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MAJOR DEPRESSION
a huge health, societal, economic problem

- lifetime prevalenceis 10% worldwide , higher in western countries

- suicide is the 3rd cause of death in the 15-24 years age
group

- leading cause of years lost owing to disability
worldwide  and the third overall contributor to the
worldwide burden of disease (projected to be the biggest
contributor by 2030 according to WHO)

- Syntoms vary from person to person
Loss of interest or pleasure

Antidepressant have incomplete efficacy
30-40% does not show a significant
response to antidepressants



The Antidepressant Fluoxetine
Restores Plasticity in the
Adult Visual Cortex

José Fernando Maya Vetencourt,™* Alessandro Sale,’ Alessandro Viegi,* Laura Baroncelli,*
Roberto De Pasquale,” Olivia F. O'Leary, Eero Castrén,” Lamberto Maffei'?
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Neuroplasticity i or brain plasticity 1 Is the ability of the brain
to modify its connectionsorre-wirei1 t sel f as a
experience

I



UNDIRECTED SUSCEPTIBILITY TO CHANG®¥othesis

environment as moderator

beneficial
supportive outcome
environment
high levels of » Increased enhanced ability to change
serotonin plasticity behavioral habits
' adverse
SSRI environment detrimental
outcome

SSRIinduce the change
but the environment drives the change

Branchi, Psychoneuroendocrinology, 2011



&> Fluoxetineincreaseplasticity

Can theenvironmentinfluence
Fluoxetineeffects?
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Effectsof fluoxertine, compared to vehicle, in enriched and stressful condition
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Effectsof fluoxertine, compared to vehicle, in enriched and stressful condition
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Effectsof fluoxertine, compared to vehicle, in enriched and stressful condition
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ad Modello sperimentaleADXE

Effectsof fluoxertine, compared to vehicle, in enriched and stressful condition
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CLINICAL DATA

Evaluation of Outcomes With Citalopram for Depression
Using Measurement-Based Care in STAR*D:
Implications for Clinical Practice

http.//ajp.psychiatryonline.org Am | Psychiatry 163.1, January 2006

Soc Psychiatry Psychiatr Epidemiol (2009) 44:272-277 DOl 10.1007/500127-008-0436-8

Alex Cohen * Stephen E. Gilman - Patricia R. Houck - Katalin Szanto - Charles F. Reynolds III

Socioeconomic status and anxiety as predictors
of antidepressant treatment response and suicidal ideation

in older adults

Psychosomatic Medicine 67:703-706 (2005)

Cardiovascular Risk Factors May Moderate Pharmacological Treatment
Effects in Major Depressive Disorder

Dan V. losirescu, MD, NicoLETTA CLEMENTI-CRAVEN, MD, RENerIO FraGcuas, MD, PuD, GeorGe 1. Papakostas, MD,
TimotHy PETERSEN, PHD, JonATHAN E. ALPERT, MD, ANDREW A. NIERENBERG, MD, AnD Maurizio Fava, MD



CONCLUSION 1.

UNDIRECTED SUSCEPTIBILITY TO CHANGE
hypothesis

- the effects of SSRI (fluoxetine) treatment depend on the
gualitv of the environment
+ not univocal effect

- neural plasticity is not good per se, but it can be beneficial
or detrimental according to the quality of the environment

- effects of SSRIon plasticity as a starting point



~> |f the quality of the environment takes part in
determining the outcome of behavioral treatment

with fluoxetine

~> |f the iInflammation has a role in the pathogenesis
and In the treatment of depression

Does fluoxetine affect cellular and

molecularinflammatory components In
anenvironmentdependentmanner?

o
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The effect ofluoxetineon inflammation mediators depends
on the quality of the environment
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the Iinflammatory response in
the CNS is ochestrated by
MICROGLIEBELLS

Canfluoxetineaffect microglia
function?
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Microglia background

A resident macrophages of the brain
10-20 % of CNS cells; more numerous in gray matter

A highly influenced by the environment
A Activated in pathology and experimental insults

A React by releasing inflammatory/reactive molecules
and/or phagocytosis

A Adopt stimulus dependent phenotype (morphology,
transcription, migration, proliferation)

A Orchestrating inflammatory response inthe CNS




Resting and activated microglial cells

MResting microglial cells (ramified) monitor brain environment
and are activated in case of damage (tissue scanning)

The entire volume of the brain is examined approximately every 4 -5 hours!

