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Abstract

Abstract

Monocul ar vision | oss induces a profound reor ge
remains unclear to what extent such plasticity
interventions. This thesisctevalurnerts wthiemibleat i
cholinergic enhancement with donepezil, and a ¢
plasticity after monocul ar enucl eation in rod:¢

objectives thatmoidnacll updhey s(iio)l otgh e amu lcthiar act er i s

conditions, (ii) Ssyst eanau ¢ Ice actoinpprar s tsatne ,wi amd t (
intervention separately and in combination, us
recosdingawake ani mal s, with spectral anal ysi ¢

maxi ma of RRImRteHdHv eSptect r al Pe-Tt umabatCiodhhre) eace)
mesoscopic biomarkers of plasticity. zBlnestr ode

of V1 was validated; standardised visual, audit
in control ani mal s, enucl eated animals without
t DCS, donepezil, and the ecdonviitnhatviiosnu alort rlabi ndian
I n the reference physiology, Vi acted as a mt
oscillatory profile dominatedtrhyal bepthaa,s ea cccoochnepr
Foll owing enuclladtidonp,otewndntal compdhent dbudi @&
spectr al reconfiguration was observed: power a
and increased selectively to auditory and somat
delta) as a sensitijvestamerst of the inter modal re

Each treatment generated a distinct neurophysi

power during auditory stimulation and attenua

spectrum, although by itsel ftiidn.diBomepezrielstsohrc
overall depressant effect on power and coheren
donepezil combinatsipercidiidc manpladti eas a tndamrended
indi capowers/ od hasiemctehdatha&arcuri ng visual stimul a
audi-domat osensory interferenemwm,das$ugdessttiincg tg b
vi sual intramodal ity for the residual visual ir
Taken together, plasticity after monocul ar vi si
bi omarkersv(ibetd fopunenand theta for visual i
of coherence, offer opernat imooma It oprriinngc irpelheasb iflart

restoration strategies that combine electrical
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1. Visual |l mpairment: Clinical Context and
1.1. Global prevalence of vision | oss

Vi sual i mpair ment represents a major public he
across all age groups and socioeconomic backgrc
by the World Health Organizatiynl i(WeHOWi,t hoveeame2
of visual i mpairment, with at |l east 1 billion
to |l ack of access to basic care fWohl asHeaflf rlac
Organi zatidme 20t®ynati onal Agency for the Pre
esti mates that as of 2020, approxi mately 43 mi
modetateere vision impairment ( MSVI ), and ove
preshgopomadi ti on especially preva@aRenBounneéendi va
2020; World Heal t(hi ouwyganlil zati on, 2019)

Trends over recent decades reveal a significar
Bet ween 1990 and 2019, the number of peopl e a
91.46%, and in 2019 alone, vision |l oss -was respg
adjusted | ife years (DALYs), twhda hvadtsarbdijlortiyt \
This upward trend is | argely driven by popul ati
observed in indiviotlbdkRet vaggeenrd 15909 Oy eaanrds ZatnAdl , D.
blindness and vision | oss more than doubl ed,

chal (€hga et al ., 2024; Que et al ., 2025)

Among the |l eading causes of wvision |l oss worl dwi
related macul ar degeneration (AMD), gl aucoma,

that predominantly affect ol der adults.

n

2020, an estimated 3.7 million people were b

i mpairment due to URE. Although the absolute n

standardi sed prevalence of blifilreccrtdsng firmpm oWREne

access to vision correction services. A persi ¢

femadmal e rati o of 1.05:1 for blindness and 1. 0

woméwi si on Loss Expert Group of the Gl.obal Bur

18
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I n 202@®,) agdeae macul ar degeneration caused bl ind
6.23 million. The prevalence of AMD increases
70, and is virtually absentaie imidlivéndoaadsbwyn
burdens, whi ch wefieammcoomec agretgri atnesd Ad thiogilg h, onc
number of casestiamdragadesde,d tphevadence declined
2020, I|likely due tnog iampdr otvheenreanpt ésiviibnc osicnrieeesngi e E X p
Group of the Gl obal Burden of Disease Study, F
I n 2020, an estimated 1.07 million people were
visual i mpairment due to diabetic retinopathy,
di sproportionately af foreediean suo0 meigthsatsd modaagredmossetd
preval ences observed in Latin America and the
Mi ddl e East Bet ween 2000 and 2020, there was
wo men, particul arlystnfASbatbnAsEbasaBdp8&oput Beau,
Burden of Di sease Slludy, Curran, et al ., 2024)
O lindness i he e cconig

‘ ot ez et -" ,\’) B

A e l N\ ¥
e e e ™ i Ackording o the WHO, ofbi ide (%)

e m hm | Sedweme e o —
Figure 1. Gl obal prevalence of blindness (%) by coun
The map classifies preval efcé %ilehoBMmaur1d&at(armaokieags :s
indicate higher preval e@90e% .o fT hpee cipnlsee t wistuhmmairs wsals it
devel oping countries. The | ower table detail s, by W
of people who are blind (aG-dadzhasdewli t hzhe@®baias &o On d 8
2012)
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Finally, -anathers medanti fied gl aucoma as the |
bl indness, with 3.61 milliMsSVpeopl 0R0ODi. ndhendo
primarily affects indi witdwalas da gedd 60O eavnad eonvceer ,
i n -Saitbaran Africa and Southeast Asia. The stud)
of cases isntcarnedadsreddias easgedecl|l i ned slightly bet we:

i mproved awarenegbaaoaodmaetecofban Asymptomatic
this highlights the need for earl yVdsiagnokbses
Expert Group of the Gl obal Burden of Disease St

Together, these data highlight the magnitude,
i nequities of wvisual i mpair ment, reinforcing t
avoidable blindness and i mprove global vision

1.Ri.siginn|l®Bwsrope

Vision |l oss represents a growing challenge in
popul ation. Although European countries gener al
average, the absolute numbyeri nocfr eaafsfeedc toevde ri nrdeicve
I n 2020, it was estimated that approxi mately 2
MS VI in Eur ope nxrodneotchhamnthi@ls , accounting for
bur den. This trenadt emreflloencgtesvi n gyt banl yal groe t he
i nequalities in access to ophthal mic services.

Mar ked differences exist between European subr e
rates of blindness and visual i mpairment than (
significant progress in reicneom rekgdoadess . sulch act
America have experiensdeadindacdnsednprewnaksndae,
progress in eye health is not necessarily irrev
of t he most favourtabdef amels cahershathengési ass

popul ati on.
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Main causes of visual impairment worldwide
(including blindness and low vision)

&% 100%
53%
Uncorrected Cataracts Glaucoma AMD Corneal Childhood DR Trachoma Others Total
refractive opacity blindness
Errors
Figure 2. Leading causes of wvisual i mpairment worl d
relative contribution. The fAwaterfall o chart shows

gl obal tot al of 100 %:s u(n5c30%)r,e cct eetda rraecftr a(c2za&dwe, eglraouc
related macul @4 %)degeoremaal ompacity (2%), abbti dhood

retinpp®) hytrachoma (2%), and other causes (6%). So
| mpairment (2010), based on Resnikoff et al., 2008.
The most common causes of vision |l oss -in Eurorg

related macul ar degenerati onFi ggulfaeuMbanta, ofandh es
conditions disproportionately affect older ind]i
refractive errors, they could be addressed thr

barriers to early dieagonfo shiass iacn de yeeq uciatraeb |see rcvoivcee

among women and iealarleaasr evintndsdouméesxed h
Whil e substanti al progrestsamaar dieeend mardeev & Ine mr ce
burden of wvision |l oss in Europe remains far fr

sustain and strengthen stramaegitessaftoamenpr eweénthi
focus on vulnerable populations and (Yiespensi st
Loss Expert Group of the Gl obal Burden of Disea
| mpairment Coll aborators, 2025)
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There are also |l ess prevalent inherited disease
One example i s Stargar-dbhsédi smascsel §5TEP4)rophyue
with an estimated prevalennelfaf@f@Dngniremdaali @
sexes equally and typically mani f eosntsseti nc acsheisl d
have also been reported. The disease progresse:
generall yeppeserved. | Dwer absolute impact, its
in terms of educational ,( Qorcpchuapnaetti,o n2all2,4)and soci
I absolute terms, it is estimated that betweer
form of wvisual i mpairment. This includes appro
and 23.8 million with | ow vyi SiOorE,urmea&mainsg itsh atf
vision | oss. These numbers are expected to int
preval ence of crharcami canely € idjyiusseeasy s E(ur opean Bl i
Not abl vy, l ongitudi nal data reflect a sustained
Europe over recent decades stBhatdwmean sé¢89 @r and,l
bl i ndnesisnciomehiEqur opean countri e5%,dewhrielass eMS MIr
declined from 1.74% to 1.27%. This progress ref
eye health across the region, |l argely driven b
treat ment of | eading causes of blindness.
Among the most i mpactful developments has been
which significantly reduced the burden of wh a
blindness in the region. Expandad daucddhert ¢ upmse
this trend. At the same time, screening program
detecti onr eolfatde da bwitswa l complications, particul
becoming more ptgyvalieprovAddictionalal managemen
angiogenic therapi-uwp, amas scoerttermiali utce d otld otwhe st
vi sual decline in many patients.

Despite these notable gains, the burden of visi
concern. Ongoing demographic shifts, particular
number of people affected nboyr e¢ hrpoemrisd séga@at com®dg
gendased disparities in access to basic eye ca
equitable visual health outcomes. Sustained i
treat ment , partibtel grlowpamomwg | Vulbrererasenti al t
made and addressing the unmet( ReeRs AhaBouremai
2018)
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I n Bel gi um, blindness and visual i mpair ment re
affecting both personal autonomy and profession
are 1.4 blind individual sdpes hp0O@Qctcobhabi fant

|l ow vision, whose prevalence is presumed to be

to the I ack of accurate official data. This st
this popuhdéeioonomas the need for improved epi de
The demographic profile of bliredatedi viapgpalbsi ir
65% are over the age of 60, reflecting the str
i mportant i mplications not omd ryk efto r p ahretail ctihpcaatri e
provision of social support, and the design of

Despite the development of assistive technol ogi

people with visual i mpairments in Belgium cont
retaining employment . Key chahtenges namtbaden
physical wor kspace, and confronting prejudice
Nonet hel es s, the country benefits from an acti v
counselling services, awmocrikapll aep paodratptfadi obset h e
empl oyer s.

There are also successful examples of |l abour m
centres, human resources, l ogi stics, and infor

possudsilasgsi stive technologies such as video ma:q
screen reader s, braill e di spl ays, and ot her
demonstrate that blindness, when accompanied l
i nsurmountabl e barriegentos eamptl @ymreincalbudand adrhega
that can be ef(fLe gtuieedlr$ali Adypr essed

1. 3. Life with vision | oss

Vi sual acuity
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20/ 200 6/ 60

20/ 100 F P

20/70 T 0 Z 6/ 20
20/50 LPED 6/15

20 / 40 PECFD 6/ 12
20/30 EDFCZP 6/9

6/ 30

20/ 20 FELOPZD 6/6

20/15 DEFPOTEC 6/4.5
FigB8iSeel |l en optotype for the assessment of visual a
Acuity is recorded as a (frigdatti cwmo!l 2a0ny , ( lwahfetr ec d lheemm)u
di stance (20 feet & 6 m) and the denominator iindica
corresponds to vision considered normal ; OWi2g0hoer v al t
(6/60) is used as a threshold for | egali mildé-aldnfeclsl oW

upSourhad:ps: // medschovoilsawa/l giygns/ reduced

Vi sual acuity is a measure of the eyebs abilit
using the Snellen notation, where the numerator
represents the distance atcawhidcihscarmertden swintel
(FigureF8r example, a visual acuity of 5/ 200 me:
identify at 200 feet (460 meters) must be brouc

to see it wittyh. tThhei ss alnmeev ecll aof vi si on correspond
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meets the U.S. criteria foseé¢tieg@Helpled hayn e& sF A ©S

MSEE, 2004 ; Lennie & Van Hemel , 2002)
Vi sion | oss, even at mo d e rdaotceu meenut eelds ,i ntpaasc ta odi o
i f e, particularly in areas such as functional

Numerous studies have shownahbhtdat hbotumderirbyiahg
di seases contribute to an ovebaildg.deThiisnei mma @t
l imited to older adults; it also affects adol e:
study on the ddtuedleneforfacutnicvoer reerr ors esti mated

individuals aged 15 to 49 |live with vision | os
This negativelkyaadaedequsal viygi oh | ife, access to
sudy emphasises that even mild |l evels of Vi sui
di fficulties, anxiety, social isolation, and ir
economically pr o(dAuscstii veet satla.g,e s2 002f1 )l i f e

A popubasteéedonstudy conducted in Finland wusing d
relationshinp bet ween chronic eye di seases (i
degeneration), |l ossref avedugluahctaist wiel d n thesh ¢ HiR
i mpact on mental health. Among the conditions ¢
the greatest decline in HRQolL, while untreated

i mpédtgu)r e 4

a b
10 1.0 4
] » - o i Gl
-— =—4=Glaucoma = =& Glaucoma
g 08 J»_—_,A—’-..—-—\ E =%
5 06 | %  —a=Cataract g 06 —a—Cataract
£ RO, al z RD, all
$U.4 al é0'4 a
g 0.2 Impaired distance VA T o0z Impaired distance WA
(=0.25) (5 0.25)
0.0 + No eye diseases 0.0 + Mo eye diseases
41-50 51-60 61-70 71-80 81+ 41-50 51-60 61-70 71-80  Bi+
Age (years) Age (years)
c d
8.0 4 14 q
2?-0 —4—Glaucoma 12
§ 6.0 ; 10 )
g ig \ —#-Cataract g 08 ‘\\ —4—Glaucoma
';!.‘3:0 RD, all go.ﬁ " —=—Cataract
3., W — S04 RD, all
5 < \.ﬂ-“"' Impaired distance VA No eye diseases
1.0 +/ (50.25) 0.2
00+ T T T N No eye diseases 0.0+ T T T 1
41-50 51-60 61-T0 71-80  B1+ 41-50  51-60  61-70  T1-80 B+
Age (years) Age (years)
Figdrell ubermaekationship between age, eye di seases,
Visual acuity (VA) measures the ability to see cl ea
vision |I-68®sandih&a5PQar e sft amaalitdi sddquadi cgsod | ife,
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reflecting poorer ovelrZa,l | mehaemaw htihl es,t aa susse s sTehse pGHQ@ h o

hi gher scores indicating worse ment al heal t h.
Panels (a) and (b)) show that quality of | ife declin
with retinal degeneration or visual i mpair ment . Pane

|l evel s of psychoubgrtwpFDdagbegé6duppafrFtnall vy, panel

vi sual acuity progressively worsens with age and i s
those with retinal degenerati on.

Taken together, the data suggest t hat functional Vi
ment al health than the mefRudolagnetsiasl of 2m2b)xul ar

Using standardi sed as-SPssindebt BeoksDseprcéassasohheE

and Gener al Heal t-h2) Quetshé oshadyef ¢ GRH® t hat i nd
reported | ower quality of | irfeessard mpiaglar tloe u él
preserveduwvadolsa omt al ., 2021)

Recent studies have highlighted the strong ass
health in both adults and older individual s, u

approach that addresses not tenl Ynf thet ooeahaibdt

shows that a substanti al proportion of indi vic
symptoms and varying degrees of dependence in
|l oss of wvisualtaumpaomyohapsegi¢niiphbgi enl @ivel | 20
the other hand, qualitative research has shown
significant barriers in recognising or expres:
di fficulties are often liinnfkoerdmattoi osnt,i ganmad, la miatce

the part of healthcare profec¥anmnMlinst er aeldr &ls <

Gl obal initiatives focused on fal/l prevention,

referenced 2 2Mdntged 0 gehtt alh.e i mportance of per

integrate functional, cognitive, and psychol og
recommendati ons advocate-ckaoatrad mappidacski phsed
mal e | (personalisation, prediction, preventio
individualised risk-maksegsmantd, tbebkhatadl dechgi of
patientés specific needs, preferences, and | ivi

Cataract surgery has been assotieatmednowit @ahi ay si
among the Medicare popul ation. The protective
WO me n, and individuals with a ooedesatverducdear

These findings support the hypothesis that the
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vi sual i mprovement , positively (iTnsfelnuge necti nagl .o,v e
Vision |l oss in older adults israstabvtedatacdci dien
particularly falls. This relationship is espec
central or peripheral visimaent aamde evle@mamiloyg elrian lk
ri sk of injury. However, individuals with sevel
ri sk, possibly due to voluntary mobility restr:i
exposure tothaXKabhdalda et al ., .2008; Patino et

Vi sual i mpair ment has been associated with an
indirectly. In a |l ongitudinal study involving
statistically significantlyndssectatedd ewt t lwas.L
through -pepopetedehtalth and a higher burden of
that visual i mpairment may ddtamas 280681 Mmelr atsit wa
found that reduced visual acwiatusewano ritian ke g ,t @
medi ated by functional disability in activitie
vision |l oss not oniyecbobmpr ommysas$ sgualkiaceroftle

increasing the (Chrki otff dtatall. ou2 @bdne s

Vi sual i mpair ment is associated with a higher
decline in older adults. The coexistence of vi

more common than many other pacogroiusad,  néndolvog
agreel ated macul ar degeneration show higher rate

on memory and | anguage tests, and an increased
has been identifaeddbe¢aveenandti sogriuti ve decl i
correlation does exist. I n children, visual im
di sorders such as cerebral pal sy or Down syndr c
on cognitive or academic performance. However,
|l oss tend to perform worse on intellectual ass
untreated comorbidities. Altihomghasa béak dett avel
mechani sms underlying this association remain
including the negative impact of visual defici't
the brain triggereandyssaemsdbrgeneti c, medi cal ,
affect both the eye and the brain. Socioeconor

confoundi ifgVeV pr ed.blaés, 2016)

Vision |l oss entails a considerable economic bur
whol e. I n Portugal, it has been estimated that
productivity |l osses exceediogcé@&@lpa&rmidc¢cipatni onvii
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the pri
better

Vision

stati

st

Ger many

and vis

as pr

od

i ncreas

swh ant i

Beyond

signi

fi

affecte

Vision

| earnin

express

mary contributing factor. I n addition,
guality of |life were associated with hi
|l oss showed a negat, viehitg easls o mi ateilan i d
i cal signifi cdnvkag qiure st led Ambsit tuidwalrdid®antdas cd

estimated a tot al annual cost of appro
ualc oinnsp adierrmenrngtl ,y di rect medi cal expenses
uctivity I oss and informal <care provi ded

ed significantly with the severity of v

al economic impact of(@hwsvamayarssetf ralm.

direct economic i mpact and measurabl e

cantly affects job quali-bgi,ngmamoygmenho:
d. According to data coilviedu aelds awirtols sr €l
consistently report | ower | evels of job
g, greater job insecurity, and insuffic

es heightenediddnogertno abad intt atirheeliamgldo y me

l imitations, which frequently |l eads to a greate
reinforce the notion that vision | oss @t only
deteriorates the subjective experience of work,
that is key to social (iMogAausii osat .aald. pe2Gbh)al al
14 Common retinal di seases

Retinopathies encompass a heterogeneous group O

be classified into two broad -hceateedg adraireys):. hHeerree
retinopathies, such as retimdtivear ipd gimeot bea,
dystrophies, are caused by specific genetic mut
foll owing a progressive course and, in many <cas

nomereditary nrcétuidmo pcaotnhdiietsi oins such -ael @ltiadbet i

mac ul

ar

degeneration (AMD), which develop as a

are more common among adult and ol der popul ati

by mddief ifaact ors such as metabolic control, S mo

Stargardt di sease
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v Graefe’s Archiv Bd. LXXI. Taf: XX.

