferential ex pression o f C reb/Crtcl-

dependent genes

To e xplore t he pos sibility t hat C rtcl nuc lear t ranslocation could be
mediating C REB-mediated t ranscription dur inga ssociativel earning, w e
examined the levels o f CREB target genes in the above be havioral c onditions
(Fig. 5). Wed etected genes associated w ith neurotransmission a nd s ynaptic
plasticity including Arc, C-fos, Nr4al-3, Bdnf 1V, Nefl, Chga, Cyr61, Nrnl and
Scg2a (Parra-Damas A etal, 20 14). Gene ex pression w as n ormalized t o the
geometric m ean o f Gapdh, h ypoxanthine guanine phos phoribosyl t ransferase
(Hprt) and peptidylprolyl isomerase A (Ppia) for brain samples. The stability of
the r eference genes w as ev aluated in e ach experiment u sing t he N ormFinder,
BestKeeper an d geNorm a Igorithms (Bustine ta 1., 2009) . Contextual f ear
conditioning ha d a s ignificant ove rall e ffect on hi ppocampal | evels of Arc
(F(5,30) = 2.4, P=0.05), c-fos (F(5,30) = 6.7, P=0.0003), Nr4al (F(5,30) = 3.5,
P=0.01), Nr4a2 (F(5,30) = 2.8, P = 0.03) (Fig. 10A), but not Nr4a3, BDNF IV,
Nefl, Chga, Cyr61, Nrnl and Scg2a (Fig. 10B). Arc was similarly induced in the
hippocampus by context or 15 min-24 h after fear conditioning but not by shock,
which agrees with Arc activation by a novel context (Huff et al., 2006; Pevzner
etal,2012),( Fig. 10A). Inc ontrast, c-fos, Nr4al and Nrd4a2 levels w ere
increased 15 min-24 h after fear conditioning but not by context or shock alone,
while Nr4a3 wasn ot s ignificantly changed ( Figs. 10A, 10 B). T his r esult
suggests activation of Crtcl-dependent transcription in a differential manner by

contextual learning in the dorsal hippocampus.
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Figure 10. Quantitative analysis o f m RNA transcripts i n the hippocampus o f

contextual trained mice.

A, B, Levels of Arc, c-fos, Nrdal, Nrd4a2, Nr4a3, Bdnf, Nefl, Nrnl, Scg2a, Chga and
Cyr61 t ranscripts w ere d etermined b y r eal-time ¢ RT-PCR a nd nor malized t o the
geometric mean o f standard genes G APDH, Hprtl and Ppia. Data represents mean +
s.e.m (n=4-6 mice/group). *P < 0.05, ** P < 0.001, *** P < 0.0001, compared to naive
mice as determined by one-way ANOVA followed by Bonferroni post hoc test.

6.1.5 Age-dependent contextual memory deficits in PS ¢cDKO mice

The above results prompted us to investigate the contribution of Crtcl on
contextual f ear m emory de ficits i n ne urodegeneration. W e s tudied pr esenilin
(PS) c onditional doubl e knoc kout (¢cDKO) mice, a n e xperimental m odel t hat
develops age-dependent memory and synaptic plasticity deficits prior to cortical
degeneration (Sauraetal., 2004). At 2 m onths of age, control (WT) and P S
cDKO mice displayed similar increased freezing responses 2 h and 24 h after
CFC training (Fig. 11 left). Two-way ANOVA revealed significant main effect
of training (F(3,72) = 22.6, P = 0.0001) but not genotype effect (F(1,72) = 0.005,
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P = 0.94). T hese results 1 ndicate 1 ntact s hort-term a nd I ong-term co ntextual