Activated microglia (ameboid, short processes) migrate to the
site of injury, proliferate, release cytokines, have phagocytic
activity

More functional states than originally stated based on
morphology

MMicroglial activation is not an all-or-none process



Neurotoxic and neuroprotective

microglia
Resting microglia Activated microglia
Inflammatory »
trigger
e ———)/
neurotoxic

A Microglial actions are versatile
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Microglia: sensors of changes in the CNS



New roles for microglia in the healthy brain

MReleasesubstances affecting neural activity

Vol 438|15 December 2005|d0i:10.1038 /nature04223

BDNF from microglia causes the shift in neuronal
anion gradient underlying neuropathic pain

Jeffrey A. M. C_oullu‘, Simon Beggss‘, Dominic Boudreau', Dominick Boivin!, Makoto Tsuda™*, Kazuhide Inoue?,
Claude Gravel®® Michael W. Salter® & Yves De Koninck!>®

AContact synapsesin the healthy brain

3974 - TheJournal of Neuroscience, April 1,2009 - 29(13):3974 3980

Resting Microglia Directly Monitor the Functional State of
Synapses In Vivo and Determine the Fate of Ischemic
Terminals

Hiroaki Wake,"> Andrew J. Moorhouse,!* Shozo Jinno,* Shinichi Kohsaka,> and Junichi Nabekura!=2¢

AViediate synaptic prug and synaptogenesisduring

development

Microglia Sculpt Postnatal Neural Circuits
in an Activity and Complement-Dependent Manner

Dorothy P. Schafer,’ Emily K. Lehrman,’.®> Amanda G. Kautzman,5 Ryuta Koyama,! Alan R. Mardinly,® Ryo Yamasaki,*
Richard M. Ransohoff,* Michael E. Greenberg,® Ben A. Barres,? and Beth Stevens'”

Microglial Interactions with Synapses Are Modulated by
Visual Experience

Marie-Eve Tremblay*, Rebecca L. Lowery, Ania K. Majewska*



Bidirectional microglia-neuron
communication in the healthy brain

Neuron-to-microglia signaling
» Microglial activation regulated by neuronal CX3CLI1 and CD200 Neuronto m | cro g I | a

» Neurotransmitter modulation of microglial activity

» Neuronal purines induce microglial process extension/retraction
Microglia

Microglia-to-neuron signaling
» Microglia make physical contact with neuronal elements M | Cro g I | ato Neuron

+ Microglia instruct neuronal circuitry by fractalkine, complement and DAP12

+ Microglial depletion reveals its roles in the nervous system
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Microglial Activation

Various bacterial and viral infections and psychological stress can induce
direct microglial activation via the release of:

PAMPs
DAMPs(also termed alarmins)

These molecules can signal via microglial Toll-like receptor 4 (TLR4)

DAMPS

PAMPS
RL4

CD14

Conserved pathogen
associated molecular patterns
(PAMP3

danger-associated molecular

patterns
(DAMPS

Pro -inflammatory
cytokines




FluoxetinemodulatesCD14 and TLRkpressionn an
environmentaldependentmanner
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NLRP3inflammasome

Activation of he inflammasome, a multiprotein oligomer that is a component of
the innate immune system, promotes the maturation of the
inflammatory cytokines,i.e. | nt er |l eu-Bah 1a (1L

NLRP3
inflammasome
. . . . P
Pro-inflammatory like profile o
activated microglia
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1 Caspase-1
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NOS2 C .
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The effect ofluoxetineon inflammosomedepends on the
guality of the environment
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Alboni et al. BBI

Microglial modulation by fluoxetine upon environmental
stimulation
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Microglia polarization induced by fluoxetine upon
environmental stimulation
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Fluoxetineeffect dependson environmental stimulation
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CONCLUSION 2.