FiguilfbeS5e figures serve as pioneering visual testim

Stargardt disease:

Fig.1staeael gyase, showing radial striations and macu
Fig. 2: more advanced case, with dense macul ar | esio
They offer an artistic yet medically accurate repr e
autofluoredogprndeadr cOGTer emagé ngomogmaplhy) centr al atr
depo(sSttasr gar dt , 1909)

Stargardt disease is an inherited macul ar dystr

the retinal pi gment epithel,pummd RIRPIEg a caimnilg sctean t r

irreversible |l oss of central vision. The first
Stargar dfi gur elWDH® analysed multiple familial c
during adol escence. He identified symmetrical
centr al scotomas affecting red and green perce
viosni remained intact. Stargardt noted-gtrlegt fund
| esi ons, pee rfilfeocvkesa,l awMmoirtphous pigment deposits,
advanced stages, he described macul ar atrophy

the peripheral retina and r gtSitraalgaveldsell® 0 mai

Stargardt disease is <classified within the groc
represents the most common form of macul ar dys:
estimated prevalence of 1 ilnelli0Oc, OnQult.A BICtA hiss ipnr it
(ATP binding cassetgensubWwhliméih yemcmeenbea ®HMegtino
expressed in the outer segments ABCAhbticome a
di srupts thaeartamaalspolreé¢adifn@lio the accumul ati o
A2ENeti nWNriedemé& &no,l awii tnkei)n t he RPE, resulting
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Stargardt di sease has a marked phenotypic het
i nvol vement is |Ilimited to the macul a, whil e ot

with progressioh dywtaradplay comenotype. The el ect

range from preserved peripheral function to gertl
di sease stage. |Imaging techniques such as fundu
a mottl ed p-aatntde rmylpaof@muk odenc e, and typically a
Optical coherence tomography (OCT) shows outer
foveal( Saehgeiloneit al ., 2015)

Retinitis pigmentosa

Retinitis pigmentosa (RP) i s the most common i
prevalence of approximately 1 i(nBrdy miOnOx ié& dlLevpidu

2020)I t is a progressive degenerative conditio
responsi ble for peripheral and night vision, e
ultimately | eading to | oss sof ccoemptlredI®r wirhsi umadln easc
& Lepi ce, 2020; .Openshaw et al., 2008)

Normal Vision Tunnel Vision

FiguYiesoéal comparison between normal vision (left) a
stage retinitis pigmentosa. Progressive |l oss of per

symptoms of the diseas¥bni $euscey &bl Mbghi gge. Center ,

Early clinical symptoms typically include nyct e
peripher al vi sual fields. These symptoms ofter
tunnel(Fivg i ®iné early stages, Vvisual acuity is o

field i é6Bshninki &gLepi ce, 2020;t hOpgrhs lfaawnee ti nall
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worry about total blindness, complete | oss of v
for |l egal blindness, defined as vision worse t
bot h(®&pesashaw .et al ., 2008)

RP may occur in both familial and sporadic for
described, includi®d % ut a@audmaslo rBhd W)r edademnsdsE@dx ( 2

(X05%) (Opeeshaw .etAdadi.t,i3d20I@)y c az®s are syndr ol
as part of systemic conBRliidgdlonsyBsductimexs &Us heegri
2020)Whil e many patients H8&%We od MR&Pmiclayselsi atpere,
either due to new mutations (OpeonsbdawgrboBad. mi R
date, more than 100 genes have(Beeni hmpRki teaped
2020)and over 55 genes have been conpOpemellaws c
et al .QOph2tOhGa8 ) moscopi call vy, RP typhapédyppgmeen
deposits, narrowing of retinal vessels, and a p
may occur, contributin@gBrtwnicext&alepi scen 2@2e@)

Normal Fundus Retinitis Pigmentosa Fundus

FiguCempari son between a nor mal fundus and a fundus
RP retina shows characteristic features such as gen
and peripheral pi gsneint uldeSgpurides:r nkneld olggneEye Center
Mi chi gan.

Di agnosis involves a combination of functional
vi sual field testing, whi ch monitors t he gr
el ectroretinography, whi ch evaluathesi ondbahdr e
clinical signs appear; and optical coherence t
macul ar changes such as oedema. Addi ti onal ev

fluorescein angiography omaty ostuhpepro rr{eQpibneaslt adar gsnoors
et al (F,i galx@®8)7
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Given its often early onset and progressive ¢
education, and empl oyment. However, with adeqgusz:
and fulfilling |ives. Childreadaaduadbi esaknpsb
peer support, while adults often continue wor
support, |l ow vision services, and | egal protec

play a key rol e i n umliinttyaOmfé migihfaeutemnmoanly. an20 @8)

Ageel ated macul ar degeneration ( AMD)

AMD is the |l eading cause of vision loss in adul
is an acquired, progressive degenerative disea:
region respoesbbluei bar VvDh ggebsru.l tWhiilne ceMtral vi si
vision remains unaffected, me a if iIApg ei,t 20d@ds Meth
2015)AMD presents in two main clinical forms. T
for approXx0aafel yas8dbs, i s characterised by the
depositsdkoeawmn @®s ogressive ( Gapfgrtaltpehi cetaitmalphyi
epit h(eMeihutna., TPHe 5Wwet (exudative or neovascul ar)
15%), is responsible for the majority of severe
choroidal bl ood vessels beneath thei meaeltifnlayi o f
and haemnmoApthea,ge2s02 1(Fi artea ,8 2015)

Figure 8. Macul ar anateimgtaddmacohbaesdegenefatagen.

a diagram of the eye illustrating how vision is f
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photographs of a healthy eye in which the macula (d
nerve (white arrow) are indicated. The bottom row il
progression of AMDwi shteemesdsi ase( i tbenmpp|] |l advanced d
(GA)hd mottled pale areas; and neovascular (fAiwet o)
Apt e, 2021.

Clinically, patients may initially be asymptom
When symptoms do appear, they often include bl u
(distortion of straight hreas)inceebnhtabl seb$ bma
reading or seeing in low |Iight conditions. Di a

fundus examination and supported by multimodal

pri mariynvmen ueed obbdrdseé@c¢uid accumul ati on, re:
thickening. Fundus autofluorescence offers insi
presence of |l i pofuscin accumul ati on, whil e f11
neovascul ari nmewebtr(absgedBe , 2021; (FMght a A92015pnal
functional tests, such as dark adaptometry, mi
can detect early visual deficitg Apven 2M2t1he pr

Figure 9. Optical coher emredet ttadmorgarcaup hayr (d@@Te)n eirmt i C
neovascular or Aweto form, with intraretinal (aster:]
form, with drusen (arroew)i nlad c aptiegdmeantt telpa tlhhev eélumof A
(2015) .
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The prevalence of AMD increases significantly
more common among individuals of European ance:
and enetic factors. Modi fi amdieon, s&kl d matt ®d sb o
i ndex, and prolonged exposure to ultraviolet o
particularly in the CFH and ARMS2 genes, are ¢
progression( Apt e,he20d2 1s;e aMeecht a, 2015)

o N T O
< ®© 9 9 =S
wn
oD

terms of management, dry AMD currently has
n be slowed in patients with intermediate or
d on the AREDS2 formul ation, cwhpipeh ,i daltedea
axant hin. This approach has been shown to re
up (tMe h2tba?% 2015)

For wet AMD, the intrY&GeEtitchmrabpi et rawvichr eassl
aflibercept, and bevacizumab, has significant]l
ri sk of moderate vision | oss taod bteol osw blsQ % na vi earl
i mprovement in a considerable proportion of pat
The socioeconomic burden of AMD is considerabl
300 billion, including more than USD 250 bill i

clinical ma n &/germe rmtherampd . aritsi ¢ h et @ ogpgd ,atti lbens e oc
expected to rise sh@Apteg, i 202hxe coming decades

Figure 10. The Amsl er gri d-mosnia ogiimpl e fa ncde ne frfad c tvii vs
wi t hr @alget ed macul ar degeneration. (A) Nor mal percept
perception: cent rhalasv inmseitoanmodripshtooprstiiao n(swasvuyc | i nes) an
areas) can indicate disease progression and shoul d ¢

from Mehta (2015) .
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Early detection and prompt treatment initiatior
are encoumagnéd orouseéelinfy t ool s s ubcahs eads ttehceh nfontsol gei
|l i ke the For SeeHome devicendwbachveaof dptegtessts
to wet( MeMD a(Figgwd.®e)IIn0 advanced cases, where visi

despite treat ment, rehabilitation with | ow vVvis
mai ntain independence and qualiuy 06 kkskent Ral
detedisergse progression or recurrence in a ti:i

unil ater al neovascul ar AMDptoeg, p2®ZIi.;ouMdlyt d ,nazqlil

Diabetic (®BR)nopathy

DR is the most common cause of new cases of Dbl
progressive microvascular complication of diab
type 1 diabetes and the majtormEBtoyngofett mdse WRIOWOH ;
et al .., DRO2B8ésul ts from <chronic hyperglycaen
mi crovascul ature-randndi Paupti €rt hé el@ldoaomd t o incr
i schaemia, and neurodegenerati on.

b. Mild NPDR C. Modcratc NPDR

d. Severe NPDR e. Prolifcratc DR
Fi gurRe plrleesenmt wumdas photographs illustrating the cl
(DR) . (a) Nor mal retina showing intaptoféefienati bkeoD
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( NPDR) characterized by the presence of microaneury:

mi croaneurysms and t he appearance of har d exudat e

hemorrhage and extensive exupatbkbelofgeraProbkbfaesatl al

prreeti na

DR prog
the i ni
i ntrare

prolife

| hdAmehahagaeli et al ., 2023)

resses throughpdelfihedatil vei diabdbsestiageset
tial phase, characterised by microaneur
tinal mi crovascul ar hmdenoomdiltiitore smayspr c

rative diabetic retinopathy (PDR), mar ke

and posterior vitreous surface. These fragile n

haemorrtr
irrever
|l eakage

centr al

Al t houg

hageprfoil bf@evagsd¢cwlnar and tractional retin:
sible vision | oss. Additionall vy, di abet
and fluid accumulation in the macul a,
vision |(dongi rtdiadbet i20 QRliad uKmet taklk a et

h DR may remain asymptomatic in its ear/|

symptoms such as Dblurred or fluctuating Vvision

haemorrtr
stereos

oedema,

Several

pr
y e
di
gl

di ct
t

bet e

< 92 9 o <
-
2}

hage or retinal detachwmeandwus Bixagmosits$ o
copic retinal photography, and i maging

and fluorescein angiography for identif

factors influence the risk and progres
or : in patients with type 1 diabetes, t
0 80% adi Aghoses. yHéod soflpysntdupritdaal s wi

s present with DR at the time of di agn

caemic control, hypertension, hyperlipidaemi

Gl ycaemic and bl ood-epradduirsdhedontnt@lrvame i wabkl| f

onset and progression of DR. The Di abet es Cc

demonst
i ntensi
(UKPDS)
ri sk of

shown t

rated a 76% reduction in r etiionnopwaitthhy or
ve insulin therapy in type 1 diabetes.
showed that every 1% reduction in HbAIL«
mi crovascul ar compl iscsaitrieo ncso,ntirrod | uhdaisn ga

0o reduce retinopathy progression and Vi ¢

Guidelines from the American Diabetes Associ at
type 1 diabetes undergo a comprfbe lyemsisv eo fdidli aatgen
(after age 10), whil e those witthi mey poef 2di daiganloess
Fol upwshould occur annually, or more frequentl
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women wexihstpirmg di abetes, eye examinations are
and at intervals throughout pregna(nFcoyn,g ast [BR .m
2004)

15. Current <clinical treatments and | imitations

Phar macol ogi cal

The urrent therapelbated| madekcapedégenageaeti on (
intravi-YEGRI| ageant s, which remain the gold sta
Rani i zumab, aflibercept, and byolancpremabvhage

ving visual acuity, -hAitbomglhesbetntesofte

3
©
-
5 T @®© O T 9 O

(Hei r et ailCamazhb2etGallind®022FaRbsieméak] daebi
antibody inhi-A(ftasgulbart he VEGIFhaen di aal n ggrpopwbt Bhe tfianc t
recently expanded treatment options by enabl inq
withi moberi or visual out c.ofrhees poma mp adred d vtea ya fslyish

of fers a further step toward reducing treat men
rani bi( Homdbmann & La. Roche Ltd, 2022)

Several strategies aim to address the |imitati

ar being devel oped to ttrearms floiraonf arcatoirn als cpelol

v
e

angiogenic proteins -lsucdelasveadfeldielwd rdalesipet @ BArY s F |
s

associ a,t elde nvti irwignrad|l) oar rnioenr s . Regenerative med
transplantation of retinal pigment epithelium c
stem cells showifnugncé aminyal safmptryovamdnt , althou
tumorigenesis risk and Gamumned chompmpeat iabi.l, i t2y0 2r29r

The management oddeameabheas cewmlcwddarfrom macul ar
established by the Early Treatment Diabetic Ret
towards pharmacol ogic approaches targeting vas
VEGF ther anppyw consd dereed r tedastniitrinetod v d gbMen it s

superior efficacy in improving visg@adal maeuwui tay .ar
2025)

Rani bi zumab, a monocl onal anAj bbdy Bhagme rstust |
benefits in the phase 111 RI DE and RISE trials

|l ed to gains of 015 Early TreatmenitnDipbteodi 51 Re
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patient s, wi t h dur abl e reductions i n centr al

progression to PDR. Del ayed i-hnifeabedopabientasit

over in the third year, r e siunlgt etdh ei ni nspnoarltlaenrc ev
trea{Beotwn et al ., 2013)

Afl i bercept, a recombinant f4iAsi &BGEFramtde iph awietnh
growth factor, demonstrated comparable efficac
every 8 weeks after a |l oading pnoag e | maii mt aicr ii ro

100 weeks, a ptphriorxd mmaft etl rye sotnted t egesgachbsevaddOar

proportionstéipwendpraoWw@ment in Diabetic Retinopa
(Brown et ®DIthRESZEGOhR)Yent s, such as bevaci zumab,
|l abel with evidence of benefit, although | arge
greater i mprovement in patients with worse basc
I ntravitreal corticosteroids, i ncluding dexame
remain an option, particularly for pseuwvdophakic

VEGF t herapy,i mfilvemmd th@e y mamed ifdenctitis . However, tl
l'i mited by hi gher ri sks of intraocul ar press
photocoagul ation still has a role as a focall
oe dema -denitmmoan | ved toirvest hmedrjaumyc t o fgHdarmmeaedoladgi,c
2025)

Lorgerm data from RIDE and RI-SEGFc otnti é r anp yt hwait t
rani bi zumab offers a subst ®©nthiaal hyshetrtieal app @ad
reducing visual mor bidity associated with chron
(Brown et al ., 2013)

Surgi cal

I n patients with proliferati vheaedmoarkrehtasgcengefai no
reduction in visual acuity to 5/200 or worse f
shown to provide a clear benefit haembopskaweéeth

whereas no such advantage has been demonstrat

conservative appréoé6abb DagbbeiapRebpnbpatehy Vitr
Group,Ma®85rhan 70% of patients achieve i mpr o
vitrectomy; howevnevro,l vdenngt rtarlacari ofnlaMea eti nal de
visual acui ty, iris neovascul arizagubati andaté

associated with | ¢éSbafkhoabDahtbeo@0&dimeshand, p
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vitrectomy (PPV) in patients with diabetic tra
retinal reattachment failure rate of 5.9% after
was approxi mately 20/ 175 Snelilten,anian dimd atail n gs
(McCull oughlDehemlayt ROR8)have shown that pars g
and restores macul ar ar chicteadetmhroaveivre rt,r adtdii mrga i
l i miting membrane peeling does not significantl
(#nont h -dw) || oawo n s i sathean ty sveist ht hradet rasnh d(wknheabtitk astn ge t

al . ,. 2022)

Pneumatic di splacement (PD), which consists of
di splace blood away from the fovea, is used a:
submacul ar hemorrhage (SMH), tai ccnosmpdd elad# sodha g e
macul ar degenerati on ( AMD) , pol ypoi dal choro
macroaneurysms. The procedure may beVEEGErf or med
agents and, in some cases,atrcrco(nmbtimMAa)n.t Thisss uaep pp
for faster visual recovery compared with phar m:
mai nt atdmo wen fpaocseé ti on for several days and may b
ocul ar hypertpnegones®iror.ataumaceti nal di spl acem
alternative to conventional PD. This techni qu
subretinal space following rtPA, generating gr

el iamiens t he needvnf prosatifamwmeand -faduced obDhal arn

hypertension, it carries 4 WaigMoamgrieshkmotf hem2dud Il
procedure is the use of the i mplantabtaegeminiat
AMD. This intraocul ar devi ce, i mplanted in a s

project them onto retinalotaenretaisalulnya fifreprtoevdi robgy

Howevemuahlhiigly evidence is stildl i nsufGupmEti@ant t
et al .., 2018)