associative memories in PS ¢cDKO mice at this age.
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Figure 11. Age-dependent contextual memory deficits in PS ¢cDKO mice
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Left, Normal contextual memory in PS ¢ DKO mice at 2 months. Different groups of
control (n=5-20) and PS ¢cDKO (n=5-14) mice were tested in one-shock contextual fear
conditioning t ask. F reezing r esponses t o t he ¢ ontext be fore s hock ( neophobia) or
immediately, 2 h and 24 h after sh ock were d etermined as a m easure o f i mmediate,
short-term and long-term asso ciative memories, respectively. Statistical significance is
shown compared to freezing before shock. Right, Deficits in contextual memory in PS
c¢DKO mice at 6 months. Different groups of control (n=10-24) and PS ¢cDKO (n=10-
20) mice were tested in one-shock c ontextual fear conditioning task as shown in Fig.
5A. PS cDKO mice show similar basal and immediate freezing responses than controls
but significant decreased levels of freezing 2 h a nd 24 h a fter contextual training. P <
0.05, ** P < 0.001, *** P < 0.0001. Statistical analyses were performed by two-way
ANOVA followed by Scheffé’s S or Bonferroni post hoc test.

At 6 months of a ge, control m ice d isplayed an 1 ncreased f reezing
response 2h and 24h after training. By contrast, PS cDKO mice showed reduced
freezing responses 2 h a nd 24 h a fter training compared to WT mice (Fig. 11
right). Two-way ANOVA revealed significant effects of training (F(3,121) = 25,
P =0.0001) and genotype (F(1,121) =21, P =0.0001). Post hoc analysis showed

significant differences o f freezing between control and PS cDKO mice at 2 h
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and 24 h after training (Fig 5B). These results demonstrate age-dependent short-

and long-term contextual memory deficits in PS ¢cDKO mice.

6.1.6 Impairment of Crtcl nuclear translocation in C A3 hippocampus in
PS ¢DKO mice

We next investigated the relationship between Crtcl nuclear translocation
and f unction and ¢ ontextual memory d eficitsin P S ¢DKO m ice. C onfocal
imaging analyses showed that contextual I earning induced rapid Crtcl nuclear
translocation as revealed by a s ignificant increased of Crtcl nucleus/cytoplasm
ratio in CA3 pyramidal neurons of control mice (P < 0.05; Fig. 12). By contrast,
Crtcl was not efficiently translocated to the nucleus of pyramidal CA3 neurons
in PS ¢cDKO mice at the age of 4-5 months. (genotype effect: F(; 24)=4.03, P=
0.05; Fig. 12). T ogether, t hese r esults s uggested d eficient C rtcl n uclear
translocation and transcription associated with contextual memory deficits in PS

¢DKO mice.
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Figure 12. Impairmento f C rtcl n uclear t ranslocation a fter C FC in C A3

hippocampus in PS ¢cDKO mice.

A.  Immunostaining images showed Crtcl (green), MAP2 (red) and hoechst (blue) in
CA3in WT and PS ¢DKO mice 15 m in a fter CFC training. Crtcl translocated from
cytoplasm to nucleus quickly after CFC training in WT mice, while PS ¢cDKO mice
showed the reduction of nuclear translocation after CFC training. B. Quantification of

Crtcl nucleus/cytoplasm ratio in WT and PS ¢cDKO mice. * P < 0,05

6.1.7 Age-dependent Crtcl-dependent transcriptional deficits in PS ¢cDKO

mice
We next examined the induction of Crtcl/CREB-dependent genes after

context or conditioning encoding in control and PS ¢DKO mice at 2 and
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Fig.13 Levels of CRTC1-dependent gene transcripts in the hippocampus of control
and PS ¢cDKO mice at 2 months.

Levels of Arc, Nr4al, Nr4a2 and Nr4a3 transcripts were determined by real-time qRT-
PCR and normalized to the geometric mean of standard genes GAPDH, Hprtl and Ppia.
Data represents mean + s.e.m (n=4-6 mice/group). *P < 0.05, ** P < 0.001, *** P <
0.0001. Statistical analyses were performed by two-way ANOVA followed by Scheffé’s

S or Bonferroni post hoc test.