-fluoxetine administration affects the inflammatory response
In a context dependent-manner

It counteracts the influence of the environment:

fluoxetine administration, increasing and decreasing
Inflammatory markers respectively in the enriched

and stressful condition, produces an effect opposite

to that caused by enri chme.l



Memory, neural plasticity and neuronal
excitability as a function of brain inflammatior

hyper-excitability
disturbance in neural
plasticity

Selzure threshold

properly timed activation of
Immune processes, high
neuronal plasticity

Inability to
mount LTP

Memory/Neural Plasticity
Neuronal Excitability

B A: ¥ ¢ % p

o . A . .

Brain inflammation (microaglial activation, cytokine production)

Any deviation from the physiological range, either by excessive immune activation or
by immune suppression, results in memory and plasticity impairments:

Immune modulation of learning, memory, neural plasticity and neurogenesis
R Yirmiya, | Goshen - Brain, behavior, and immunity, 2011



http://www.sciencedirect.com/science/article/pii/S0889159110005210
https://scholar.google.it/citations?user=QjibY3UAAAAJ&hl=it&oi=sra
https://scholar.google.it/citations?user=1Yc0ufEAAAAJ&hl=it&oi=sra
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If microglia is relevant ineuronalplasticity

> obrocesses

What are the consequencesf disrupting
neuronatmicroglia crosstalk on brain

plasticity and responsivenessto the
environment?
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Fractalkine receptor deficiency

iImpairs microglial and

neuronal responsivenessto chronic

- BRAIN,
BEHAVIOR,
and IMMUNITY

stress

Giampaolo Milior*, Cynthia Lecours?™, Louis
Samsor?, KanchanBisht?, Silvia Poggin#, Francesca
Pagant, Cristina Deflorio!-®, Clotilde Lauro?, Silvia
Alboni®, Cristina Limatolal’, Igor Branchi®#, Marie-Eve
Tremblay?# and Laura Maggit*

_Brain, Behavior, and Immunity, 2016-07-01,

Volume 55, Pages 114-125,


http://cdn.clinicalkey.com/rss/issue/08891591.xml

Regulationof microgliaactivationby
neurons

Microglial defective models

Neuronal
electrical activity

[L-10
receptor

A CD206CD200R

receptor

CX;CR

°¥
§ Noradrenaline
“Adrenoceptor

A CX3CL-CX3CR1

Dopamine
receptor

Microglial cell

Richard M. Ransohoff' & Astrid E. Cardona?
2010 | VOL 468 | NATURE | 253




Stress condition (3 weeks)

Behaviour
Microglia Morphology
Electrophysioloigy

wt mice



Responses WT and CX3 mice exposed to
chronicunpredictable stress
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How to measure neuronal plasticity ?

Long-Term Potentiation

High frequency stimulation of a neuronal
circuitry induces an increase in synaptic
strenght



Methods

Mouse Hippocampal slices (350 nm)

Schaffer
collatera

Mossy fibers ~ Perforant patway

SCh Stimulating Extracellular Recording electrode

electrode Electricafiield potentials

(FEPSP




synapticplasticity in WT an@€ X3
Electrophysiology MIC€ Uupon chronic unpredictable stress
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CONCLUSION 3.

-CX3CR1 {/-) mice are less affected by chronic stress than
wild type mice

The absence of FKN/ CX3CR1signalling makes microglia
less responsive to the environment (enriched and stress)
consequently affecting neuronal plasticity



Microglia not only actively participates but it is

Integral part of brain plasticity

ENVIRONMENT

(Life style, health status, pharmacological treatment, etc.)

-

Microglial plasticity Neuronal plasticity
- Spine numbers ok
- Connections strenghﬁ' ;
- Dendritc arborization

- Morphological features
- Activation states

- Phagocitic activity 2‘& N :
2 eurogenesis

Neuro-glia

\ modulators /

BRAIN PLASTICITY

§

BRAIN FUNCTION
and
BEHAVIOURAL OUTCOME

The role of microglia in
mediating the effect of the
environment in brain
plasticity and behavior.

Branchil, Alboni S, Maggi L.
Front Cell Neurosci (2014)
18;8:390



Thankyoufor the attention
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http://www.sciencedirect.com/science/article/pii/S0889159115004195




Behavioural characterization



TESTING ANHEDONIA: PROGRESSIVE RATIO
do you simply like or really want it?