16 Recent advances in vision restoration

I n a recent study on RP, gene therapy was con
dystrophies caused by biallelic mutations in t

amaurosis type 2 (LCA2) and r entd nyietairs, p6i5g¥neonft ots
patients showed i mprovement compared with cont
and visual f-¢d @l rdesgt ewhi V¥ ies wheelsft aw o utt pdoridde mwintsh o watt

reaching statistical significance in al/l cases
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and transi ent (ocular inflammati on, transient 0
directly attribRablselt o.dtnhelattti ci0m&@pd thetXi nit
pigmentosa caused by RPGR mutations, a study
i nvol ves injecting undebrastelde rceatrirrnya nag vai rfauln cud

RPGR gene to r esutnocrte omh o tTohree creepstuwlrt sf demonstr a

profile (adverse events were mild to moderate
intraocul ar inflammation and el evated intraocul
i mproviemehuactional vision and retinal sensiti

to phase 3 in this sevievie hfacerl m daefs nreat ipd iothie R ORid

study in the field of vi sual restoration, adva
which a gene was delivered intosemrgiitniave gtamrgd u
Chri msonR, a protein segpogsive tel bmbemo Iniog h
i mages, the patient wore special glasses equi pr
adapted Ilight impulses projected directly onto

of trairei dgvwicteh ttthe patient achieved a partia
to detect, |l ocalize, count, and even correctly

treatment. Furthermore, subsequemedet batrobleacei
i nformation reached andSalel vaifFegluihbeld®2zk) pit al

Processing unit:
software

Head unit: camera
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b Cable Projector

Temple pad

Nose pad

Camera

FigurLe glh2t. sti mul ati o#Dgldesvd €. cao.nsTsae sGHGE3 Q@ wo i nter
The -meadted wuni-t includes a camera that captures, i
information is transfeonedrte ahpromagsbngntuni 6i mphi
sends them bmountedthmrei theadher e, a small projector
retina of the treated eye. b . Frontd ama@ntrrealr|l w,i efwasc
outward, while the projector is aligned with the pu

according to each pat(i®aheéls datnteaelrpupdddlayy di stance

I n Tai wan, a clinical case was reported in wh
i mplanted in a patient with advanced RP and hi
that directly stimulate surepviongsrethnnahisebph!
el ectrodes functioned properly after surgery.
i mprovements were achieved, including the abil:@
such as tel evwistitoomst oge ifiud RS Ua e pfail ¢ @Bt e2®1H D )
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Fi gur®hrle3shol ds for each quad were measured for the
produce visual percepts. I n 11 of 15 quads, a | ow c
perception. For the four remalnpagcqgpaden thahapegéetdr sl
(Hsu et .al ., 2019)

I n 2018, another group presented the initial r
in patiesttagwi RP.emnch this study, a subretinal
who no | onger had useful elsi ghmhcomémagepiighn. afilec

el ectrical signals that directly stimulate the
function by stimulating surviving inner retina
Ssi x patrioevnetds tihnepi r abil ity to | ocalize objects
di stinguish grayscale contrasts when the i mpl ar

able to read the position of c| oatkeshamrdsc wtrl eir
Participants also anecdotally reported i mprove
within the home, recognizing doors and windows
mountain silhouettes aegtayi,nsdonphlei caky.onRegarcdhi
erosion and retinal det achment wer e (Foibgsuerreved,
1% Edwards et al ., 2018)
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Fi gurSurlgdi.c al procedure for the implant-abhicknessa s
scleral flap based at the fornix is created. ( C) /
detachment, a guiding -tfbkhess intiesdooednthheughbl art
foil is positioned beneath the fovea, and (E, F) t

subretinal space, at whi ¢Edwarnds €headguidi2d8hoi l [

Similarly, in a human c¢clinical trial, the wirel
restoration of centr al vision in-rfilwaé¢ egdamaent a
degenerati on.-mmhphdeovaclt d&ihc 8n7iBc rpo cxheilps ,wipl aced
macul a, and it operates in conjunction with sp:¢

i mages and projects them onto the retina using

4 3
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optical information into electrical i mpul ses t|

two of the five patients the chip was not posit

recovered at l east | i gwitt Ipier ctelpe i P otamma so fmpt ke
three patients with opti mal chip placement ac
20/ 460 to 20/550, sufficient to recognize |l ett
not |l ead thewprasgerintgbofmatt Balhanker.iehealal , v282

Transplantation of humaerémwmkedyamril ¢ ssti @amoc e¢lhle G
been tested in patients with dry AMD ampd St ar ge
no tumor s, severe immune rejections, or abnorm
detectedti ént mpspi pmented patches were observed
of the transplanted retinal pi gment epitheliu
experienced i mpaowiemgn(®16nl eis@emas in some cas
remai ned stabl e or worsened. -rehataaddfi guienhj t ypa

i mprovements, including enhanced ability in ne
vis(Bfaoahwartz .Atnoaher BOam&apN trial tested a bio
epithelium (RPE) i mpl ant derived from human en
membrane, designed -tol aredt madvlaacedegeryemagti on
patiead BHai hetters in visual acuity testing,

stability, while none of the implanted eyes | 0!

the site of atrophy and demonst Katsddndi.gns adf ,i

I n Stargardt diABR@QABt asbonsatadpwiaske | /11l a tri

adult patients wusing subret rAnBadA4di)n jceacrtriyoinn go fa ah
copy of the gene. The treatment was generally \
t o s yregary conjunctival hemorr hage, transient

one case of chronic ocul ar hypertension as a

mprovements ivih swiadudli eddwsi taytarn butable to the

changes were vadosadl patiientonea hdigdhni fi cant red
yell ow flecks was document ed, while immever al
atrophy was more pr drPaurkcecad eitmodtiher t2g0e2e2t)e dc @1y @ u
phase | clinical trial of gene therapy in pati
dry redeted macul ar degeneration (AMD). The ap]

njecti-b&8 db,f a NJiirganle dv etcot oprr oddeusc e s ol ubl e CD59,

formation of the membrane attack complex of t|
damage). After -utpwo tyhecartg eaft nfemitl owas wel |l t ol er
rel at esce eaed/weert s. Ocul ar infl ammation occurred

resolved with topical corticosteroids or, i n s

4 4
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si ze
2024)

Al t ho
been
i foovi
abl e

pl as-t

For e

state
singl
l earn
Twent
that

faces
2006)

was s-thasé, gtbephshgbowed a sl owiHrg eof elt e sil o

ugh numerous examples of clinical and exp:¢
presented, a |l ong road stil!]l |l ies ahead. /

sion could one day Werfsulelly mi evqatt ®@rde d t dire th

to once again interpret and process this
ebtatgd changes may prevent classically vi.
xampl e, borhnadvi ah aewesmamongenital catar a
of practical blindness until she under weil
e procedur e. Initially, she strudheled to
ed to recognize her family members, house
y years | ater, researchers tested the ext
although her visual acoin)y sbédmaiwasdalbi @i t

, distinguish shapes, and ucE®sheovskghett a
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2 . Neocortical Dynamics and Sensory I ntegr a

Figure 15. I nferior view of the human brain, il 1l ust
This image shows the base of the human brain in ana
nerves and brainstem. It was drawn by Christopher Wi
Wil lis, and represemasi onatoemphe tardiessti bgsbrain
perspective. The work marked the beginniwagtiodn moder
with natur al phil osophy. Reproduced bly6 7p5:r nHiss i loinf &
and Wor ks ( RYM 6Roensnsa,r ,1 929010)3 )

The scientific concept of the cerebral cortex
of the brain in the 17th century B.C. in an anc
spinal and cerebra(VheasMbdde wd pteop dentduraseanst evaeOslall)
De humani c¢rlpaar3i)s fwhbdrcihgca t hrough il 1l ustrati on:
school , provided detail ed depictioancscept ed he

mi sconceptions derivédampioerr iane thaoldll owse &6 bfy) dirhs
Wil Cesébri (AS&Ydmeg,e wihi ch mar ked a turning poin
brain and nerves. Hi s ideas about the brain wel

4 6
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work he described the arterial system at the b
(06Connor, 2003)

Figure 16. Schematic representation of the hippocamj
Ram-n y Caj al in 1901. This classic drawing shows i
within the hippocampusnatmarked wittrltucdmurews .i n€Kéydea
Ammonédés horn (C), the subiculum (B), and the fimbri

groundbreaking use of Golgi staining to .mamaglke cel

from Legado Caj al, I nstituto Caj al (Ccsi1 C), Madri d]
Key figures in the regional cytoarchitecture of
described fi,aedcaptitoakibgayersa the visual <cort .
a popul ation of giant pyramidal <cells in the mc

they were confined to the precentray Wolkltieamand

Bev-bawi s, who i n 1-8v8e2r srulesd ysmiexd c ¢ htei ddlvemodel , C
ganglionic tleaydr téhse tgheandi cell s and providing
(Triar hoBw,t 2021wWwas not until 1909 that Korbini
Ver gl ei chende ,L odckrada mnsiazteid ntshe hheman cortex int
however, t hat no single area could by itself
net worked cooperation of multiple regions, and
t hosFel eacfhsi g, who associated cortical areas wit
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Br o

dmann further rejected the notion that a si

argued that what truly mattered were patterns
insight that closely antmnct ipanals eowbmmhedc i wmiowy uin
(Zill esConzou&) ng with Santiago Ram-n y Caj al
neuroscience, who in 1888 demonstrated, t hroug
stain, which he hi mself refined, t hatr eneeluyr ons
rather than in continuity. | nc aloliendy meur chre d oad
thereby cementing the (lRogios etfFamuder@Blgur osci ¢
I n 1957, Vernon Mountcastle introduced the con
6cortical columns, 6 an idea that profoundly cha
the activity of individualfneatsnwhihetapplsyima
mechanical stimuli to the body (e.g., moving ha
deep fascia), he observed that each neuron res
neurons exhildlief ecdhessmalelcepwéve fields on the co
concept of the cortical column emerged when Mol
into the cortex and found that verti cealelry alig
| ayers) shared the same type of response and th
functional unit of the cortex is a column of n
processes the same t(Wpanadfcasdheortdy@dbrTYyeamatl ane
and Wiesel (1959) conducted a study on the rec
cortex of <cat s, aiming to understand how cortic
organi zation wowns$s himnhatheofr eniema and t he | at er
demonstrated that the visual cortex does not si
new properties from the visual stimulus, such
This work marked the beginni n(gHuobfela & eWioel suetli,o nl
At the end of the 20th and the beginning of the
as a canonical circuit repeated in columns or
neur ons) providing interl amiynaGABaAred gi at @ mali bk
i nterneur ons . I n the c¢cl assical scheme, t hal ami
2/ 3; the superficial |l ayers then recruit | ayer:
structures, whidlee fleaybdras k5p68 operovions to other
| ayer 4 (corticoYthalamic | oops and return to
variants exist depending on the corticeaeasl area.
to be amplified by Dbhgllaec &l Marci aci 2O0i4)r y

4 8
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2. 1. Structure and function of the neocortex
A Inputs

& I:_éABIT

85"

A o7

A o

* Cortical feedback

* Matrix type thalamus
* Core type thalamus

¥ Cortical feedforward

B Outputs

L4IT L2IT L3IT LSA/BIT L6IT PT cT

Figure 17. Hypot hetical excitatory connectivity bet
shows the proposed patterns of excitatory inputs to
whil e panel (B) depectbsvitthei r nolud pears spr €Cjoecti ons f
(feedback and f eedfaonrdwecrpd)e &rhda |l farnd m mantpruitxs . The mod
on data from rodent barrel and motor coobhékjcwithb s
evidence. For wvisualization clarity, i nputs and out

most synapses occur( bar rmpiegs i & omaeaptterde,nd20 1 ®)s

But how are neocorfThealheococtuéeksi mpbaememned?a cC

strategy to handle multimodal sensation, mot or
same circuit plan is quantitatively adapted in
this plamy rawli oeras are organized into three m
neurons, di st r i6buatnedd uancirqousesl yl aryeesrpsonzs i bl e for ¢
as wel |l as ot hers;t epyernacneipdnaall itcr ascttr u(cRTU)r eneur ons

|l ayer 5B that <constitute the primary output pa
spinal cord, t hal amus, basal gangli a) in addit
neurodnsl ayer 6, which project bacd&r ttiocdlheexdhladm
These classes exhibit asymmetric and sequenti al
and exit: layer 4 |1 T cell s rapti;dllyayreerc ed/v3 ItTh a
integrate and redistribute information (typical
aggregate computations and transmit them to su
6 CT neurons adijiuwssnt fdaiwn (andg hil nyf ocsrpnaactse acti vit

cortex flexibly receives, i ntegr ates, deci des,
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excitatory scaffold is regulated by a conserve
princiopal cl asses: Vip interneurons (Htr3a sub
receive corticocortical i npuoss,and8stpriimiaerdi heguisad
inhibit the dendrites of excitatory <cells as w

which receive strong feedforward thalamic and

i nhibiti behaedmreakemidreght di sinhibition or attenua

whisking), with effects varying by area. The |
hi erarchical feedforward and feedback routes v
medi ated by distinct I T subcl asses. This orgart

sensory evidence with descending context and ¢
guantitative variations (cellf deagetyd) shonapti
shared blueprint generate functional speciali z
(Harris & Stéemhug.red, 1 72015)

Usi ng mor e modern t eahicil gpweass RNWCc hs eaqsl e 1sd inrmgd e

transcriptomics (MERFI SH), the human cerebr al

of ainglH gyrseals ( M1, S1, Al, V1, DF C, ACC, MT G, Al
pl an of 24 neuronal and glial subcl asses preser
on possessing 6uniqued types, but trnatnkgr ammn t

transcriptomic signaturet afi tehesyet csarnceh ittyepe su.r

alt hough atthael ebgaunseimtmon, each area is distinguish
it contains and how its genes are expressed. E:
(whereas inhibitory neurons are more usitform a
such that transcriptomic similarity decreases \
Vi stands out for its specializatiorf:@ad4ebpdnsio
globally and up to 10:1 in L6), specific corti
consensus types en(rdarhsetdadvidgthianl .t,hiZXx023)gi on

2. 2. Mul ti sensory integration

Perceiving the envi Adtnmemntg hi $ ndo tvi a usail mp lag et &xi
to stimuld. from mukhi plse ving d alneé ¢ chrestrri inogt, i nagn dr e ¢
the brain relies Moprmemolbersehber moshpetruci al as
and accurate perception involves the combinat:
extensively studi ed primarily at t he mesosco
(el ectroenc(eberatl mmataiphg) al ., 2023and®RoEMRI Seb:
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(functional magnet Alcwa £kmin aimtic el li mag2®QJPj)ect s. S
pri mates, which also investigate sensory integl
is in some way multisensory, i mplying that the
cognitive proicregsr @dl irteChiamamfuatb &aiSehr oeder, =
Logothet.i sQt h2007rresearch in rodents suggests t
integration resides in different neur onal mi cr
recruited based on factors such asinhMeisjtémul us
et al ., 2019; Oude Lohwuis et al ., 202 4; Xu et :

Woof!

FigurMullt8.sensory integration enhances detection and
figure illustrates how a woman and her cat respond |
cues. When the dog i s dihset abnrtaiann dc osmbginnael ss ianrpeu twse afkr ©
superadditive wayt,hawrmpaatcea hgneaeaursdlr omgseponse. As t he

cues become stronger (middle and bottom), ientegratioa
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the combined response is stildl greater than either

principle reflects how multisensaltyenoeébatthndoi&ons
Stanfor.d, 2008)

There are sever al cortical regions where mul ti
ectosylvian cortex (AES) in cats or the super
neuronal | evel, multisensor yonsne etgor aat icoonmbiisn esda i
(e.g., a light and a sound together) is signifi
uni modal stimulus al one, whet her as multisensor
process i s gopreirmeidp lbeys :s etvheer adpati al principle,
senses must coincide in space to be effectively
mu st al so coincide i n ti me (al though t he 6i n
effecti veness, whereby the | ess effective the i
i ntegrasumpaer a@acdint iwhiitcyh t he integrated respons
arithmetic sum of the individual responses. Bu
integration, albeit in a monsi demphgixc fashgome
(such as associating a face with a voice). It c
effect or ventriloquism) and further contribute
memory, afmd kd(eBgiesiino n& StRing wia&t, b &r0 088yt hor s def i
the process by which the brain combines infor mi
per cephlhdanviorbr s phenomenon is not simply about
about actively fusing them to optimize detecti
events. They emphasize that multisenusatyandtegr
neuronalndl ewell i kewi se measured by compsaring t

(Stevenson(Feguak. 192014)
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FigurMullt9.sensory enhancement in a single superior ¢
response to visual (V), -awdittory (MA) stnidmwloimbiimed
neur on. Raster pl ot s, hi stogr ams, and oscill ogr ams
mar kedly greater response than either unisensory in
ehancement, revealing a superadditive effect (+1207
resmpse exceeds the sum of the individual component s

integration at( Stteeé nne&u I rSdmalf olrelyel2008)

2.Multisensory neocortex

This quéstbbegdhag debate within the scientific
of Iiterature supporting the view that multise
neocolrhteex.ypical view is that multisewsadry inte
brain regions and occurs only af tlerveilnf-aromdatliidr
specific sensory cortices. Hewevera meWwt psespel
brain organization amdepgreanept iamrd, iinnt ewhiadh otnh

withilnevMveolw cort i(dMaug riay tehe anorm2016)

The cl assical idea that the mammalian neocorte.
neuronal types and connections, and that these
is being increasingly c¢haHdrenegxeadmplye { B@ulyF ¢& etta
used the reeler mouse model, which carries a m

wi t hout nor mal cortical | ami nati on, where neur
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r fi sdir dessrpgetree t hi s di sorgani zation, the r
ory functions. Its somatosensory and visual

apable of perception, |l earning, and memory

he other hand, functi onal magnetic resonan
t he human brain integrates visual and audi't
s on the phenomenon of |t hbeeadisn@.l TPlresce pt

ch can activate the same brain areas as au

brain integrates sensory inputs at an ear|:
ore words céhrje ilddaretriefsitechgds ,su his may al so

Mc Gur k effect, in which what Ww€abeertanmtahter
QR code and URL |l inking to a BBC Hor.i