6 months of age. Arc was significantly induced in the hippocampus of control
mice after c ontextual training, w hereas its e xpression was slightly reduced but
not significantly changed in PS ¢cDKO mice at 2 months (training effect: F(2,22)
=3.4,P <0.05; genotype effect: F(1,22)=2.90, P = 0.10; Fig. 13). Nr4al and
Nr4a2 but not Nr4a3 were significantly induced 2 h and 24 h a fter contextual
learning in both genotypes (training effect, Nr4al: F(2,22) = 23.7, P = 0.0001;
Nr4a2: F(2,22)=19.3, P=0.0001; genotype effect, Nr4al: F(1,22)=3.60,P =
0.07) except for Nr4a2 (F(1,22) =8.18, P = 0.01). Post hoc analyses revealed

non-significant differences between genotypes immediately, 2 h and 24 h after
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training, except for Nr4a2 at 24 h (Fig. 13; P> 0.05).
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Figure 14 Levels of CRT C1-dependent gene t ranscripts i n the hippocampus o f
control and PS ¢cDKO mice at 6 months.

Levels of Arc, Nrdal, Nrd4a2 and Nr4a3 transcripts were normalized to the geometric
mean of standard genes GAPDH, Hprtl and Ppia. Data represents mean + s.e.m (n=4-6
mice/group). *P < 0.05, ** P < 0.001, ***P < (.0001. S tatistical a nalyses w ere
performed by two-way ANOVA followed by Scheffé’s S or Bonferroni post hoc test.

At 6 months of age, Arc was significantly increased 24 h after contextual
training but without significant differences b etween genotypes (training e ffect:
F(2,29)=6.9, P=0.005; genotype effect: F(1, 29) =0.85, P=0.36) (Fig. 14). In
basal conditions, Nr4al, Nr4a2 and Nr4a3 were slightly reduced in PS ¢cDKO
mice, whereas Nr4al and Nr4a2, but not Nr4a3, were differentially increased 24
h after contextual learning in control and PS ¢DKO mice (training effect, Nr4al:
F(2,29) = 33.0, P = 0.0001; Nr4a2: F(2,29) = 27.9,P = 0.0001; genotype

effect, Nr4al: F(1,29) = 18.1, P=10.0002; Nr4a2:F(1,29)=14.8, P =0.0006).
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(Fig. 14). Post hoc analysis revealed a significant reduction of Nr4al (P <0.001)
and Nr4a2 (P < 0.01) but not Nr4a3 (P > 0.05) in the hippocampus of PS ¢cDKO
at24h. T hese results i ndicated a ge-related hi ppocampal C rtcl-dependent
transcriptional d eficits a ssociated w ith ¢ ontextual me mory imp airments in P S

¢DKO mice.

6.1.8 Crtcl gene transfer reverses Crtcl-dependent transcription changes

and associative memory deficits in PS ¢cDKO mice

To assess whether Crtcl dysfunction contributed to associative memory
deficits in PS ¢DKO mice, we expressed exogenous mouse Crtcl in vivo with a
recombinant a deno-associated v irus (AAV2/10) ch aracterized b y h igh g ene
transduction i n ne urons (Klein et al., 2008; P arra-Damasetal., 2014 ). We
injected AAV-Crtcl-myc or -GFP (control) in CA3 hippocampus of control and
PS ¢ DKO mice at4 months ofage. For viral injections, 4-5 month-old mice
(n=8 mice/group) were anesthetized with isofluorane and placed in a stereotaxic
platform (Kopf, Tujunga, CA, USA). The sterotaxic injection coordinates for the
hippocampus w ere (in mm) a s f ollows: a nterior 0.2 ¢ audal t o B regma; 0.1 8
lateral to Bregma; depth 0.2 ventral to dural surface according to (Paxinos and
Franklin, 2004) . A AV v ector s tocks (3[1ul; 5.1x 1011ge/ml; 0.5 pl/min) w ere
injected bilaterally into the hippocampus through a 27 gauge cannula connected
toa [J10ul H amilton s yringe. Four weeks af ter A AV i njection m ice w ere

handled, behavioral tested, sacrificed and dissected.
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Figure 15. Long-term expression of CRTC1-myc in mouse CA3.

WT

PS cDKO

CRTCl-myc (green) was efficiently e xpressed in neurons at the injection point, C A3
regions o ft he h ippocampus t hree w eeks af ter i ntrahippocampal injection w ith

AAV2/10-CRTCI1-myc vectors. NeuN (red), Hoescht (blue): nucleus. Scale bar: 30 pm.