Week 1 Week 3
. 5—_ * 5-
£ 4. 4 []VEH
(@] |
ENRICHED 2 3] | N W FLX
CONDITION g | .
o 1; 1 -
0- : 0 - .
VEH FLX VEH FLX
9 9
= [ l
STRESSFUL g 6 N 6 *
CONDITION &
@ 3 3
QL
m -
0 0
VEH FLX VEH FLX

Progressive Ratio reinforcement schedules utilize a multiplicative increase in the number of
responses (i.e. nosepokes required to dispense a unit of reinforcer (i.e. saccharin)

Alboni et al. Molecular  Psychiatry (2015).



Electrophysiology



Longterm plasticity (LTP)s affeted by thefluoxetinein a
environmentaldependentmanner
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undirected susceptibility to change hypothesis in mice



testing and validating the
undirected susceptibility to change hypothesis in mice
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testing and validating the
undirected susceptibility to change hypothesis in mice
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testing and validating the
undirected susceptibility to change hypothesis in mice
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Enriched condition (3 weeks)

wt mice

Behaviour
Electrophysioloigy
Immunoistochemistry



Behaviour
WATER MAZE TEST

1- visual

VISUAL ACQUISITION
day day

1 2 1 2 3 4 5 6

2 - acquisition

3 - probe
hidden platform probe probe
< 4th 6th
day day

before learning after learning



CXCREFP/GFMice learned faster thawt mice and their
performance was not affected by theE
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Electrophysiology

The absence of GRR1 increasdsppocampal TP
but abolish theeffect of EE
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EE enhances neurogenesis in the DG of ladth
and CXCREFF/CFimice

Immunoistochemistry

O CX3CR1°"" SE

A

Blu-Hoechst
Green-GFP,microglia
red-DCX
. o o\?%‘ |
o S
o §1204 i 520
€ 400/ r 3 : S 151
3 o
g) 5804 Eﬂm #
2004 gdo‘ g .
£ I £
0 0- 0

wl CX,CR1¥™" wt  CX.CR1%™%* wt  CX.CR{%F*






Microglial

-3
n %
00 ©
°oo°o:
Reactive .
:.:.... phenotype 3.1 shift Deescalation
= o termination
o, eactive
phenotype 3 ‘_Astrqcyte
R
Executive S\ o
R A Oo'
phase Feedback = \ o8 o

Arhe concept that i e O

Feedback
sipgf\alsEr Reactive
phenotype 2.1
o g ° 7.5 Neurone
i °
@ Reactive ?,.
L ¥

activation of microglia
occurs along a linear

Prolipheration o \j’;»
range, has been S
] Phenotype N\
selectio ! o )
discarded = e e
A

Phenotype 1

- calming
signals
iy
33,
st activating £ )Ly
Activation signals ‘ %{" : ¢

Resting
surveillance
state

7

Uwe-Karsten Hanisch! & Helmut Kettenmann?
NATURE NEUROSCIENCE VOLUME 10 | NUMBER 11 | NOVEMBER 2007 1387
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Chemokine Fractalkine/CX,CL1 Negatively Modulates Active
Glutamatergic Synapses in Rat Hippocampal Neurons
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LTP impairment by fractalkine/CX5CL1 in mouse hippocampus is mediated through
the activity of adenosine receptor type 3 (AsR)
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Mice lacking CX3CR1 present:



How microglia cells
can influence
plasticity processes?
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Synaptic Pruning by Microglia Is Necessary for Normal Brain
Development

Rosa C. Paolicelli, et al.

Science 333, 1456 (2011);

AVAAAS DOI: 10.1126/science.1202529
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Microglia in the adult brain: plasticity

Mice geneticallymodifiedin orderto depletemicroglia in theadult
Microgliadepleted mice:

CX,CR1CreERs
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Elimination ' Formation
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Motor Cortex

A showed deficits in hippocampdependent learning anchotor
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A had reductions in the elimination and the formation of spines

N d uce d by moftor | earnin g Microglia Promote Leaming-Dependent
Synapse Formation through
Brain-Derived Neurotrophic Factor
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Brain Derived Neurotrophic Factor

A decrease of BDNF levels is associated withdepression

¥k p=0.002
* p=0.001
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Shimizu et al. 2003