Mc Gur k effect: mi smat ched vi sual (/ ga

mo st | i steners perceive [ dal; wat ch ¢

eyes closed to notdiecert tve sshi ft . Scan

https://vyoutu.be/ 2k8f HR9j] KVM?si =9hVer

anot her study, the existence of di rect anat
ices in the human brain was investigated.
al perception, the preciesée headralempankwday:
ious studies in primates had demonstrated
al areas, but such connections had not bece

ing (DTIl) combicnteodg rwa pthhy ,p rwabtaebri |disftfiucs itanm i
Bhddt hotis damdasj excft ori es were estimated from
ysesf eRaredssnxidng t o the contralateral hemis
bell um, or projecting toward the occipital
er tracts directly connecting tbeeraocdutaly
ence to support mul ti senso(rBeeirntestgr alt i on 2
eption itself is a multisensory and dynarm
i sensory i ntegration. Thi s i ntegration i s

i festation of how the brain asana whialpd i ¥em

er, which is essential f(ovatteavali ditg, etc oanimu,r
ettds model of a neocortical mi crocircuit r
mul tisensory view of the brain. I f all ma
same computations, assBeregnehat amgbessehnhben:
ot restricted to higher hierarchical |l evel s
studies have shown that when visual informati o
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processed as if it were vision, suggesting tha
the type of input it re(cBeanvreest.tt,han02on) i ts inter

Figur €orr2tlleexptendent activation in V1. Opti cal i magin
response to short 45A bars moving (a) vertically a
grayscal e; the inset outlindd ntelweg ircadiadcn oenilcamged r §
from an indeprgldenmapg;r aganlg col our denotes a differe
only as a reference to the orientation map, smate as a
cortical region between (a) and (b). |l cons: directi
orientation (45A), the activation pattern differs

conclusion thati spoapul dtiixerd &gt iavisttyati ¢ Aori entati on

=)

tegration of spatiotempBasadl st értuadutsg np 28 @Aeat nesr,s 2(0c

Anot her striking exadngohat ecdo mesncferpotm afh et Heo ngor
decades, columns were considered the fundament .
providing a canoni cal unit r epaatoend & 220deeSTss t he
reviewed fifty years of research and concluded
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functi on. Their analysis showed that some spe
columns, while others | ack them enti(Febureyet b
20 Even within the same species, or in differeti
can vary dramatically in size or even be abse
variability wundermines the idesasitnhgatundalsumnisns

supports a mor e ofriteixciabll eorvgiaenw zaaft i memgc i n whi ch
emerge from distributed and dynami@Eimgea).worRKs r a
This perspective aligns well with the notion ¢

system, capable of integrating diverse inputs

~0mm,
Figur¥ar2ilability in the expression of ocul ar domi na
oxidase staining of | ayer 4C in the striate cortex ¢
examples illustrate-defwhe@ge sp@lct musn: (& )y otmo wieht er medi
nearly absent columns (d). Despite this variability,

that ocul ar dominance columns areingt cdhadértnigals ft dre
of a fixed, canonical architecture and supports the
(Horton & Adams, 2005)

Taken together, these findings challenge the I
modul ar structure defined by canonical <col umns
bot h ani mal model s and human exudisesa dgddymm@monitcs
multisensory system, where functional organi zal

rat her t han fixed structur al uni t s. The wvari al
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i ndi vidual s -deapnedn dtetnet caccrttievxatt i on of cortical ci
and cognition rely |l ess on uniform microarchit
i ntegration. This perspechgvef notrohntglrefgames
highlights multisensory processing as a funda

function.

2. 4. MulMl sensory

dB
A o ERSP__ITC B ITC
s "

\ 6 u 057

051

e ANV —va [l

4 G, V. C,
Dg. 0, P 0,
Sy . S/ )

4 "b Ipe

(il __, 136.29:9.81Hz(Mono) (AL

Spikes/s

Spikes/s —> 175.81+19.91Hz

Hm ‘ 116.17 + 12.89 Hz(Bino)

ITC D

Spikes/s «HHH%—HH——» 158.33 + 8.81 Hz

Figure 22. Differenti al p rr-@®)c edesd mal orf e sspenmssoe sy tsa i imu
audi tory, and somatosensory stimulation. Each panel
l ocal field potentiaklkun(iltFF) rregpornastee,, naunldt i g pd mtgrl el

acti vity. Heat maps $howl ERSRef@Breafd TICnt eic,r ods,s di f f

U, amp)D) (Example neurons from the monocul ar ( M) and

respective sensory i npuwtmnmarRed magn e el aetsen ana t ceida d rad me
modal ity. Somatosensory input exhibits the shortest
30 ms, while visual stimue@tmeonf dreaidpsitloatl emaler st iam
for contralateral stimulation.
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I n recent studies such 280 5thati sofhi @abalglhdrea T4
vi sual cortex (V1) is driven mainly by contral
auditory and somatosensory stimuli, showing n
neur onal firinggsandd Thbese gfrioomd ng body of [
traditional view that multisensory integratio
foll owing independent processing in specific s
anatomigdles in humans and primates have demo
classically considered unisensory, i ntegrate i
stages of co(rdt.i cJal HFporxoec e€&s s9cnhgr oeder., 2005; Schr
I n the aforementi oned 2s02ubdtyh ebyy rCeapboarltl eedr od i Tfafpe rae
| atency and firing rate between the monocul ar
an interestingvifswmdlingtimakti theedoinn the study
rapidly thdanvitd owies eavlokst i mul ati on. This has al
a Foxe & Simpson, 2002

I't has also been described how the beta frequen
integration; in ot her cortices, t his band par
func(Bahker, 2007;, Lahd eh BUuman200%) has been |
phenofmdomag et. alln ,t 2D 0MBgdel used i n t2M0i2s5 st udy
i psilater al visual stimulati on and contral at e
coherence (see Figure 22A, c) ., in |ine with ol
(Cheron et Maolreov2a20Q7beta has been associated wi
during r ehGhba |éatt adnlido nwi2tOhl 5t)he gl obal modul ati or
t r ans nfibDsushieoyn et al ., .203;t hwr -addoten e r 2h0a0n0d), in av
oscillations havaee phberredenti nrhkeadh @ mimspisarseefppt s bo pt a
(Womel sdorf & Hoff man, i2m0 1k8e e pZianmngo swietth ailt.s, r200l1e8
and cortical reorganisati on, and with its cons
(Mongill o et al .., @aOndn8a; aitnigveirt,y,20bly7)contrast,
stimulation (Figure 22A), consi stent with its
synchronisation was the weakest except in the
suppressi onvedUutToscaad et These pRaAULOerns relate
intersensory switching i n human EEG, wher e S
coherence and increases front al theta, suggest.
(Vanneau ptthée.inebe4d43e in theta coherence wit
a similar mechani sm of anticipatory preparati
modal ities, the auditory modality evokedel ower
22B) , than those evoked by somatosensory and

58



Il ntroducti on

au
fu
V1
po
ob

0os

At
b u
mu
au
of
fi
au
au
re
et
i n
50
t a
Wi
re
20

rceptual i mitations for Hfhegoierguyehenr bagd
7BL/ 6J mice begHefsf mdrovetadds.thiez0a0uld)i t ory st
t leownifdr equency range. Possible auditory or

mat os epnusfofr ystaiimul us was al so consi-deffddi Meas
t exceed 30 oduBn da grad-vnBsetd Baf béafcdk goro syst emati c e

served:; mor eover , t he -puftfenwees ceasidédntaf
mat osensory transmission to V1. Although a m
nnobmpéetely excluded, the controls implement

nclusion that V1 was genuinely activated by :

e possible explanation for why somatosensory

wer and phase coherence is that this could b
nsitivity of beta and @gHEmsmbheyY o&sCohSwekplut Z(
thors have shown that V1 significantly influe

1 reci protDtyghfetomahl X\WW20ady) hel p expl ain th
t o somat o(sManssso® yeti naglmt , h uzntalnés), early somatoa

tentials (frontal N30 component) increase wh
servation of the stimulated hand, probably vi
cil(@ebholinhlsa & Cheron,. 2015; Rossi et al . | 200
the neuronal l evel, it has been reported th

t al so encode vari abl es such as deci si on ar
Il ti sensory ar ed stulmdt i(ndloegnpd &@ed adlom ,t Ri0s2 3Y e i

dsioomat osensory integration in V1 may require
emoodsasl i nteraction: temporal congruence in a
ring rates, wher eas( Maicjoenrg reute nacle. ,s u20Qt 78;8 sVéasn gt
thors report wearlier | atencies evoked by auc
ditory ver sus( Gu4doe niso hfudrs wihsduaaB1l), sBO®4) somat
sponses at aa10 ms, consistent withlA Ahatsesmmaci es
al (Figaoe) 2nvh)a.l Cmdseg actions have al so been
the ferret auditory cortex, al5% of primary

% i n-ohdgheaudiBtiarlye yaregdaisal mouaeo B, vi sual S
ctile processing via theta and gamma oscill a
th |ignocai n&®l icnodninceactteiso ntsh aatr eV1lcr i ti cal for t
sponses do not disappear compl et®ilghbhesugigesl.
13)
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On the other hand, it is worth noting that thes
to plastic states facilitated by | ocomoti on, ¢
i mproves Vvisual encoding hy srugdesitin g gn ai e tared
Vi for efficient (nbualdtairsleants o& yStprryokceerd sni2r@gd d@i; t iISo m
specific inhibitory networks can modul ate t hi ¢
cortical plasticity, canmi faal |l stgnal shbyiadpup
(Y. Fu et al ., 201%hi MesPkK+etnaérnemdrmgs may
selection via géaWmmebgdohf.ortsation2014)

25. Rel evance for vision | oss and sensory subst
As previously mentioned, vision |l oss has a pi
Consequently, there has always been considerabl
vi sual i nput, such as sensonyesubsgitstalti onf demi

auditory or tactiltaveGltGedju.l i Al(teh.ogu g h Bsriaginlilfei coarnt

whet her due to technical chall enges, the | ack
factor s, SSDg ot e@ntpiracilmi shawever, their pract
(Maidenbaum et al ., 2014)

Time

Frequency > W
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E vOICe representations of the visual images
;"A" "':::b ’,'; ;‘ /\_.;:‘

F Category classification task using the vOICe (n=6)
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a :l Chance Level
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Cb\er \,z «Q:"\ ‘(’b ¢° O‘O\ ‘}@Qz (’?9 ‘}\@Qz

Figur¥®ig288ald Perfor mankveOliCe BSleinrsdbrys eSrusb safi t uti on De
Vi ssulodi t ory sensory substitution is employed to cony
their intact auditory channel. The vOlI Ce transf or ma
such that time and stkeebopiBnonngl caxrespphtchofreq
and sound intensity to pixel brightness. The mobil e
on gl asses, a portable computing unit.(Joclhaaslatao

|l earning, tangi ble feedback of the i maghkvwOlIwaes provi

The -diwwensi onal training program comprised hundreds
including Hebrew | etters, textures, faces, houses, ¢
shapes. Accur acdys siinf itchad i oant eéegaostky af t er training (n =
which was significantly above c¢hesncwerlee veeld s erivaedd, bpe
performance with | etters and with the other categor
Error bars represent standard deviati on, and statis

(*p < 0.@B5,**p*p &.-AmOOO0&EY) 4IStsi20nl2) .

The | ateral-vosabpi (&l0Otvactrielgéon of the brain i

shape. Logically, one might expect this associ
i nput or tactile input (e.g., objentdiwdldpatl ison’
|l i sten to specialized sounds that,thepgbhsentyobf
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t he i ndilveiadituwel e htarsact shape information from t

l imited to Iinking a sound with an object with:¢
engaged. Moreover, this constitutesataedc | wiatrh ca
di stinct sensory inputs, as both sighted and b

thereby actireatognt hi esnshafgdmedit heboughi.nid@d®ad %),
anot her region of -tempoltaft coenherkal nocmapl y¥o spe
recognition of l etters in sighted individual s,
specifically and selectibyellyetdetrisvaetneddierd blhirm
system, as compared to other auditory stimuld.i
(St rAimam et (Rilgu)d) e 02AR)

20 4
15 4
10 4

Percent CBF change
o

Y=-67 20 -

Percent CBF change
o

Percent CBF change
o

]
-10 4
-15 4
Y=-83 2 Mean absolute error score (°)
Figur@or2rde.l ati on between performance in a monaur al ¢
measur ed( ppoysiHETon e mi s sni obnl itnadmosgurbaj pehcyt)s . Brain i mage
occipitwdntcroalt ex<xtrastriate (top), dorwhealr ee xatcrta svtirtiya
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was related to accuracy in audit gray tli campdaina bsit,{ e n . l
circles represent sighted control s; regression | ine
findings illustrate how the occipital cortex, typiceza
information finvitdhealabsxmeri eonc e, providing evidence
brain fol |l owirnags nbellilnid neets sal . , 2011)

I n a natur al and gener al manner , blind indiuvi
particularly audi tun @ln fainmditnogwc hh avBe hdhwdc wment e
| ocalization, faster performance in auditory an
in activities such as Braille reading or textu
desdr ihbbpew t he occipital cortex, typically devot
tactil e, or ewdn ool f @awtiadreynci ngoram profound fur
chronically deaf patients, i mprovements have |
perception of stimuld. in the peripheral visual
areams Ite reorganized to respond -modali splads tsitd im
(Frasnel l (Fiegtudeel .2,4 2011)

Beyond the potenti al of sensory substitution d
the broader framework of brain plasticity afte
enhanced tactile acuity, suepdervieorrb aalu dmetnoorryy ,| owh:
i ndividual s show mor e e frfeilcaiteendt vpiesruiaphepab c eas
compenbahaviyefulresct cortical reorgani zati on, Wi
auditory areas i n tsher edmeaaifni rmec riuniptuetds .t oHupmraac ea
suggest thotdatl hipd astdossty | ikelyxingsvohgesotr he
cortical connectoinmrexct a@amsd tsgthrieomgsl yi n nf l uenced b
deprivation. Al though the brain remains plasti (
occurs early in |ife. Pl astici tasietbpmwawehi nder
outcomesresteorirafoan or cochl ear i mplgantig.htBorn hr
need for strategies that enhance adaptive reorc
as combining targetveadk itvreaibmiangn wittitmudan i on. A
plasticity is essenhatblttol desmgnovetgeualkinty oaof
sensof( WMerabdet -L& omas.c RDI10)

3. Visuahdfawstemi ty: Scope and Limits
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3. 1. Structure and function of the visual cort e
The human primary visual cortex (V1) wundergoes
I n the first year, the foundations of vision a
in excitatory and inhibitoofy ageepwvwoss onBeéempe e
experience and substanti al variability in plas
From 5 to 11 years, many vVvi sual functions reac

progressively raeaduaidondg eplcaqntciec iatbl. gawhrig ) adabmpt
abilities such as face perception continue to
useful margin for treatment remains. After 55 vy
accompani ed by storluwcgtiwradl camdh greesuracsbsoci ated wi
Vi displays a prolonged and dynamic devel opmen
and therapé¢ ®fuc &pdMuephiyval 2018)

Vi sual information reaching the cortex begins
the initial neur onal interactions, the only sicg
action potentials travenl icred |asl.onlch etstee axxomrss f ofr |

cross at the chiasm, and ultimat eldlyGN)r ogfectthe o

t halamus, which acts as a relay station before
remains iomtg@andizetdi nct |l ayer s: magnocel l ul ar | a
ganglion cells and are characterized by fast tr
from smaller cells and preserveohiponeetdéeubdblsl af

whi ch ar e acaeloicn fad renda twiotnh. This di ¥i briresaac hi s pr e
the primary visual cortex: magnoldmead wod @ael Ipulogre
projecti onsbamd skuddn ipayeedr leletudi aamasl |iend tihbel osbos 6 o f |
Once inside V1, however, the information does
( Schmol e §Kiyg u )2e0 055
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CORTEX V1

Figure 25. Ocul ar segregation in primary visual cor
from the | ateral genicul ate nucleus (LGN) to | ayer
segregated in alternatingi ghtul ayedomi mencketobl eyelk.

these signals begin to conve(rSgceh,moglievsiknyg, r2i0s0e5)t o bi n

The primary visual cortex in macaques is highl
high density of neurons and (Biygqhwapes &eGaal yamade d
the neurons are |l ocated in Layer |1V, refl ecti
affe(t®@dKesky & Colonmpiaemal | aB82gh substanti al p

inter nduwrY%nsi s( di stributed unevenly across | a;
organized within the territories receiving inp
|l ocal -meAIBAt ed inhibition constitutes a key s
thalamic input into the spe¢cFifizpatercieqpk i e &i
Furthermore, pyramidal neurons in V1 are arran
apical dendrites and by cones of pyramidal cell
in bundles to layers 11/ 1 Inli.tsTheésd h mavhtielne £ otmbu <
afferent input, may gi ve (rPiesgertso &f Bredthiacgreasl, d®I
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J. O'KUSKY AND M. COLONNIER
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Fig. 1. Nissl section of the atriate cortex of adult macaque illustrating
the laminar subdivisions used in the present study.