Mice coronal sections w ere s tained f or exogenous C rtcl, N euN a nd
nucleus. AAV-Crtcl i njection r esulted i n 1 ong-term and w ide expression of
Crtcl-myc in CA3 neurons (Fig. 15). In addition, RTPCR analysis showed that
AAV-Crtcl in jection leads to C rtcl-myc m RNA expression i n hi ppocampus
(Fig. 16 bot tom). M oreover, bi ochemical a nalysis de tected t he C rtcl-myc

expression in hippocampus (Fig. 16 top).
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Figure 16. Long-term expression of CRTC1-myc in mouse hippocampus.

Increased exogenous Crtcl-myc (top) and total Crtcl (bottom) mRNAs normalized to
Gapdh in WT and PS ¢cDKO mice injected with AAV2/10-CRTC]. Data are the mean +
s.e.m ( n=4-5 mice/group). * P < 0.05, ** P <0.001, c ompared to A AV2/10-GFP-

injected control mice. Statistical analysis was performed by one-way ANOVA.

When e valuated i n ¢ ontextual f ear ¢ onditioning, WT A AV-GFP mice
displayed an increased freezing response 24h a fter t raining, while PS cDKO
AAV-GFP mice s howed ar educed f reezing r esponse 2 4h af ter t raining. W e
found s ignificant effects of group ( F(3,42)= 4.3,P = 0.01), t raining t ime
(F(1,42)= 36.8, P =0.0001) and group x training time interaction (F(3,42) =
3.5,P=0.02,2w ay ANOVA) (Fig. 17A). A AV-Crtcl increased significantly
freezing responses 24 h after training both in WT (P = 0.05) and PS ¢cDKO mice

(P=0.03) compared to GFP-injected groups (Fig. 17A).
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Figure 17. Injection o f A AV-CRTCI rescu es d eficits of as sociative memory and
Crtcl-dependent g ene e xpression de ficits in 6 m onth-old PS ¢DKO mice t hree

weeks after expression.

A.  Data are the mean + s.e.m (n=8 mice/group). *P < 0.005, ** P <0.001. Statistical
analyses determined b y t wo-way A NOVA an d S cheffé’s S p osth oc t est. B. Data
represents the mean + s.e.m (n=4-5 mice/group). mRNA levels are normalized to the
geometric m ean o f G apdh, H prtl and Tbp. *P < 0.05 . Statistical an alyses w ere
determined by two-way ANOVA followed by Student-Newman-Keuls post hoc test.

We next examined mRNA levels of Crtcl-dependent genes in the above
experimental groups. WT A AV-GFP mice display an increased Nr4al and Nr4a?2
gene e xpression 24h after C FC training in the hippocampus, while PS ¢cDKO
AAV-GFP mice showed a reduced Nrd4al and Nr4a2 gene ex pression | evels.
Importantly, C rtcl injection i ncreased s ignificantly N r4al and N r4a2 b ut not
Nr4a3 in the hippocampus of trained PS ¢cDKO mice compared to GFP-injected
controls (Fig. 17B). These results d emonstrated that in creasing Crtcl function

ameliorates h ippocampal-dependent 1 ong-term ¢ ontextual memory d eficits by
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enhancing a specific subset of CREB target genes.

6.1.9 Effect of Crtcl on brain degeneration in PS ¢cDKO mice

PS ¢cD KO mice display an a ge-dependent ne urodegeneration. P revious
studies detected progressive and striking loss of cerebral cortical gray and white
matter accompanied by enlargement of the lateral ventricles in PS ¢cDKO mice.
PS ¢cDKO mice at 6-9 months of age showed a reduction in neuronal number and
neocortical volume compared to WT mice (Saura CA, et al., 2004).