Scatter plot of serum brain-derived neurotrophic factor (BDNF) concentrations in antidepressant-naive, -treated, and control groups. Serum levels of
BDNF in the drug-naive group (n = 16; 17.6 + 9.6 ng/mL; mean + SD) were significantly decreased compared with those of the treated group (n = 17;
30.6 £ 12.3 ng/mL; mean * SD; p _ .001) or the control group (n = 50; 27.7 £ 11.4 ng/mL; mean + SD; p < .002).



undirected susceptibility to change hypothesis in mice

experiment 1. enriched condition

Brain Derived Neurotrophic Factor

230~ N D 60- %3
(@) (@)
) £
= = I
20 Z 10
Z r Z 40
(aa) (a'a)
g —
e 101 £ 20-
S =
Q o
a 0 - Q 0 - :
< Vehicle Fluoxetine 2 Vehicle Fluoxetine
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undirected susceptibility to change hypothesis in mice

experiment 1. enriched condition
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undirected susceptibility to change hypothesis in mice

experiment 2. adverse condition

environmental switch at the
beginning of treatment

saccharin preference
|
\1-3 810 1517 2224 days

0 24 day
stress +
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vehicle
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BDNF levels

Branchi et al., PLoS one, 2013



undirected susceptibility to change hypothesis in mice

experiment 2. adverse condition
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undirected susceptibility to change hypothesis in mice

experiment 2. adverse condition

Branchi et al., PLoS one, 2013



undirected susceptibility to change hypothesis in mice

experiment 2. adverse condition
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undirected susceptibility to change hypothesis in mice

experiment 2. adverse condition
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Gliat more than just brain glue
Allen andBarres

NATURE|Vol57|5 February2009

A How dogliadiffer from neurons

A Are allgliathe same?

A Where do they originate from?

A What is known about the evolutioof glia?

A So what exactly dgliado?

A What is the specific functiof microglia?

A Do any types afiliareceive direcheuronalinput ?

A What is the role ofgliain brain development?

A How do they contribute to theformation of neural networks?
A Dogliaplay a part in disease?




Typesof glia: microglia
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FIGURE 1| Microglia are genuine partners of synaptic transmission. fractalkine Induces the release of adenosine, which decreasas nauronal
{A) in acute rodent brain slices, stimulation of microglis by LPS Induces the activity IMeucc! et al., 1998, Ragozzino et al., 2006, Piocnin et i, 2010).

rapid release of ATP which recrults astrocytes. Upon purinergic stimulation, (B) In 2ebratish larva, active newons release the ATP that agracts microgita!
SSUOCVteS eI gmamate. hduclng a ﬂﬂltﬂ@mt redagse of bufbous processas, Thase processas dacrease nauronal actNxv Uy an as y=t
presynaptic glutamate {Pascual &t al,, 2017). Stimuation of microgiia by unknown machanism (LI at al., 2012).




Microglia in the adult braimeurogenesis

A microglialactivationimpactsthe production,
migrationandrecruitmentof new neurons
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CX,CL1 impairs hippocampal LTP expression
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LTAmMpairmentby fractalkind CX3CL1 in moudeppocampuss mediated
throughthe activity of adenosineaeceptortype 3 (A3R).

Maggi L Trettel F,ScianniM, BertolliniC,EusebiF,FredholmBB, Limatola C.
JNeuroimmunol 20090c¢t30;215(12):3642.
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Psychoneuroendocrinology (2011) 36, 339—351

available at www.sciencedirect.com
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The double edged sword of neural plasticity:
Increasing serotonin levels leads to both greater
vulnerability to depression and improved capacity
to recover

lgor Branchi ™
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Association of Anxiety-Related Traits with a
Polymorphism in the Serotonin Transporter
Gene Regulatory Region

Klaus-Peter Lesch,” Dietmar Bengel, Armin Heils, Sue Z. Sabol,

Benjamin D. Greenberg, Susanne Petri, Jonathan Benjamin,
Clemens R. Miller, Dean H. Hamer, Dennis L. Murphy

SCIENCE +« VOL. 274 « 29 NOVEMBER 1996

Influence of Life Stress on
Depression: Moderation by a
Polymorphism in the 5-HTT Gene