Fig 20 Disgrammatic reproventation of the maln feacurva of area 17 of mankey visal cortex a4

FigurlLean2iébnnar organization of areat di7Tndd/1gedtni drheo fmatc

cortex showing the | ayers and s u(bll9Bylejr st haes qdueafnitnietda t
analysis of neurons, gl i a, and synapses. Right: Sch
neurons and their apical dendrites across the | ayer:
the subl agergdeoc€crilbved by (Pe9ehisgh’dl i §entth amrgest he vert
organi zation that underlies the columnar architectul
The images received by the eyes are two flat pr
as binocular vision both signals are integrat
perceive dept h, an abilitvwuroe$eexbdbitb tbkr esd ef
properties related to binocular vision. The fi:
neuron to respond more strongly to one eye than
on how thalamuts (de&bh the visual cortex. The
mat ching of orientation preference, meaning th
and edges presented to either eye. The tHhierd i
ability of certain neurons to detect the smal/l
in order to compute depth. It remains uncl ear
processes, how the di fdrervemat croalte csatlr U catywerress cso
play before the information reaches the cortex
studied: mice are valuable because of the gene

tree shdewsi pualisystems more cl(dCsaenlgy erte sad mb | i2n
(Figupdl 27
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A 40 deg Ocular Dominance
/ I I =
| Ipsi tra
(ﬂ) Q Interocular Matching
Monocular Stimulus I
3
-

A Preferred Orientation

/

Disparity Selectivity
—
Binocular V1 7
Monocular V1 Binocular Stimulus
Phase Disparity Disparity Selectivity Index
Figurkow 7t.he brain combines information from both e\

fibers to the same side of the brain and part to t|
vi sual cortex (V1) to r éeceeibvienoicrudwatr ffricerh db ootfh ve yeens (
I n this region, three key properties of Dbinocular v

neuron responds more strongly to one eye than to th

the neuron | earns to prefer the same orientation of
when t he neur on detects smal | positional di fferenc
contributes to deptth2 3Pperception (Cang et al ., 2

Regartchieng hird principle, one group investigate
They explained that, i n-M3)e, emeuryo mss argeepsr eosfe nwti s
a mec hlainkiesensosr r el at i on: they compare images fro
correct and false matches, thereby generating

along the visual hi erarchy (areas V3A/ B, V7, h
t er mednactrcchsisng, whakctbef mhtehesoabhd produces a m
of dept h. Usi nglot MBIt eaerdgramdsesmi mul i (correl at
correlated), it was shown-ctolrateleadariloyn,v iwshuweale aasr ¢
shit bwar dnactrcdisisng . I'n parall eiNeta Wwasptnaunald ne
di sparity in natural scenes. Al t hough not expl
exhibited a strikingly similad i kceosfroedmmdtiionn:
intermedi ate | ayers combined both strategies, ¢
mat ching. In conclusion, both the human visual
share a common compansat oomiahg paomlricg padt @ SO nc rso sgsn a
robust representmattichhisngt hrtchweghre bgr eesnsabl i ng coh
(Wundari et al., 2025)
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Mechanisms of cortical pl asticity

idea of plasticity was introduced by Caj al

possibility that ment al exercise could mu

e
e

plicitly used the term Opldatti,c ibtryaéh cthqg dedc rf
nnections in response to |l earning or experie
e brain as a garden, in which pyramidal cel |l
d

itional br ancifitRezandt.babr, maoeadjr

previously mentioned, vi sual |l oss or defic
wever, visual functions can stil/l be carried
mai ns high, as in childhodd.ckli mdje each, otclca rpae t a
ther due to development al absence or foll owi
sual ¢éEHobl bwayty2000Ac Werrdihng 2t0c0 6Hei nen and S
tivity was observed within the | esion projec
si bHengen & Sk awehnesrkeia,s 109%9le)r aut hors have re
Iy after (Dav@immomt &s Gi,| bantd, s198b) ot her s h a
organization withi-ne &flo@hnisnooretevaeln. ,miln9ud%2e)s p o ¢

Vi1, t wo disftfudriendt faormwrdnswelfl pl asticity can c
asticity. I n adult mice, following optic ner.\
ereby signals from the iinmagitn g yree vaaal epdotaemti
ift in ocular dominance towards the intact ey
Il owed by a delawedr d npaoaresasse 4dfnt eéirntarcd t o t v
monstrates obdt ehhenvisuabHdutbhtex retains thi

asticity, a phenomenon previously thought t

Vasal auskaiThe edt hadr. ,t y2p0el 99f p | ansotdiacli.t yl ni sa diunlt

n
r
[

r

e

g9
e

i mals (P120), it has been shown that recovery
ocess but a multimodal one. After tiwvedinitia
sual cortex gradually recruits inputs from au
ersosd a | contribution to functional rr-ecdalr at i on
vol vement is only biegiani hgcompleenee gandr esah
covery. These findings underscore that mul ti
e, becoming a defining mechanism of adul t c
duced capaaitwpycaf atr ddijisneentc.éx p gt f200elndt)s i n m

ol der than 110 days have shown that deprivati or
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in ocul ar domi nance, driven by an increased re
since ocular plasticity, specifically, shifts |
not normally occur at thits oamagef Itmeotplhemowmeman
within the visual modamodagl,. aThihougfhhf édts icaufser

by synaptic strengthening in |layer 4, a shift o
and dependé@&nceceéipehiiBer t. Thesal fjn20bgs have be:
by subsequent st udmoedsa | s hsoewni snogr yt hdaetprd wasd on ¢ e
mechanisms in the adult visugaROoOd8mbeaxtr anegath
one week of transient deafness restores the ab

term potenmbdal om e{ ab blLaTsPeimeaand odccTed er ates ocu

plasticity. | mportantlty, ct missi ebafegtuuvdoebenpt a
depressi omyefr ecedpsresdes but instead occurs thro
operye responses, -sepeciaflicngf ar moadfal ptgsticity c
brain.

3. 3. Limits of plasticity after sensory | oss
Van Brussel and coll eagues introducéad tmheeconc

These windows are highly relevant to the ai ms

f a

(@]

tors, including species differences and the

cortical reactivation awhert ombaobdadrdyadap ehen e fce at |

sequence: an initial reactivation of supragran
the surrounditregx mdnoculagprprcooxri mat el y three week
and seven weeks, by the recovery of infragran
appeared to begin at the borders with nonvi sua
adjeat somat osensor(yWaan drawdcietl o Tegte rrelfe@rse2 01 In) t h
study we conducted a systematic investigation
which a typical visual responseOtveeurt Hof 6r BV emkt
the existence of a presensitive period during a
recovery is reduced. When monocul ar enucl eat i
bi nocul ar regions regwj n bact imointoyxubk at atciow dlew
persi steatiyehypoen after seven weeks. This in
robust and widespread recovery observed in adu

not simply an extension of the crai tdiicsatli npcetr isotda

where the cortex shows | imitedNpst ent.ladl. ,t & 0doc
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juveni,l emomocceul ar deprivation during the criti
dominance plasticity in rodents begips. at the

(20)10neadily induces a shift in ocular dominan
type of plasticity declines progressively with
are observed following monocul ar deprivation.

Ambl yopia in children, commonly known as fAl azy
from both eyes occurs during the <critical per

strabismus or monocul ar depri vaeatgroinma rUyn dwirs u &nle s
shift their ocul ar-ddpminwadceyepwheddi hg thona |
affected eye. I f this situation is not correcte
in visual acupeycampmdi om tdepodugh stereopsi s becc
maturation of specific inhibitory circuits has
closure of the critical peri od. I n adtdhati on, S
l' imit the capacity for reorganization beyond ¢
becomes irreversible. Finally, this Iline of r
strategies to reopen wi ndohwsa ovfi epw atsatwacrid yf uitnu r
for ampCyogiat. al ., 2023)
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A Cortical surface area

B Cortical thickness

visual acuity

r<-0.4 r<-0.1 r>0.1 r>04
Figure 28. Brain projections representing
acui ty, age at surgery, time since surgery,

visual acuity
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ion patterns with age in a control

group wi f

conducted in shetiidabledasethahlaengdéd at leeni

stimul-aai bedddécrngi the peri odsd of

deve

in would no |l ongéntlkre a@amle The lgeadump txa:
| escents in India who had been Dblind fr
and did not wundergo surgery unti.l bet w

S s hoiwemr orveermaernktasb | ien, t d@arn t riass,t
nces in |ight and patterns in
than those typically observed

tsheen saibtiilviit

t he

i n

envir

nf ant

S progreslsed theablgey, as urwhriichi nsgur ger y
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determine the magnitude of i mprovement, suggest
|l onger than p¢Eaiobase®Pnasbegmadhé)y hand, also ir
investigated the related question of what happ
| ater regains sight through surgery, but spen
resonanceheiymange ansgu,r etd t wo aspects of the visua
cortical t hickness, in 21 patients born with d
birth) who wunder went surgery months oho even vy
recovered vision after congenital cataracts hac
cortex compared to people with nor mal vision.
observed in individuals wWntbohifasobongpabingenst
|l ater in childhood due to cataracts and then
Mor eover, the more abnor mal the cortical struc
This study tthrearteefsortenedemamnst ence of a sensitive
if the brain does not receive visual i nput dur
of the visual cortex fails to develeodp anfotremal |
surgery, cortical structure does (Yl ifaul éty alor
202B)gupnp.®©t B8r studies confirm that there is an
vision, typically between 4 and 8 weeks of [|if
gl aucoma. More i mportantly, howeverdr eanc wietvhi ng
unil ater al congenital cataract depends primaril
and bal anced patching therapy, rat her t han 0

i mplantation i GLeeberyou2B8nhfants

3.4. The challenge of reactivating adult visual

The | oss of a sensorymodadalpltaystdan tyri ddart d

reorganization of the brain to enhance the wuse

not relywycahel atgectur al c hacnigteys obfute xriastthienrg ocn
reorgani ze through functional plastmcpotyemptr io& teis
(LTP)termndepression (LTD), and homeostatic mec

Within this cogntaentdermdtoapll astitdhiet Apl asticity ¢

i mportance. A central model is the sliding thre
for inducing LTP or LTD is dynamicallygendbwusted
ensuring both network stability and adaptabili!
in two main scenarios: in sensory cortices depr
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from other senses can be strengthened and recru
of preserved senses, wher e feedfor ward connec
weakened, thereby increasinpr ceé¢(esdten,g i2DW8and p
study by Teichert builds on this established f
of av insouna | sense, such as whisker touch or audi
in adult mi ce in whichxpwreah edap dNoittayp!l was tmd sl

dominance does not require monocular deprivatic

nowi sual sensory deprivati on, driven by an i nc
contral at er aslt aibd put Mo mraivres , the effect i's tr
dominance | evels return to baseline, suggesti.l
stabilize the cortical n gtTved rckh efral ledwiad g ,t Red 1&¢
4 . Electrophysiological Approaches and Expe

4. 1. A brief history of brain electrophysiol og)

The devel opment of electrophysiology as a sci el
when the Dutch microscopist Jan Swammerdam | ai

the relation between nerves and, mhbseckésweWot ki

stimulation el i c,iathe de amu syc,| ec | cecarrt rdaecmoinosnt r at i on
century | ater Lui gi Gal vDeeni Virreivbaulsut Eloend tzreidc itthe
Muscul ar i QolnvmPeln)t ,a madfetseorf ae xdpeecr i ment s conduct ed
Gal eazzi and his nephew Giovanni Al di ni , Gal v a
contraction even in isolated | imbs. He advanc:¢
bi ol ogicad Udydamrsj dro, and argued that l'iving
properties. Galvani b6s claims sparked a famous
the first electric battery. Beyond tsecni ebneceen, t
l'inked to Mamawnk 8(msédtrekehyréast sky et al ., 2006)

During the ni neteenth C e,netnudroyg, e n@Gailsv almid @desl ecd mti

vindicated. Carl o Matteucci demonstrated Ainju
intact muscl e, -RegimbedEdievetdop8&8di sensitive 1inst
what he ter med facti on currentso nshormerdves

electrophysiology from descriptive observation
nerve and m(Malesehéluhichn Lpad8vall el , technical i nn
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Li ppmannds capillary electrometer (1872), Augu
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electrical activity with precision, |l ay
e clinical mappi oMi ahdl.dj] agads) s of arr hy

sive |l eap came with the analysis of the s

obtained the first intracell ul ar recor di

-repataonzati on seguence with overshoot.

d -¢dlhemp otl ¢ @algrei que originally introduced b
all owed them to isolate ioniclgb2reméy un
a compr edle nsa dveel noaft htehnea taicct i on potenti al ,
@@ descri-dbmd t et fdgodeehnatwifousrodi um and pot a
tances. Their equations, computed with m
ng accuracy and inaugurated computational
, and John Ebel eSachwireerdi ndr,e 2®BAB) No

4 Hans Berger recorded the first human e
ations by Richard Caton. Bergero6s careful
ncenatv eofblaolcpgkhang, and pdemwtcdefioeat hg ebet
hiefosiyng views of seizures towarndriidgent i fi
, 2025)

ophysiol ogy reshaped audddamtrwr ys cp heynscieo | ¢

nes M¢!l FRerymobBri)l, dHer B @ain® von Hel mholtzbés
o Cortidés 1851 histology, r etsiecanr cahfe r tsh @ n
ry organ in humans (e.g., Andreef et al .,
me d t he first cochl ear i mpl ant , and Wi |
hannel work (e.g., Blmad derSi mmomisa nt1s9,6 4w h i

ormed outcomes for (ERiozp2ieT wa Q@ fhil gplrdo f coaumtdi r
ure not only through experi mecnotrarle cstuicocne s s
hasi zed by Giacomo Rizzolatti, negative

ves and r ef iompiemg eesxsp e roi meairctha lo ud ecoimers; i s

0 g(rMassssi mi.no, 2025)

recentopyieaabk, ebhettrophysi ol o-dgr icwenbi nedr oni e

del s
I 1i s

ectr

has-tdmahlgdhdp ultd,lgdmepas o | pai om mea-set €ment s
econd scal es. By mani pul ating FMR1/ FMRF
ophysiological phenotypes, studies have |
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and dysfunction, providing scalable assays that
neurophysiology(&nhdkdiesease,b2O0Rdyy

Finally, new computational maodaen&dE@rdgd hahave hed
change signal acquisition made.lrla@uhee rs uhcohw dsiirgenc
i ntegrates pretrained-i hephdad,sabhdmpatse hsapsi vKkii thhg m
net wor ks (SNNs) and Hi er artcohg ectahle rT ewnptohr aH e bMei naon
to capture tempor al dynami-grsadainednt v atrriaaibniilnigt ya
appropriate, neuromor phic hamomdwairtei,g atalme sleognlgy b
chall enges offiosEEaQ iaomalryi$tiyn i d eo wr astiiglm,al and i nf er
whil e improving accuracy, robustness, and inte

detection to emotion recé@fuitieonadnd RIO2H¢iI mer ¢
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4. 2. Ovei nigé w/noafnldt iLFP recordi ngs
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Figure 29. Local field potentials (LFPs) <calcul ated

Example showing how the | ocation of an excitatory s
of a layer 5 pyrahmi dl@&indmedron AbAassoangi)c or of a | aye
dendrite; Ad: soma) determines the spatial di stri bt

consequently the shape of the LFP redardtcedofatlL FrPsar
recorded near the synapse (blue) or near the soma (
closer to the synapse have greater amplitude and oc:¢
(C) Normalizaeld ¢peowsirt wpefctrhe signals in (B), showi i
frequency filtering of tfHeolB¥WYat ArdapRedi d wd MN&EU mMesy @il
77-0D85.

The | ocal field potenti al (LFP) is an electric
joint activity of popul ations of neurons withi
obtained with smal.l i ntr @acedroe Hrhaelg Ueslmeccyt rcoodmepso ne
(approxi mately below 500 Hz) of the extracelluwu
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which are brief and discrete, the LFP provides
other membrane currents (iEni ntehveo | nl e(lertg undsle.n2 &2r0 1t 3h) e

The origin of the LFP lies in the summation of
membranes. The main contribution comes from syn

and NMDA receptors, and inhibitorAs tlhegel gurme

flow into or out of the dendrites and somas of
through the extracellular medium and are recor
contribute, i ncl Udvhregh amatniyo no cpcautre ndgyirad lsr onou s |

producing sl ower and more prolonged currents,
associated with glia dBuz&kextetaael ,ul2®drl2gnvi I

The geometry of neurons and their spatial organ
cells have |l ong api calf adendrieintgeusmnaartriaonng eodf itnh epi
and the generation of strong, coherent signal
di stributed dendrites tend to cancel out their

attributed tmpyrtahne deadt inveuryonsf and to the way

i nhi bitory s ydneanpdsreist Baal zosngge etsheeti ral ., 2012; Einev
A B C
Laminar LFP profile Laminar LFP profile Laminar CSD color/

line plot color plot MUA line plots
% N50 P30 N50 i

3 mV/mm’,

C)

0
w
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Figure 30. Laminar patterns of auditory responses i

t o t hfer ebgeusethcy (BF) tone at one site in Al. ( A) LFP

el ectrodan wiptalc i n@0 bet waenan i cormttadtef t()scH B) Col or maj|

|l aminar LFP profile shown in (A); negative defl ecti
(C) Current source density (CSD) profil eowreriived fr
(A) and (B); red indicates sinks of extracellular cu
flow), while blue indicates extracellular sources (r
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I n r

Reco

ponses selected from channels 2, 6, 10, 15
onset. I n this exampl e, the MUA peak in ch
the current waisnlksE@SD)o iamall yyger th,e whiteh al

i sk marks a superficial sink giving rise
(2011)858Neuron, 72(5), 847

what iits name suggMistle, etllreretl PR eiss mao tn
vity of neurons within a few hundred mi
tant regions due to vol umemiclolhidmetni @ .
influence the recording. Thus, LFPs s
ources, rat her than as theFiag@Peity of
S , 2016 ; Kaji kawa & Schroeder, 2011)

is considered part of the family of fi
he el ectroencephal ogram (EEG), from t he
in the brain the IsARtsraASmembrnapetber sar
g to volume conductor theor ybuand hMayx we |
n spatial r eso(lButziso8nk ia nedt daelg.r,e e2 001f2 ;i nPves

anal ytical perspective, LFPs are pri ma
ship to other recordings such as neuror
oll owing an approxbmafasfi/ anbdaw] oweptle
it. Wi thin this tsruecnhd ,a sc htahreatcat, e rail spthiac,
exorrespond to network rhythms with sp
attentpbEPNEemgmd et al . ,. 2DHS8;r Pleasdstair@ams
spi kesf ieend fcioehled efhsp)lkd s used to st uc

harges are coupled to population rhyt hms.

ver , interpretation of the LFP is compl ex
polarity (positive or negative) directly i
nds on the geomebuycefinamchvent sepkadand c
tion relative to the neuronal di pol e. Anot
usively Il ocal; numerous studies have shown
te sources. uSiemidoerscprr eFRt ampli mply with ¢t
Vi ty: spati al organization and synchrony w
reras, 2016; Kajikawa & Schroeder, 2011)

ecent years, inhibitory interneurons have D
rdings in humans and primates have demonst
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i nhibitory spi kesofctoemmn rmdrueg et tsairh od xhaniteti aitlodcrnayl csui re
observed in LFPs. This highlights that oscill a
reflect the action (ofellediEcaluki reiti kilt.gr y2 0rlert)wor Kk ¢

The LFP has diverse applications. I n basic res
processing, cognition, attention, and memory.