PS ¢DKO mice develop dendritic degeneration and cortical neuron loss
during aging ( Fig. 18) (Saura etal., 2004 ). In a greement w ith t he pr evious
studies, N issl s taining s howed th at P S ¢ DKO mice in jected with GFPat6
months of age display an apparent thinning o f the cerebral cortex compared to
WT mice (Fig. 18). A AV-mediated Crtcl injection in the hi ppocampus of P S
cKO m ice d id n ot af fected ap parently co rtical | ayering an d t hickness an d
enlargement o f'la teral ventricles in P S ¢ DKO mic e at 6 mo nths ( Fig. 18).
Quantitative me asures of ¢ ortical th ickness o f mu Itiple mic e ( n= X /group)
revealed 27% decrease of thickness of PS ¢cDKO-GFP mice compared to W T-
GFP mice. Cortical thickness of PS ¢cDKO-Crtcl mice did differed significantly

from PS ¢cDKO-GFP mice (Fig. 18).
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Figure 18. Neurodegeneration in PS ¢cDKO mice.

A. Nissl s taining of thickness in c ortex. Nissl-stained i mages o f coronal s ections in
cortex from WT and PS ¢ DKO mice injected with AAV-GFP or —Crtcl are shown.
Scale bar: 200 pm. B. Quantification of thickness in cortex. *P < 0.05.

In addition, Nissl staining did not revealed apparent gross differences in
CAl, CA3 and DG areas of the hippocampus in PS ¢ DKO mice injected with

AAV-GFP or -Crtcl at 6 months of age (Fig. 19).
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Figure 19. Nissl staing in Hippocampus.

Nissl-stained images of coronal sections in hippocampus, CA1, CA3 and DG from WT and
PS ¢cDKO mice injected with AAV-GFP or —Crtc1 are shown. Scale bar: 200 pm.
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Figure 20. Effect of Crtcl on dendritic degeneration in PS ¢DKO mice

A. MAP?2 staining images of coronal sections in cortex from WT and PS ¢cDKO mice
injected with A AV-GFP or —Crtcl. Scale bar: 20 um. B. MAP2 staining images o f
coronal sections in hippocampus from WT and PS ¢DKO mice injected with AAV-GFP
or —Crtcl. Scale bar: 20 um. C. Quantification of MAP2 intensity in CA3 hippocampus.

We nexte xaminedde ndriticm orphologyb 'y  applying
immunofluorescence staining, a more sensitive method, with MAP2 antibody to
analyze possible changes on dendrites. MAP2 staining (in red) showed apparent
reduced number and length of dendrites in the neocortex in 6 m onth-old GFP-
injected PS ¢cDKO mice (Fig. 20). AAV-Crtcl injection in the hippocampus did

not affect dendritic morphology in WT or PS ¢cDKO mice (Fig. 20). Similarly, 6
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month-old PS ¢cDKO-GFP mice display an apparent decrease of MAP2 staining
in C A3 hi ppocampus ¢ ompared t o WT-GFP m ice. C rtcl ove rexpression ( in
green) en hanced M AP2 staining in P S ¢cD KO mice al though quantification of
total M AP2 staining di d not r evealed s ignificant di fferences due t o hi gh

experimental variability (Fig 20).

6.1.10 CRTCI1 protein changes in human brain at AD pathological stages

Toi nvestigate c hangesi n C RTCI pr otein ¢ hanges dur ingt he
progression of AD pathology, we analyzed the hippocampus of 42 individuals
pathologically c lassified a s ¢ ontrols ( no pa thology, n=12), e arly (Braak I-II,
n=12), i ntermediate ( Braak III-IV, n=10), and advanced ( Braak V —VI, n=8)
pathological stages (Braak et al., 2006). Brain samples were closely matched for
age, neurofibrillary pathology, postmortem delay and RIN values (see methods).
Biochemical a nalysis r evealed a reduction of b oth t otal a nd phos phorylated
CRTCI1 in human hippocampus at Braak IV and V—-VI pathological stages (Fig.
21). T heser esults i ndicated de creased C RTC1 1 evelsi n hum an br aina t

intermediate Braak III-VI pathological stages.
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Fig. 21 CRTCI1 protein changes in human brain at AD pathological stages

A. Western blotting of total and phosphorylated (Ser151) CRTC1 (pCRTC1) in human
hippocampus at different AD stages. Values represent mean fold change SEM (n=5-12
per group). B. Quantification of WB. *p<0.05 compared with control as determined by
one-way ANOVA followed by Scheffe’s S post hoc test.
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Discussion