Avshalom Caspi,? Karen Sugden,’ Terrie E. Moffitt,**

Alan Taylor," lan W. Craig,” Honalee Harrington,?
Joseph McClay,? Jonathan Mill,7 Judy Martin,?
Antony Braithwaite,* Richie Poulton?®
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undirected susceptibility to change hypothesis in mice

experiment 1. enriched condition

environmental switch at the .
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Branchi et al., PLoS one, 2013



undirected susceptibility to change model in mice

experiment 1. enriched condition
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undirected susceptibility to change hypothesis in mice

experiment 1. enriched condition
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Brain Derived Neurotrophic Factor

A decrease of BDNF levels is associated withdepression

¥k p=0.002
* p=0.001
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Shimizu et al. 2003

Scatter plot of serum brain-derived neurotrophic factor (BDNF) concentrations in antidepressant-naive, -treated, and control groups. Serum levels of
BDNF in the drug-naive group (n = 16; 17.6 + 9.6 ng/mL; mean + SD) were significantly decreased compared with those of the treated group (n = 17;
30.6 £ 12.3 ng/mL; mean * SD; p _ .001) or the control group (n = 50; 27.7 £ 11.4 ng/mL; mean + SD; p < .002).



undirected susceptibility to change hypothesis in mice

experiment 1. enriched condition

Brain Derived Neurotrophic Factor
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undirected susceptibility to change hypothesis in mice

experiment 2. adverse condition

environmental switch at the
beginning of treatment

saccharin preference
|
\1-3 810 1517 2224 days

0 24 day
stress +
enrichment treatment
vehicle
CORT levels CORT levels
BDNF levels

Branchi et al., PLoS one, 2013



undirected susceptibility to change hypothesis in mice

experiment 2. adverse condition

Branchi et al., PLoS one, 2013



undirected susceptibility to change hypothesis in mice

experiment 2. adverse condition
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undirected susceptibility to change hypothesis in mice

experiment 2. adverse condition
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undirected susceptibility to change hypothesis in mice

experiment 2. adverse condition
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The Antidepressant Fluoxetine
Restores Plasticity in the
Adult Visual Cortex

José Fernando Maya Vetencourt,™* Alessandro Sale,* Alessandro \ﬁegi,1 Laura Baroncelli,*
Roberto De Pasquale,* Olivia F. O’Leary,® Eero Castrén,® Lamberto Maffei®?

AVAAAS

www.sciencemag.org SCIENCE VOL 320 18 APRIL 2008

amblyopia
monocular vision binocular vision
critical
period fluoxetine
S —é
reopens critical period
infancy adulthood

high serotonin levels favor change



HYPOTHALAMICPITUITARY ADRENAL AXIS

Depressionhas been associatedto alterations of
hypothalamic-pituitary -adrenal (HPA) axis activity

PVN # - Hippocampus
Hippocampus — % 77

, Amygdala

Glucocorticaids
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Adrenal
cortex

N

Nestler et al, 2002

Cortisol Levels
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Hours from Morning Cortisol Collection

Graded association of depression and the diurnal slope of cortisol
after adjustment for all covariates. The interaction of CESD by time
is significant (p<.05) using the continuous version of the CESD.

Knight et al, 2010
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Stress-Induced Microglial Activation

psychological stress can induce direct microglial activation via the release
of danger-associated molecular patterns (also termed alarmins)
within the brain. These molecules can signal via microglial

and translate psychological danger signals into stress- and

depression-associated microglial alterations

P matrix metalloprotease 9

DAMP ——> TLR4 —— microglia activation-
chemokine release

IL-1 plays an important role in the development of depression
mice with genetically impaired IL-1 signaling display no chronic stress-induced

microglial activation, depression, or anxiety

I. Goshen, R. Yirmiya

DAMPSDamageassociated molecular pattern moIecuIe’E!zﬁ,\MPs:Pathogena's:srgcr:]lléltlél o g((:ju grl?)%lffeBrR ggl%%hlggf 30145
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LTRAmMpairmentby fractalkind CX3CL1 in moudeppocampuss mediated
throughthe activity of adenosinaeceptortype 3 (A3R).
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JNeuroimmunol 20090ct30;215(12):3642.