epil epsy and Parkinsonds di sease] earhgedpaebodht

It is also emmphoynediinhebfaicems: being more stabl
than spikes, the LFP provides a robust signal f
syst(eeEmsnevoll. et al ., 2013)
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Fi gurDei a3gr.am of the process for recording and analyz

| ofwr equency filtering yields Hoeagluehicgl diporremnmnigalrs
activity. These spikes acan vhe ygr(dMURAgd cil utsd ea mul, t it
techniques, assigned to individual units (SUA) . The

bot h polpavealtiamursamgilref or mati on (adapted from Rey e

Ot her approaches to studying cortical activity

(SiNplie Activity), this one refers to the acti
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spi ke detection and classificati
identifying electrical di scharges
according to their
all ows high tempor al resol uti
participates in
pivot al in both clinical and
understanding the organization
interfaces
However, SUA recordings present
on complex classification
and consistent to be
A 2 Raw signal
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ntrast, Mul tiunit Activity (MUA) refers t
the electrode. I t -firse quletnaiyn ecdo mpy nehnt 6 e roif
0 X i RBa0t0e0l yHz3)00and refl ectsom ha Isadananlat heor a

ation, without requiring agkiigglhfreedthi ef ea
t hat MUA i s easier to obtain than SUA, S |
S more stableMUOKkemaitnmaindFuat hegmorce,r r el
ry, or cognitive information processed by
shown that with only a few MUA recordings
accur aewen smanwed imekust!l y than with SUA or

k & Abel es, 2007)

ri son between SUA -afnfd BOVaJtAweha g hrl @ ggahlt st iao nt re
rovides the most detailed and precise view
ine physiology of eaclnceéelhle amntherrt haspeciof
I measure that i s much easier to obtain &
| tfeoam lagpmpd i cations such (A mamdpl| entkabl.e &
i on, recent research suggests that both N
|l s such as LFPs, underscoring the interdepg
mbi ning them t d Acxrtardactetr iad her 2i0mRflgr nBautrinost
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Figur®i mMwBl.t aneous comparison of di fferent neur onal
Responses to visual stimul. of different durations
exhibit transient responsesads hahEPdecamaiard t ®uwus taaif reevd
with the BOLD signal recorded by f MRI . These result

aspects of neuronal dynamics (adapted from Logot het|

I n clinical contexts, both types of signals ha
role in the study of epilepsy, movement di so
mechani sms of gener al anest hesatat,e rhnesl painndg gtuo diel
brain stimul&@&abbné&stog b bNeleAyg,, ii2n0 1t5u)r n has been
source of information for the devel opment of m
for the study of nEugéB@edt amrek wh rAkb dlyemsa,mi 2G607)

4 . 3. Wh a't i s an ERP

There is a neurophysiological technique that en
motor , or cognitive stimuld.i t hr oughr eellaetcetdr i c a
potential s, known as ERPs. ERPd Brem vehg

el ectroencephal ogram by aved agikeg toclnispees fat

or event. Their main strength |ies in their hi
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in brain activity on the order of milliseconds,
processes such as attenti dS,urmemdriy,hal,aRODRI,

ERPs are divided into fiexogenouso and fAendoge
appear within the first 100 milliseconds afteil
properties, such as the intensitwsorcompeqgeehnsy
arise later and reflect how the subject eval ua
considered markers of internal cognliathieviel elr o c
according to their | att@OncWN1dWd PRIODr i NY0O0f oP3&X
associated with different aspetCkKst a@af QeFeadet mei
2011; Sur &. Sinha, 2009a)

N 4
&\
ot >':’«"\.
Sadlod ot ) % 0
3 -4
Faces Houses Upright Stimuli Inverted Stimuli
77 ms 177 ms § 3
(177 ms) (177 ms) (177 ms) (177 ms) —— Upright Face
= Upright House
TP, P, PO, 1 POy Py Inverted Face
: TPy
{ 1 Inverted House
. : RGN o
2
TP, P, PO, PO,, Py TPy

FigurRe®Brdesentation of the N170 componaeht st nmuleispol

topographic maps at the N170 peak (177 ms) for f a

orientations. Bottom: average wahvovei ogma 1 acgrdedeagta
(N170) for face stimuli compared with houses. This
sensitive marker of face processing (adapted from G

I n the perceptual domain, the N170 has been de
originating in the fusiform region. This compor
moment at which the brainrryeodgrritda ennfFéd gsaeihalalsy
3 Gao et .alAnpthet9rxample is mismatch negati vi
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preettentive mechanism for detecting changes 1in
primarily in auditory cortex and, to a | esser e
i nvol vement , t hough | es snsctornastiisnmg nttow htame t ke maic
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egul arities even( Rwsthbwrug,Ac2o0hGass)s o us aatdt erRt e 0B

mple is the N400O0, first described in 1980,
er the presentation of an unexpected word it
egratindgntbe astsiemmalnus ¢ context, and it i s
ning processing. Thus, when a word fits pool

the brain dete¢Kataemé&ntFeder medbagruRO0ilés}

guestion arises as to whether an ERP can o
racrani al recordings. Available evidence sh
ained from | ocal field pomnentilallFPsFR)Y er eoo
siological anal ogues of ERPs measured at t h
|l eptic patients show that intracranial pot e
ivalent to clhisghernl sE®ftisal bpt eawiigihon and |
idate the interpretation of surface ERPs as
L(FKAsorens et al . ,CuWwrOrlelnt IRyo,s bsuange a&2WwWtOBYr s hav
mi nol ogi cal di stinction: to refermetat ERPs 1
al Field Potentials), emphasizing that alth
ordings @pddoivi den al l evel of resolution and |

ronal ( abalalpams et. al ., 2025)

The monocul ar enucl eation model in rodents

monocul ar enucl eation model in mice consti
sticity and the consequences of extreme SE€
hods, such as eyelid sutureeoofdapkntaeaebuog,
ivity, enucl eation i mmediately and irrever ¢
ven input from one eye. This makes it a robu
cise analysis<tafonahe anducenodralul afumrhanges

vous system after the |l oss of half of the vi

8 4
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Optic disc

Fi gurRep3rbesent ati on of the monocul ar enucleation pr
(A) Removal of the eyeball using curved forceps gr a:
of bl eeding or apparent damage following the inter)
choroi d, and optic oifsg, obef liaedteigmg tyr eg &1 v a/teinam al

cleanly severed optic nerve (asterisk) andtabsence ¢

the technique described in the text and demonstrate
terms of animal wel fare. Adapted from Aerts et al .,
From a methodol ogi cal perspective, highly rep
perform enucl eation in mice. Oneamwmde d$tirtelBnoat w
ket amine and medetomidine, followed by ocul ar
position, a curved serrated forceps is inserte

movements are then perfogmed, taol Icowmisng itchte amamyg
of the(FegabalThhd s tadd hdmitceuwe ,i nv18n idmalss offr mamg el & f |
opening t hrough adul thood, of fers sever al ad
postoperative recovery, a relatively short | es
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bital ti ssues. One | imitation is that it may
alyses focused on ocul ar t i sswietsed hfeonrs e$ ved i
ntral visua(lAesrytsst eem pala.s,t i2cO 1t4y)

peri mentally, monocul ar enucl eation ( ME) h
vel opment al stages and in adulthood. When per
e nor mal maturation of visual pat hrwayesntasnd tth
cludes rerouting of retinogeniculate and ret
(I as the recruitment of deafferented neur ol
di fications are acchmamagrised nby hmorwp lsalad gicoalt
ur opi | vol ume, increased neuronal densi ty, g
crease i n dendritic spine number . Mor eover,
asticity: regbsansk cant ibceaclo me responsi ve t o
mpensat ory mentohdaanli srneso (raghaswciredastaalon, 2015)

e model has also been applied to humans, pri
tinoblastoma or other ocular pathol ogies. The
d | ateral genicul ate nucbeudg habuthebbpbso mhuntt
hance certain visuospati al abilities, al beit
ereopsi s. Such findings underscore the tran
derstanding WwragnepltrhgKecbyuygpetbbhEEs, 2014)

for alternative experiment al approaches, s e
i st. Eyelid suture prevents visual stimul at.
rk rearing eliminates witbsubtyinbotrbhaotuhat in
ch as TTX blocks activity transmission. Ot he
tinal ganglion cell s, such as experimentally
eful f or cstasdyyeicng sofe coiifsiual plasticity, incl
generation processes, but they cannot substi
nocul ar enuNy®adti .oml (ME32015)
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Objectives

Objectives

The general objective of this thesis is to dete
wi t h potenti,alracsdiemamciaal udier ect current stim
enhancement via donepezil, andra bt ector emddwuli s
plasticity of the primary visual cortex (V1) f
guestion rigorously, the work is organised ar ol

first, the nerarapthegsi sdbigomwadf cV1l under physi ol

a systematic compautcbenatiwomhst dtee,potsd finally
treat ment , separately and i n combinati on, on
plsaicity. This approach integrates electrophy
(LFPs) and wunit activity in awake animal s, with

compari sons between sensory cotnicthwlisatoinen abodidl ip
rest on objective and reproduci ble measures of

First, a specific objective is to characterise
Thi s entail s describing t he organi sation of

(somatosensory, audi tory, oalndaniinalasl,) tamed persafai
rel ated osciltlritalonsymaalr oinmtsant i on t hat def i |
Characterisation wil/ be carried out by me an ¢
appropriate, uni t act iewfdt yed SBAI MBAY DbDn awalka
foll owing standardi sed depth and duration prot
and | ayer s. Thi s stage provides t he physi ol o
attributable tahmonmdwlrarenlto osnsomatyo be i dentif
Second, an objective is defined to quantify ho\
l oss in an experiment al rodent model of enucl e

state and the enucl eated stidathe fwkigluemezgeol ot ipo]
shifts in evoked spectral power and the reorgan
somatosensory, auditor yl,esanodn veivsad aulatsd toinmuwdiil.l T
cohorts speciffurceal wiynddowe doft or e@apgani sati on and
enucl eation and cohorts with pre/post measures
can be dissociated from the tempor al course of
phasticity that emerges in V1 is predominantly

from touch and hearing), thereby setting the gt

Third, it is proposed to evaluate the modul ato

mar kers after enucleation, comparing tDCS, don:¢

8 8



Objectives

and in combinati on. To this end, cohorts are de
are applied according to par amet er i-dseefdi naintdi orne p
epicrani al montage over Viregidmemi sbnaisoboentof
|l iterature on cholinergic enhancement ; and a s
ani mal groups which, in addition to its intrin
donepezil to batedcpbooads AltE maintained in e
maxi mi se plastic competence, in line with evid
restores components of ocular plasticity in ad
notl yonwhet her the interventions modul ate V1, bu
specificity by sensory modality.

Fourt h, an objective is set to develop and ap|

metrics to quantify plasticity. Ther speen c\al (
decompositionr e¢eloatexd rpawe review ttbrainadl (ERSPe camide
(1rtc), as complementary indices of network reo

specific coherence maxi mume wt il hatboer noefa srue glo nas

all owing advances ostdel aysonswbthatlked wi éat meéa
metrics wi || be summari sed at t he popul ati on
di stributions without assuming normality, stre
of changest hienduecseidonbyand by the interventions.

equip the study with quantitative tools that s

and of t heir modul ati on.

The fifth objective is to compare systematica
combination on the same indicators, with partic
effects of plasticity whceonrmpadmmi wiilslt ebe dc aron ine d
the same recording time frame, identical sti mu
with the aim of discerning whether there are di

or by frequenaypphbhamdbdred, owherdenti fying combi ne

retraining of V1. The cohort structure (with
combination) guarantees causal inference regaroc
chhge in the defined biomarkers.

Lastl vy, as a transversal objective with clini
operational principles for visual rehabilitatdi

the reorganisation of V1 matrtke risntaenrdt ii it eirsv etnd i
can guide future strategies of perceptual trai|

parti al l oss and in contexts of restoration of
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ambi ti on
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clinical
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modul at i
framewor
validat.
competen

foundatii
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0

k
0
c
0

i s that i ndices derived from ERSP/I TC
atpopnaanddt hat |l owt erventi on combinati ol
slate into testadbdwi vhey pportchteses! s nc chnupre

practice.

ether, these objectives articul ate an
i cal baseline to the state reorganise
n of plasticity by steiamwsl adafi omDCX,l | d o
of quantitative analysis by frequenc
n. The cohort design and the wuse of
e provide t hleevsetludyf we xperanmead dail t icoonn
ns for a responsi bl e -tealsillaitti @atni o 4 ¢
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1. Materi al and methods

1.1 Experiment al mo d el

Sex was hot considered as an experiment al fact
facility revealed no significant dif(f24 eMcles i

16 ufh)dder identical housbhDeagemdidngeconridhaegexpadi me
ani mals were assigned to two housing cohorts.
standard co8di ttahmh sse(crond Bhousing cemorntcheds m
environment (n = 17at.edynlaensasl yostelse rawnids ec oimrmpdairci s
wi t-ttomor t .

I n the fitrodta3CwwtiBUL2tGI ami ce ( M| F) , aged 2 to 6
Charles River Laboratori es.-colrhter alnliaemhl| en wierrcen rme
lzhour |l ight/dark cycle, in standard cages cont

Il ibum. The facility provided filtered air circl

AcC. Each cage was additionally equipped with a

wheel |, and cardobbattderdb&brioomeat us wlarsee.peci f |
Et hical approval for the experimental procedur e
-Comit ® doé®t Ritqwee aenti mad )biodn t he Uni versity of M
2010/ 63/ EU of the European Parliament and of ¢t

scientif,icumpdierpo®iaBiocalar Rl ed out under t he N
aut horization LA15000214.

The seclhhordt of 17 C5-8Bmébtthmsm) cewat MeBus2dnmenenr

cages with a maximum of five mice per cage. Ea
per cage), shelters and hideouts, cawodobdoeanr d t ur
toys) to promote sensorimotor stimulation. Bed
food and water were available ad 1|ibitum. Roo
l ight/dark cycl e. Enrichment waand damit malas wer
acclimated for at | east 7 days befofteeexpaAlrl me

procedures were approved by the CEBEA of the Un
2010/ 63/ EU of the EueoPewamciPlardmameatpraodeotfi o
scientif,icumpdierpo®ia®localar Rl ed out under t he N
aut horization LA15000214.
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Ani mal s were monitored postoperatively wusing bf¢
scal e. Cases of persistent or unrelieved distr
ani mal was eut hani zerde!l aTtreadn sphaeigre dwand tpimaoa e dap @ |

anal gesic regfmeati dnd Hpromsltadnets dh(olmeeadd | ooseni ng

det achment , t he saachi ammd mweafsh iametsitdre ewas attempt
proved infeasible orethettdevaoéemhhdwabreatdhadet
1. Model Valredatsoble visual deprivation

At the beginning of the neuronal activity recor
eLFPs in V1 appeared |l ess fAprototypical 06 than
stimuli. We hypothesised -stthilarau ¢ heeyeancoiloc amo @t
gain and reliability of wvisual responses in V1

apparently reduced robustness of the waveform.
inactivat was papldeimgmtued C57BL/ 6J mice (n = 4),
recoudededr contral ateral and ipsilateral monoc

stimulated eye was mani pul ated either by optic

(intraocul ar TTX injection). Gi venVit,hei tc owmasr al
anticipated that responses t o contral ater al s
i psilateral stimulation under al/l conditions.

The TTX injection protocol was adap(260604)y om Mi
Unde3% 2i soflurane inhalation anaesthesia and

conjunctiva was exposed, -Gangi Itk es wtl wrbee PEdasasvaed i
conjunctiva. Ophthal mic ointment was ud@pl i ed t
moi sture. After conjunctival di ssecti on, a fin
corneoscl er al junction to access the wvitreous
stereotaxic holder, ensuriagdppreendéecdept hatop
connected to a microinjection sysélen (nmPh.cofspr i
volumel od6f 1TTX (1 mM) was injected (saline in
pl ace for 2 minutes before removal, after whi c |
drops. Mydriasis occurréedlaryhing®5 mehleas was
treated eye. Retinal bl ockade foll owing each ir
Once vision |l oss in the eye of interest was ¢
hemi sphere while monocul ar visual stimuli were
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1. Mat eri al and mi

eye relative to the recording site. The same
performed with an eye patch-pharsmaeadadl ogfi c &M X,0

mani pul ati on. This design allowed ds tthe dde®ther m
stimulated eye affected the amplitude of visua
the expected contral ater al domi nance over ipsil
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100 ms

Figur\wve s3uwal ly evoked | ocal field potenti al (eLFP) re

mani pul ati-ehi mbl ahednewne. Left col umn: stimulati on
site. Ri ght col umn: stRawd -bttwp mdpf thbhetirpbi candrial o
the -staoamul ated eye (patch)-stirneutliantaeld belyoec kvaidteh oT T Xt.h e
bil ater al i nactivation (patch on one eye and TTX 1in
per cogndihtei gm ey bar indicates the time of the fl ash
ms) are provided in eachdamamall. s.Representative trac:

I n the control conditiodefvinedphbegtiinelkeabmphea\
was -tomked to the stimulus, with a clear d o mi
i psilateral one, as the eLFP amplitude was g
i psilateralisyt.i mivhen edhewrbhwas patthdetdhe respo
eye was enh@aerakdampkakude increased and the mor

sharper, with no evisdeenftf ecchta nngaeys siung gleastte ntchye rT
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1. Mat eri al and mi

suppression and/or a rapid gatinmaldadtued meyne .wd

with TTX, t he

amplitude of the evoked component

and | atency of the eLFP werme prheager,vednal Thirs aa
and reduced reliabilityodo suggests that TTX do
stimul atedhalgem@trex) nabut instead affects the g
compl etely abolli ghirnghggdamgIltihoen bcleolcked eye, t h o
normally maintains the excitability and synchi
circuits may be | ost. This effect contrasts wi
bacel ireti nal activity or the subcortical tone
interocul ar competition, thereby enhancing the

results indicate -stthiantultahtee dsot adtyead esft r¥abneggldyin romo e «

i ncreases it

contral ater al

TTX bl ockade decreases it and r
stimulation evokes(Fggempéeé ed36 ampl it

1.1.2 ModelstVanuii di&teidomot oratceonmpyonent s |

Stim

50 uv
4 KHz
: He
-——-—-H
50 ms
Fi gurCor3t7i.cal response (eLFP) and motor detection fo
(blue and orange) from the same recording, overl aid

band mar ks t he

stimul us wiendonwdi(c'aSteismé&diRe mMahlel Rr wltda t dear

stimulus) . Bottom: mot edr kdHlegnnelhei mpus i egrdam hread d i (n0
threshold and the grey curve the energyotoveé¢vprt TF
(473 ms) , occurring after the eLFP. Scal e bar s: 50 O
As an additional indirect wvalidation, randomi z
di stinct ani mal cohorts to compare the | atenc:
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sti mMuilused motor component s. Ten animal s were
each ani mal, two complete recording sessions Ww
three sensory modalities wer-eccedde nwiitfi ed e ti enc twah

mo t-roegl ated activity.