CREB f acilitates sh ort- and 1 ong-term ¢ ontextual memories by e nhancing ne uronal
excitability and recruitment of neurons into memory networks (Won and Silva, 2008; Restivo et
al., 200 9; Viosca et al., 2009; Suzukie tal., 20 11). B esides efforts t o i dentify t he C REB
transcriptome (Cha-Molstad et al., 2004; Zhang et al., 2005), the CREB transcriptional programs
that selectively mediate associative memory are still unclear. We found that contextual learning
induces Crtcl dephosphorylation and nuclear translocation leading to activation of a CREB gene
program in the hippocampus mediating associative memory encoding. Importantly, Crtcl can be
critical f or lo ng-term asso ciative m emory si nce C rtcl nuclear translocation a nd t ranscription
deficits are associated with contextual m emory i mpairments in PS mutant mice. These results
indicate for the first time a role of Crtc-dependent transcription in associative memory in normal

and pathological conditions.

A relevant finding o f o ur study is t hat asso ciative | earning act ivates C rtc1-dependent
transcription in the h ippocampus. C rtcl activation involves t ranslocation o f Crtcl fromthe
cytosol and dendrites to the nucleus of hippocampal neurons, a mechanism important for activity-
dependent C rtcl a ctivation i n ¢ ultured n eurons (Zhoue ta I.,20 06; C h'nge ta l.,2012 ).
Interestingly, ¢ ontextual | earning but not nov el context o r sh ock se lectively i nduces t ime-
dependent Crtcl nuclear translocation in fear memory regions. Crtcl translocation is regulated in
a time and region specific manner, being predominant in CA3 hippocampus and to a minor extent
in CA1 hippocampus and basolateral amygdalar neurons. In agreement, contextual learning, but
not ¢ ontext a lone or s hock, i nduces e xpression of CREB t arget g enes de pendent on C rtcl,
including Nr4al and Nr4a2 but not Nr4a3 (Espana et al., 2010b; Breuillaud et al., 2012) (Fig. 4).
This r esult agrees with previous f indings i ndicating induction of Nr4a nuclear r eceptors
subfamily genes in the hi ppocampus by contextual learning, w hereas bl ocking N R4A function
impairs contextual memory (Rojas et al., 2007; Hawk et al., 2012). By contrast, Arc is similarly
induced by context and immediately, shortly and long-term after contextual learning, indicating
that Arc is not specifically induced by associative learning. Whereas context exploration is known
to induce Arc in the hippocampus (Huff et al., 2006; Pevzner et al., 2012), our results do not
preclude t he p ossibility t hat Arc or o ther i mmediate early genes co uld be up-regulated b y
associative | earning in t he p refrontal cortex (Tseetal., 2011). T hese results al so ag ree w ith
activation of C REB-mediated t ranscription by c ontextual learning in C A1/CA3 hi ppocampus,

which contrasts with CREB activation by cued fear-conditioning in the amygdala (Impey et al.,
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1998). In conclusion, contextual learning activates Crtcl specifically in the dorsal hippocampus, a
region g enectically a ctivated by ¢ ontextual learning that is required for e ncoding of ¢ ontextual

memory (Lee and Kesner, 2004; Ramamoorthi et al., 2011).

Long-lasting sy naptic p lasticity an d co ntextual 1 earning act ivate CRE B-mediated
transcription by increasing CREB phos phorylation at Ser133 (Impey et al., 1996; Impey et al.,
1998; Kudo et al., 2004), a mechanism that is essential but not sufficient for gene transcription
(Chrivia et al., 1993; Bito et al., 1996). Notably, CREB phosphorylation is similarly induced by
novel context and after fear conditioning indicating that this process is independent of context-
cued association. By c ontrast, ¢ ontext | earning, but not ¢ ontext alone or shock, induces Crtcl
dephosphorylation at Ser151, a process critical for activity-induced CREB-mediated transcription
(Altarejos et al., 2008 ; Espaiia et al., 2010b). Phosphorylation at Ser151, a site homologous to
Crtc2 Ser171 or Crtc3 Ser162, mediates Crtc binding to 14-3-3 protein and sequestration into the
cytoplasm (Screaton et al., 2004; Clark et al., 2012). Although several phosphorylation sites in
Crtc may r egulate CRE B-dependent t ranscription and nuc lear import (Ch'ngetal., 2012), our
results point to a direct role of Ser151 on gene transcription during contextual memory. We can
not discard the p ossibility that Crtcl transcriptional function could be regulated by alternative
mechanisms in neurons including kinase/phosphatase activities, synapse-nuclear t ranslocation,
acetylation or CREB glycosylation (Espafa et al., 2010b; Ch'ng et al., 2012; Jeong et al., 2012;
Rexach et al., 2012).