To capture the onset of the vibrissal mot or cor
| eft or right vi-birelsd asenaond wasnagoeitiiconed a

Locomotion was detected with momweimestr wmd mtge da W
sensor . Eyelid closure was monitored with an
magneti sed met al f il anfeinetl danddettelte i s @A mes y snhg me t
perturbations of the field were interpreted as
Mot or signals were routed to the CED acqui siti
recording in F®ancecanmrcaam smddreu.l ati on event, a det e
t wice the baseline activity; movement wa s dee
threshold withshi mubused®iOnhdnesd aff @ i gsudienud 7at i on
Latencies of motor activity were entered into
same event, a snapshot of the episode, the ani

Medi an | atencies were 97.9 nisorf aorhet heeL FnfPogt otrh ec on
val ues, in that order , were 70 ms and 14 ms.

1.2 Surgery

1.2. 1f Heatdi on and craniotomy surgery

Al ani mal s under went surgery to expose V1, \
di stingui s-mmddbgmetweor 1crani ot omies above the |
approach describekl2b@O¥annBcakkaboeatiadbn with |
Laboratory of Neuroplasticity and Neuroproteom
determined that di fferentiation between the m
Accordingly,estlbd dwowdrhdirneagi ons were adjusted t
monocul a3r. 8 Arbm;= L = +2 mm; r el ati®@e8t oombr &€gma}3

mm; relative to bregma).
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Platinum/Tungsten

Fi gurCev e3r8v.i ew of the technical and anatomical compon
setup used for neur al recordings, including the el
microelectrode encased inf qg8@&ar®&m. g{(BysSwhematwi ¢ipepq
mouse with a cranial window and i mplanted electrod
recordings. (C) Recording sites overlaid on brain a:

bi nloeru (V1B) and monocular (V1IM) regions.

Prior to the surgical procedure, mice were ane.
for i nduction in a cust dm saeddmi ins csft leurean evi @ah aam
anaesthesia mask (mask kit f oevretmi cPa,r a6n8ad 0 ICrRWD)
B. V.). A silver wire electrode was positioned
recordi ng shyosltdgimiged hwaasdt hen i mpl anted, consi s
skull and an addietidowal obelt thleaméed!| upei dand pei
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1. Mat eri al and mi

plane to allow head fixation during the exper

electrode were secured to the skUu$88n-tusem,g dent

Campos, eldnamal s2®2b placed in a mouse recovel
the animals regained consciousness, 0.25 mL of
to minimise postoperative pain. Body weight wa:c

s&@l es were assessed to determine the need for
Ani mals were all owed to recover for at | east S
str(isgude 38

1.2.2 Monocul ar enucl eation surgery

bmmmmmwwm
Figure 39. Schematic of the monocul ar enucleation p
basic phases of t he intervention (ani mal restraint
i nstruments) . The QR codefl ithls protacadlemomber auirge!
following the modified version of Aerts et al . (201
anaesthetic depth are described in the Methodol ogy !
The monocul ar enucl eation protocol was carried
by Aerts et al. (2014). Before-athesdthaertti stelde ws u
air/isoflurane mixture (3% afner cihmdnbetri)an Onrc ea
consciousness was oObserved, an intraperitoneal
mg/ kg + ketamine 100 mg/ kg in saline solution)
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—_ o~

QO < 29 OO O d O

the absence of paw withdrawal reflex in resp

the eye to be enucleated were disinfected wi

ani mals were positioned on a flat, dry, ano
procedure. A sterilised curved f o8&0cesps with
.4 mm) was used. Gentle pressure was applie
eyeball and expose the optic nerve. The f ol
mp the optic nerve, i duereel Ityo aetn ctolmep alsesg it rhrei n
nk. With the ani mal held in position, circu
st resistance, gradually increasing the sp

chment of the (glyphehtvéyenmndokrasd® ZBotvemehhs ks .
eyeball was removed with a c¢clean cut of th
rent damage to intracrani al structures. I n

i scous hagkimpsiteat3d3 T agent

r enucl eati on, ani mals were placed i n a mc
ent corneal desiccation of the contral at el
ied. As the animals regained oognsicli)o uwsarse s s |
ni stered to minimise postoperative pain. B

, and pain scales were assessed to deter min

mL). Animals weresetabbuowaddagsrpcooertbonec
ce stress. This pr ot orceoplr oidai s® taaasidgchit af toer dv aw
mal or no haemorrhage and rapid postoperat.

1.32 DCSur gery
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Figure&acHd®dmatic representation of t he t DCS stimul a
configuration adapenedalfoRdmwEdgchéedz positioning of t
el ectrode, recording electrode, and reference el ect
present st udymadvwe tAlg/tAlgeClc usithogmel ectrode pl aced over

with the separation between the monocular and binoc

Al l animals in the tDCS stimulation cohort und
current stimulation (tDCS) ring electrode ove

procedures remained identical toetti sesde wdea hcral
air/isoflurane mixture (3% for i nddaédds ivdm ian a
stereotaxic anaesthesia mask:; mas kVeki,t Pfiara il c
Critical Care B.V.). Once unconsagipausntdutshveo he ad

craniotomies were performed at the coer.dBi nat es

mm; L = +2 mm; relativ-é. 8omimr egma; +®i mmcut afrat i

I n contrast to the o0%8eclhezanh ofrt0sa’b austh dienspi r e
chlorided silver (Ag/ AgCl) ring electrode (i nne
such that its center coincided with the separa
measured approxi matel y e 5r inmg awa d tfsi xned rtoowetshe
cement (Dura(Eagu)elAMMd, reSmi ning steps foll owed

section 1.2.1 Airi mdales mreerheo dpll dagegd i n a mouse r
red | ight.réAgathedanomatbsousness, 0.25 mL of ME
administered to minimise postoperative pain. B
days, and pain scales were assessed to deter min
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(0.1 mL). Animals were allowed to recover for

(e}

reduce stress.

1.3 Recording of LFP in awake ani mal s

Speaker

Air puff

Visual
stimulator

FigurSchlelmatic representation of the multiseadory r e
awake mouse. The ani mal wal ked on a running wheel w

cortex using a micr oeclheacntnreaad émv reoruolbtt é imud rat ar se wenm e p

from the animal: t he wpiastutaelr ns tliinguhlta tfol ra sdheelsi vferroemd tghrei
to the left eye (ipsilateral to the recor duefdf hemi sp
to the right whiskers (contralateral); and the audi
ani mal (contral ateral), emitted a 4 kHz sinusoi dal
recording, t he ami malmawas sftridd ,t awvirthn head fi xati on

Before the recording sesdaynkBabittheataino mapesr iuad
facility to adapt to the new environment foll ov
were further habituated to thet or eecloercdtirnogp hy et

recordings to ensure familiarity with the cond
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activity was rptatdedmidsungsgedr Bgwoovort ed¢tirode
a circuclhaaanmelveenckhorn microdrive (THdmas eRecor
3&A). Power | ine noise at 50 Hz was +Sgmdweaend ,wi t h
USA) .

At the beginning of each LFP recording sessio
movement within the designated area of the rec
while the animals were able toemoesttieecli pnobhead
|l ack of head movement . Once the ani mal was pr
el ectrode was connected and the stimulators we

areas targeteBoforast.i maet aaion 2002)

Al l stimulation protocols were defined and pro
several protocols are available to evoke respon
through a flicker( GQagmbliiagghhti feltasanl .at V218 LthF Lope
stimulation was delivered perpendicular to the
wi t h a duratilom wodI| e3c0t endis experi ment al cohort s,
stimul at ed; the corresponding prbtcgtdtur esi as e o0
measured 100 | ux at the source, 7O0-hloux zatmtal cm,

grid system. Somatosensory stimulatiath X oklMzsi st ¢

(contral atengl stbe}) hel astiondi 30 ms, with a del :
contact with the ani mal. During the design an
system, acoustic and video assessments were pe
focally to the vibrissae and did hotclparoadtder ics
the acoustic emission of-ltevel wmeslser esnteinmis| avte o n
in a quiet room of the akneirmaclo nftaaccitl,i ttyh.e Ad e vtihcee
ressure | evel did not exceed 30 dB. By contr
mbi ent background (ventil ati7®dnB,d dQuisp meinnt , t hf
xXperiment al setting the stimulatorés acoustic

0 dB value referwoteetfimeasumabdai-noédwml| s@céel)

ri ng rRrceowridiunsgsstudies have reported that suc

®Q O W d® © T

u
cta vtahe auditory sysimomalt ¢ nhil niemicee Slhime gmr @3
h

—

eir setups to produce approximately 55 dB at
around 70 dB du6Gahge=zxeter alimead e2 0c0h7e ¢ k2sO OWBe)r e p e
sever al times per year, coinciding with routin
was adjusted to avoid i mpinging on other facia
consi stent causapufel dei onehiyp abdt weggeerh i d c | 0s

however, that it is not entirely feasible to el
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and therefore a residual auditory or mechanore
acoustic l i mi t s, measur ement frequency, and \
met hodol ogy was established to ensupei mamitl yt h
reflected whisker deflection. Auditory stimul at
the right of the ani mal (with ears uncovered),

ms( Taberner & kitbdrMHan, 2005)

Using the previously described device, the el ec

windows to a depth of 700 Om at a speed of 5 O

to 600 Omniawmdeai 2t erval was hal |eolweecdt r mgfthyrseé ol
recording protocol. Neur al activity was recor d:¢
(visual, somatosensory, or auditory). The same

Om in both the birneogciuo nasr. alhpdo nmocnoontpulleatri on of t t
after a maximum duration of 2.5 hours, the c¢ra

bone (Fwagxud).e 41

1.4 Unit activity recording in awake ani mal s

The protocol was essentially identical to that
was empl oyed;plmda menluyn/ d waargtsz en mi croel ektrodes,
Mgt o facil-uniatt er esdorgdiengs. El ectr odeshawmered mou
Eckhorn microdrive (Thomas RecordingseE, Gi ess e
the raw signal, and 50 Hz noi smi watseSryefmbevhesd u s i
USA). Prior to the werceordalilngwed sis5 omisn u taens mmafl sf
the designated area of the recording setup. Aft
ani mals were free to move on a running wheel

cal m, the eled etrrecdde was connected and the sti mu

Al'l preparatory procedures were identical to ¢t
electrode differed, -asidnaatiiviveysée8UAh Was 6
crani al wi ndow, wiutnh tbatch i SUAJadgiMiJmg | Wikt eOnce
signal was obtained, the recording protocol was
for 15 seconds, after which the stimulus type
three modalitieBhihad depnwaelrepeaetded unt il 900
compl et ed. This procedure ensured that neur ona
types of stimulation while minimising the risk
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stimul.ii within the same session. Recordings | a

furtherllanal ysi s.

1.5 Treat ment s

I n this section, the three i nterventions used
deprivation (MD) are d&scrtmhbaends ecvarsiealt d&itri enutl a t
(tDCS) ,1abd donep@z. |Onliny e<ttiimwml tli.d&n/ drug pr ot
cohort composition is reported in Section 3 (M
pl assmbdutgting i ntreapodotritensweral Imai ntai ned un«
enri chment (EE).i cdbhes | it hat atEHrieg eieoecnM saan gel v en

plasticity into adulthood in animals reared in
induced shifts in ocular dominance; in parallel
Vi,roladensfieildualover age, and reorgani ses cort
anat ofmircatli onal Ssubstrate that may ¢(Bitkoktiate t
Bahena et al ., 2QPRS3TheGrEklE fpzruoteotc oall .ap p2l0iledd) i n t
the cited studies but employed | arger cages (86
toys, shelters, nesting material, and at | east

dugi nransfer of thecaonmidimalgs atre at ie® maumdlai n no

1.13 DCS

To modul ate V1 pl ascturcrieenyt, sttriamuslicartainanal ( tdD G S)c tv
higefinition epicranial mentage (AgpAQgE€H) byi ng
described-LeynS@ae2a®2. 5 mm inner diameter and 3
affixed to the skull with demdadalr eteuremte | d otgred d
shaved back, moi stened with conductive gel, s o
el ecanmnddmi ni mi sed at the return. tDCS was appli

pad (reference), following that configuration.

Pol arity was set to anodal at the ring over V1,
i n the rode(nGambisaugghi aceoth thebxs , sRBOWwnd ) functional e
protocols (200 OA, 20 min for 8 days) in an am
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dor sal return. The 200C®HNCafHvaehe iawa sd Irr.ogrmh a2i Onkeid)

and transferred to the ring geometry, with the

Each session consisted (0@a saC ac§donasftoa netft oddad r.r,e n2t 0 1o;
min over two weeks to mirror the.As eatrmefndrse moee
f or cduerrrseintty ranges in mouse V1, an epicranial
at 250 OAel Fotrr @adeii mamgieawi th T™Yom andmdcu

cmy T8Txcpm] ; OW0 .t HA00 mA, the current density at t

8

5 4. 24 nKlaamh)i aghi . etAt akt he B0 Lin) rteturn, the
8 0.033 mA/ cm], some orders | ower than at t he
An | sEoA320n sti mul ator was configured in EXT/DC
out put was kept active by applying a constant

Cambridge, UK). The iandgdsuirCendag s:Ad) Bad206eOf

to RED+ for anodal stimulation over the epicrar
to the dorsal return electrode (6 c¢cmj rubber p
controlled from the Power 1401.

1.29 njection of Donepezil

Donepezil treatment has been widely wused in rat
training increase acetylcholine in the <cortex

upregul ation of chol i ner gtiecr m épdegusth@amg etsh atT héd cul

that combining cholinergic potentiation with vi
pr oce(sCGhianmgppoun et lal rat?20a846) well, but after opti
crush, donepezil treat ment i mproved-tbeagkbtdness
cont(rChlasmoun et lal cJ]i2a0ktada) trials in children a
strabismic amblyopia, daily oral donepezil was
according to age or patient i mprovement ; part.
day. The acuity of the amblyopic eye improved
di scontinuing the drug, without changing the v

potentiation even after thel acsrtfinciicte plerj o202 3)

I'n this stuURNRZDPEZN e-fSB dyimiac hl, 0O MD&)8 2vias di ssol ved i

0. 9% NaCcCl and administered intraperitoneally a
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Foll owing the prot(@QdOUdiic)de Chamecutnmnoet wak. gi ven

vi sturadi ning session to coincide with the peak p

Al t hough in the original pr ot oc ol-acscta mpua naytii nogn

vi sual treatment used there consisted of three
a |l uminance of 37 c¢d/ m], whleurse assu bitne ntdhreed par essnean
ar ea,; therefore, 5 min were added-stomuhatipbdbmn

duration of 15 min.

1.5.3 Visual stimulati on

As mentioned in the previous section, donepezil
stimulation to facilitate plasticity processes
protocol used in that | irt,ergitwea-ren iwbasst vieoo fblei cakdeo
l ight at beta or gamma frequencies reactivates
processes are no longer frequent or are linked
' i ne of stfionullpaMa doent waalsNe v 0t2t5g | e s s, as wil|l b e
Result s, in the control condition the frequenc
stimulation is theta; therefore, this frequency

typestméntrware carried ouwtdni rSuti ersul aftti eorn twhae idr
n

donepezil or during tDCS, at 14 cm from the eyc¢
using the same visual stimul at dire tthate wds resod
i . e., light flash (measured 100 | ux at the soul
ei éhtotr i zgantdalsystem. The ani mal was awake and co
fixed to ensure theiangle of visual sti mu

16Hi st ol ogical <confirmation of electrode positi
At the end of the live animal experimentation g

was carried out for the target brain regions. .
(3%-Mesto), foll owed by a lodt tkelt aimm tnrea g €r0i0t angd &«lg )
cases, a needle adapted to the recording setup

of approximately 2 mm for coordinate verificat:
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dye solution cobitlimTat ngme&t Iby Imgi/dmlcar bocyani ne
|l nvi Edoge@enet hanol, according to the Lipophilic
To ensure accurate alignment with the targeted
with 4% paraformal dehyde (PFA) wfaisxederifror4me dP F A
for 48 hour s, and embedded 8l6 Pm)afweiea bbbakse
approximate coordinates of the cranial wi ndows
Viol et. FIl uorescence i magi-Fh gFIwaar ecsocnednuccet eRlh awsi et
Mi croscope PFS Lumencor J@gaNn)koums iCog pamaéxoint atlTio
of 549 nm and an emi ssDiodne tweacvteiloenn.gt h of 565 nm
El ectrode tracts were clearly visuRildisgerdalusnder
marking the entire |l ength of the trdeksnwidt hou
fluorescent bands were oriented perpendicul arl
monocul ar zones, confirmimgVia.ccluheatst aBdlee tfrlower
enabled precise identification of el ectrode tr
which requiredueaopracddd ssiomal bayisemd standard p
preserved tissue integriDivwl sor fhgcithéatadalk hee:
of closely spaced electrode tracts, ensuring t
corticdalDirCagiloonset gdbd,| ulsa9@)t es the overlay of
Franklin and2 ®ha&fjunrotsh eart lvaasl i dati ng el ectrode po
2 . Data analysis and statistical met hods
2.1 LFP recording analysis
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2. Data analysis and st z¢
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Fi gurSe g4n2a.l processing and sel ecti ofFair comi |EERSIP/tlol O ivgah f
three columns correspond to somatosensory, auditory,

is applied to eac€) madael shpwanfilopaerath. (A

(A) Grvaenrdage of al l stimulation events from a sing
represents the mean response, while the shaded grey
(B) Superposition of eight indixirdadl responlsasi orse
averaged waveform and its variability.