Genetic an d b iochemical evidences su ggest ar oleo f CREBi nco gnitive and
neurodegenerative disorders (Saura and Valero, 2011). However, the age-related Crtc1-dependent
transcriptional and nuclear translocation deficits observed in PS ¢cDKO mice is the first evidence
linking Crtcl dysfunction and associative memory i mpairments in neurodegeneration. M emory
deficits in PS cDKO mice were previously associated with CREB-dependent gene changes and
CBP dy sfunction (Sauraetal., 2004). Indeed, C BP-deficient mice sh ow sh ort- and 1 ong-term
memory deficits in fear conditioning paradigms likely caused by failure of CREB-dependent gene
expression (Bourtchouladze et al., 2003; Alarcon et al., 2004; Chen et al., 2010; Barrett et al.,
2011). Moreover, C rtcl transcriptional d eficits w ere r ecently asso ciated w ith ear ly sp atial
memory i mpairments i n AD t ransgenic m ice (Parra-Damas e ta l., 201 4), whereas reduced
CBP/CREB target genes are linked to c ognitive de ficits in H untington’s d isease m utant mice

(Giralt et al., 2012).
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Does C rtcl-dependent transcription ¢ ontribute to a ssociative m emory de ficits dur ing
neurodegeneration? To a ddress t his que stion w e pe rformed C rtcl g ene t herapy in v ivo and
demonstrated that enhancing Crtcl expression and transcriptional function ameliorated long-term
contextual memory de ficits in PS ¢cDKO mice. These results together with the fact that Crtcl
expression be fore training facilitates fear memory consolidation (Sekeres et al., 2012) reinforce
the view fora directrole o f Crtcl on a ssociative m emory i mpairments. Interestingly, C rtcl
overexpression r eversed d endrite m orphology ¢ hanges in the h ippocampus of PS cKO mice
suggesting that morphological and memory changes are linked. Indeed, Crtcl regulates B DNF-
mediated dendritic growth in cortical ne urons (Finsterwald etal., 2010). S imilarly to C REB
enhancement (Gongetal., 2004; Caccamoetal.,2011; Yiuetal., 2011), Crtcl gene transfer
ameliorates early hippocampal-dependent spatial memory deficits in AD transgenic mice (Parra-
Damas et al., 2014). Since dementia patients develop deficits in associative memory encoding and
retrieval (Granholm and Butters, 1988; Hamann et al., 2002; Hoefer et al., 2008), these results are
relevant f or f uture therapeutics in A D a nd c ognitive-related di sorders. Targeting C rtcl and
increasing se lectively e xpression o f genes mediating co ntextual 1earning could be a promising

avenue to ameliorate associative memory deficits in cognitive disorders.
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Figure 1. Role of Crtcl in contextual fear memory

The results of this doctoral thesis strongly suggest a role of Crtcl in contextual
fear m emory ( Figure 1) . Contextual f ear conditioning training induces Crtcl
dephosphorylation a t s er151 a nd nuc lear t ranslocation i n t he hi ppocampus of m ice.
Nuclear C rtcl interacts w ith activated Creb to increase expression of C rtcl/Creb
dependent genes related to neurotransmission and synaptic plasticity such as Arc, c-fos,
Nr4al and Nr4a2. By contrast, PS ¢ DKO mice display a ge-dependent i mpairments of
contextual f ear m emory as sociated to a decrease of C rtcl t ranslocation a nd C rtcl-
dependent g ene transcription. I mportantly, ov erexpression of C rtcli nt he C A3
hippocampus reverses the impairment of associative memory and Crtcl-dependent gene

transcription in PS ¢cDKO mice.
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