(C) ERSP-Tand&dll Ctodhhrer ence (I TC) representations compu

shows ERSP values (dB), reflecting spectral power ch
represents I TC, i ndi cat iancgr oplsa ster i all isg n nmiehnet bcootntsoins t |
corresponrddlnagt eedv emat ent i al (ERP) , where N1 (magent a

time points with the highest ERSP and | TC values. T
the BRS8PI TC maps, |linking spectral features to spec

Local field potential (LFP) si ¢gndailgsi twaelr ec odnivgeirtse
using a Power 1401 converter ( CED, Cambri dge, L
sampling rate of 25 kHz. Of ffldrnme ca nvail tyls eSp iaknad2 v
Pyt hon, and EEGLAB (a MATLAB FRiogodifbeo x adapt ed f «
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2. Data analysis and stz

The evoked | ocal field potential (eLFP) is a ne
in response to specific stimuli, captured direc¢
sequence of positive aediatgati aeceedef becafbas a
features enabl e the identification of neur one
components (N1, P11, and N2), which are critical
(Davi es, 2010; Hel frich & Knight, 2019;. Kaan, 2
The re

ot her instankiegdg€d.ol |l owi ng it (

lative timing of N1 and P1 varied across

To assess the reliabilitavefagdhelLRRuaatosesapbh
events wasFigunieut eflchi(s representation provides
response pattern, in which the central bl ack ¢t
band reflects variability across trials. To fur
eight randomly selected stimul afigdBevehhiss wer
vi sualisationetmidalcaweseftdhrams sgemgeér al ly foll ow

expected variability, supporting the stability

A spectral -eawmn&kleyds irse sppfonles was conducted using
data exported-rfaloant & i keect rEvlengeraluathbad i pont € rEtR
( ERP) measures were quantified Ifoorlnheo wd mdy Makeeip

(20.014n t his study, t he ERP corresponds t o 1
( Newti mef VisionSpike_ V1. m_DR) was I mpl emented
amplitude peaks, their | atenci es, and -associ at

freguercoymposition wakQ alhp | i @ dg o Maltqtuéeacclyy tpioment
spectr al power was oimal uzed@asedi hemgrranThe eno
values were then expressed i(nGrdaencdicbhealnmsp Uu&s iDhegl oa
201(E)gd4Ee upper panelnt.rildf( $sguentnpatreys, tfhoer spectr al
of kati aflr dagmuc niciymb e n:

ERS®0 g SO "M s
Il nten al coherence (I TCH,ocaklisnog rfeafcetrorre,d waos auss etd
consistency of oscillatory phase dtockegi \LerP | a

trialle®s summary F {dendt etsritaHes , cdmpl ex kapectr al
fregdaemaytt i mben:
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2. Data analysis and stz
e e
O"Y0 @d - pro~arwrcu
3 SO "o s
At each frequexsicfytnsardeatliinzee dp otihnet ,compl ex spectr
by its magnitude to i s@lhatse plradeo,r sawermragesd tth
computed the | ength of the resulting vector yie
and lec(tperbfakEngd ¢ mi ddl e panel ).
For each selected point in the eLFP signal s, EF
the peak values of ERP, ERSP, and | TC were rec
qguantitative analysis. For eaebtr ER&Pdiamg, | {TiICe
identified and aligned FwigtdlZeNbpoptPbdbm @madeN2.i dhi
were extracted automatically from the EEGLAB ar
heat maps.
The extracted ERSP and I TC values were then ana
the SWapbkrbest; as assumpWalolhiss wiee £t ssowemet ys &
group differences, and Dunnds post hoc tests
bet ween stimulation conditions. Data are repor
are displayed with boxplots.
2.2 Analysis of wunit activity recordings
A c
g
% A rﬁ‘“-‘" YINTNA ..'..'L;A'..‘. AP i.'l'l'._uvﬂ i U‘I [nFATﬂWZ» Baseline
‘—n‘_ 10 pv 0(!) Response threshold:
w 2 x Baseline
50 ms
B ' D [
500
450
5 S ™
_gsun
3.250
200
150
1:3 ) ~J \ d—bl;Tg:::Iei:rreshold:
0 90 -70 50 -30 -10 0 10 30 50 70 0 90 -70/V-50 -30 -10 10 '0 50 70 90
Time (ms) Baseline Time (ms) Response Baseline
pre-stimulation latency post-response
Pre-stimulation V1 Response Post-response
Fi gurPer o4c3e.ss of extracting neur al information from r
VIIA) A raster plot displays detected units over tin
Each dot represents a detected spi ke, and each row ¢
density is observed shortly after stimulus onset.

110



2. Data analysis and stz

(B) A peristimulus time histogram (PSTH) shows t he f

increase in firing activity is observed foll owing st
neur onall responsersepmes/dnt sThtehdl simodtrlaed average fir
(CA raw electrophysiological signal shows the multiu
s mal | red marks indicate correctly identified spike
dashed line, where@set hat balsebasel the)lesholidndi cated

(D) A summary of response quantificati<smhniimul astioat e
baseline (pink), responsreedmdareanae yp tpegda odbl(we)e.enThe al
determined by thesefiirnstf isiiogngi friactaen te xicnecerddang t he 31
l'ine). Additionally, al/ peaks identified within the
are averaged to obtain the wunit Thiirsi nagl |forwesq ufeonrc ya dpg
estimation of V1 activation timing and response magrt

peak that exceeds three times the baseline threshol

Unit activity recordings were analyzed using S
recording session, three histograms, one per s
firing frequency 0.5 seconds thiedmreAmndx ®@mpl es
contralateral visuadlgu®Aei.Bdul ati on i s shown in

The initial raw el ectr opFhiygsud3@hoddi carresgpoaldsi ¢

unprocessed data recorded during a single vislt
observed just below the peaks, indicating spik:e
Subsequentl vy, a Python script-r avas gmappesne it ©dn
recordings. The script produced a report cont ai
and an Excel file with the arnvetrtagestiirmyluatnicyn b
wel | as a value used to determine V1 response

this value, the software selected an interval

and identifiedrfabhe hhghést hsg piFb gruabe ivesd ahliin t haf
the detected multiunit events across an entire
around the stimulation period and providing an
To visualize differences in responses across s

pl ots characterized the distribution of uni t
customorepat ette facilitated visual di fferenti i
annotations wer eWalalsiesd toenstt heen Krusrkrads post hoc

bet ween boxplots.
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2. Data analysis and stz

To determine V1 response |l atency to visual,
representation met hodol (o3 Wwabsa semp loony elde v akkeorvrae | €
estimation (KDE) was used to obtain a continuol
enabling identification of the density peak as
units is reacehepr ovlihdess pa ogreeddalirse approxi mati o
values drawn from the interval automatically se
stimulus onset, where the highest spikderate w
prseti mulus baseline rate.

2. @Br dinary | east squares (OLS) model

I n
pr
an
Th

addition to presenting raw results, an addit
inciple qf208mdelonagtrodll i ng confounds to impro
alysis, removing variance attiwibet allimp atr® sGm

is step is consistent with the central argu

reonvving alternative sources of information (con

t h
pe
ev
W i
s a
gr
I i
to

we

Th
Gr

ty
ad

as

gr

Wh

ey caution that post hoc counterbalancing by
rformance)-dawlheseeasowholuadan eignmkewtscsd ome  aNDIiCRe
en -bkebdowe performance, and they therefore rec
thin eadh danoossn fold (CVCR). The proefsent set
mpl e validation Wwaswdper fionrfreede,ncleutonr aEtRhSePr/ | TC
oups and modalities. Acwas diegil gualtiheeduwiclm
near model including Group and Modality, and
separate gl obal -ssenliefcttsi vier oenf fgeecntusi,n eW@yi |bea nrda \

re retained in parallel to communicate the r e

data were nor mal i-tzhkbked atd oDéimeeésbanbadj bataod!
up and recording Modwilsde yc g arries cpresr.f oFoni n g
e, ERSP (er SpMaxMax dB) and | TCshke€&CMarxMa x

itive ordinary | east squares (OLS) model wi

O T O o

categori caldemrod ki ctthoer so b sleertve d ni@@Qiutre ment f

oupd Qangd modal i ty. The normalization model i S
w r -

efies the |ianfeéacept he main effects-bpé§ Gheup a

ror ter m. One | evel of each factor i s used a:
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2. Data analysis and stz

for Modality when present, so the corresponding
| mhf mn . This choice affects only how coef
affect fitted values or residual s.
For each observation, the fitted value was ¢ omj
w  CH [
and defined the normalized value as the residueé
i W W
These residuals retain the original units and
explained by the additive main effects of Group
tests were t henigpneorrfnoarl mezde de-{nichdeer)moodre )gn wi t h t h
made explicitly at runti me.
Group differences within each band;basterdatniofni ed
parametric s-Watlssiasad( Kwhekal appropriate, Dunr
Bonferroni/Holm correction). These tests do nc
residualised datamwev&onaeepsuahéyhet egtoungs di ff e
what i s explained by the additive glsoehaelc tnevaens
eff.ects
Goodness of fit will be summarised by the corre
coefficient of determination (R]) and its adju
mean square error (RMSE) owet all osignnkhilcgdgmae u
will be repetantdswiveahaeteiThe Akai ke informatio
the Bayesian information criterion (Bl C; Schwa
across model se,d anadr itamec eexwplldi lbe decomposed by
variance (ANOVA). Assumptions wil |l b-Bereaval uat
(normalityPagad Bhem®dslkcedasticit-Watsenststatissitw
( fiomrgter autocorrelation); the influence of i n
Cookbs distance. I n figures, means wil | be acc
cl), cal culated as memant s tls 9wilIsIto am at apeef rffé acm reendt
since OLS is employed as a residualisation ste
parametricUdndimAeperedion 1

2.4t udy of eLFP |l atency
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2. Data analysis and stz

For each recording session and fdmr egaemcmo ¢pd laint
was | ocat edewiitntesdni paud purse wi ndow; from that ma x
were extracted: the | atency (ms from stimul us
stratifying by bands (delédcai,sitcretias arl @thmnde d eitn
| TC peak | atencies adet @ ntfiood madyi weeméaalish:a kierc hawndyie
part in that pr odeesssb-lvlitdhb edhi af vf eesr eanst i abtt fEads treor i n
and N1 in the face of frequency transitions, as
of concurrent neur al acti vi t-fyr. e gLui eknecwyi s<et, r uscttiunrL
chirpstriralmiadhanges) require | onger | atencies t
reporting the |l atency of the | TC pgaxk aasstt had .pr
2023)

At the group Il evel, the distributions of | aten
were described by Kernel Density Estimation (KI
KDE all ows comparison of tempogradupsivittsh  uatd vaas

normality, of fers high resolution, and enabl es
wi shes t o f-pcaperitnifeesr edemonstrated i n val i da
neuroscience. | n resplwictat i knewmngdr cp emutliag s ,0 n K

di fferences between conditions and Kkept few f

di stinguishing overlapping distributions with

di mensi onali ecsa s e hoifs lraetiennfcor ces its suitability
for bgrweendBretlrykstet al ., 2017)

Estimating one | atency per recording and anal y.
shi ft functions, and bootstrap CIs) foll ows r
tempor al dynamics of early respdrhs esspawii toh euntp o
control via permutations. I n particular, it ha:t

comparing t hepmrbaymetorbiucstmetomods yields reliable

onsets, providedpthatd ¢duaaloifdi tteenpodrade bamgses.
the procedure of (i) | ocating, per session and
comparing |l atency di stributions betiwedeunc edr oup
advance@Bidediaglk .et al ., 2016)

Taken together, this methodol ogical framewor k i

| TC | atencies to change detediiT&€n ahidnte¢hedi eggt h
of |l atencies with more comphexofkt KD&I if)or arcd mb
di stributions and r esopovsiintgi voev errd tagp.s Twhitsh sae tl o

sensitive quantd hidoatdomdoefantesabomemndtel ays i n
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3. Cohorts and t
document at-pamamet rai moaand reproduci bl e manner ac
modal ities.

3. Cohorts and timing
\)‘%e A0S
S 0 )
(\"O‘O“\ '\0?:966 c ‘6\“%
9060@ oﬂ%e’d < oo 8o
. B o
M\*‘a“o a0° N ¢
X
3 animals
3 animals ipsi
+2 stim contra
Neural recording
sessions 6 animals
Day0 Day7 Day 14 Day 28 Day 35 Day 45
.o(\'f’
s
3 ‘5"‘%& (6‘0%5
G -]
(\'\0‘0‘“ e\)‘a\(a c,o‘é\“%
s ooy o &
02 “5\:«% . o™ e
S A0
30 oc_\a@“ .\,&m""‘
welt g G
tDCS+ visual stim
4 animals
DS Donepezil+
Surgery visual stim
e 4animals
Donepezil +tDCS
+visual stim i
) © 2nimals
Day0 Day7 Day14 Day 28 Day 45
Figur@ohodr.t scheme and experimental timeline. The f

organisation and the timing of surgeries,

treat ment

controls (ipsilateral amddcoomnoalubterahuci gsadi osnt i Mme
subgroup with deferred enucleation for pre/ post co
cohorts (donepezil, tDCS, and donepezil + tDCS), hidg
of the ring. Tempor al bars and markers indicate mi
wi ndows and end of recordings).

Throughout the study, six cohorts of mi ce wer
surgery, recovery, recording slens sd ddist iaonnd ,t ow hte
cohorts presented below, two further cohorts we
= 5) use-anfdorwmdiitn gleecor di ngs. These ani mals foll

115
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ho
an
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mi
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p depicted i nFi ghbdede uhpopveerv epra,neiln otfhitshecase VI
ral ateral and ipsilateral (defined rel ati ve
rded in all ani mal s. FI kyedrde eccoonmpdr icsoehdo rfto, u rn od
4) used for Model Validation via reversibl
he Met hods.

rt 1-i pGonhtat @elr al stimulation) <dompati 9@ad ad da

i otomy were performed. Bet ween Day 7 and D
al response to auditory, somgeos s dray eand
sphere where recordings were made. No enucl
rt 2c¢cConalrateral stimulation, right eye) i

xation and craniotomy were performed on Day

rr

ied out to record the V&ongunald cespoatatt

i mul ati on, t hat i s, of the right eye, and t he

0

t

a

® ® d® O

a

(0]

nw o =

nt

ho

0s

rt 3 (Early monocul ar enucl eation -of the 1

h

xation and craniotomy were performed on Day
i gh

n

t eye on Day 7. After one wgak of Dayoléragr
i nued until Day 45, when data acquisition

rt 4 (Control wi-d pogsdefonrsriesd eadn wd | eba ta noinma | px
roiffs xaléaad and craniotomy were first perfo
28 sessions were carri eddiotuar yt,o sroentaotrods etnhsec
al stimulation of the eye ipsilateral to t
enucl eation of the right eye was perfor med
med on Day 35 abd Eontihusdcohork, Daynedef

|l able before and after enucl eati on.

three remaining cohorts correspond to enu
t ments and visual sti mul atFiigmracliaohatradiln gc atsoe
same tempor al framework was foll owed: Day

t ment , and Day 28 sthart of recordings, endi

rt 5 (Enucleation + donepezil +-fvixsadudlonst i
craniotomy on Day 0O and enucl eation on Day
mai ntained together withiwinsudadlegsatni mnl Dtaiyor

i nuedb.unt il Day 4

rt 6 (tDCS intervention) grfcauurpeditt tsd i anuil md

e surgical procedures weftiexatightayddcrf aere
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3. Cohorts and t

o 6 Tt o —Hh T o — - n ~ N =
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n

0, a ring/coil for tDCS was implanted on t
ht eye on Day 7, tDCS began on Day 14 in con
recordings wer B cWirtrhiiend tohuits wucnothiolr tDatyh edr e we
ani mals) and tDCS + donepezil (9 ani mal s) ,

edul e; the onlayndinfifsarende nwad tdlbpenepezi l i n

summary, the study included: -dyeidarteralls c(o:
Iy enucl eation without treatment -/ p83%t cont
ordings (6), enucleation oimnldonetpe zainld (cdo)mb i ai
epezil (9), with V1 responses to the three
ses in all/l cases. The key Fdgtue £ Dégr €0 c(ohnenaodn
ation and cranitattanoyn; oifn tth@ECSr,i nigmeiyranaddi t |
cleation for all enucl eated groups), Day 1¢
eline recording window for control s; start
ortsdefPay e2l8erucl eation or start of recordi
r ecoredniucglse aptoisotn in the deferred cohort) and
Rihgeune M th this design, comparroalb | ceo nddaittai owes
te enucl eati on, depfoseta e dr eauchpdt enonclweahi pr
epezil and/ or tDCS.
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Use of Al

I n
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cr
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me

To
pr
t h

re

Fr
da
t h
B a

re

this work, generative artificial i ntelligenc
rictly instrument al pur pose: to assist wi t h
bugging of code in Python andafMATILOAB.suAlgestuti
re always reviewed, edited, and validated by
cisions, nor did it replace the analysis, int

r the Il inguistic component, Al was used to

opose improvements in fluency and style, whi
sure terminological consi stmarwyal [IEmc hwigtem emed
eveesr i f i ed and i nappropriate l'iteral renderin

nuscript.

programming, Al was employed to obtain exam
calisation. Al suggested code was rewritten

—

h reference cases, checks roefs uditme nwsiitohn sd lutnd

—

hods where appropriate. Version control was

assure gquality, any techni ccaH e cckleadi na gdae rnisvt e |
i mary |l iterature and the official document at
at these systems may intfodutbeemncousaoy bf a

sts entirely with the author, who independent

om an et hical and privacy perspective, no peil
tasets were shared with AI . l'ts use confor mec
e use of these tool s,d hprmease rswateirorri sd fo ni mtt e lall
sic records of t he gueries/ prompts and scr

producibility of the study.
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Resul ts

Resul ts

1. Hi st ol ogi cal |l ocali zation of electrodes

Confirmation of electrode placement in the binc
Before presenting the functional results, it w:
electrodes in the primary visual cortex (V1).

homogeneous structure: at tl efausntc ttiwon as ulpreogiean:
di stinguished. The binocul ar zone, | ocated med
specialized in stereoscopic integration, where
primarily fromethB8ecanseabateraf épwe anal yses

from these two areas, anat omi cal confirmation ¢
= T ‘|‘ T ? T % T l| T - T ‘|‘ T ? T % T l| T 9

o o

[~ Bregma -3.28 mm
L Interaural 0.52 mm

[~ Bregma -3.28 mm
L Interaural 0.52 mm

(1] = (1] =
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Resul ts

5 4 3 2 1 0 5 4 3 2 1 0
T T T T T T T T T T T T T T 1 T 1 T

6 61—
5_ —
| = -
k] ol =
2_ | —
1 —
[~ Bregma -3.28 mm ¢ [~ Bregma -3.28 mm ¢
- Interaural 0.52 mm - Interaural 0.52 mm
(1] = (1]
Fi gurhkei s4t5o.l ogi cal sections overlaid on atlas i mages
shows histological sections aligned with atl as
regi on. The i mages demonstgs awiet hihre kboteh| alpe obhi rdecwlt
zones of V1, wvalidating the accurate targeting
formédddbyst al deposits along the electioode Tmaautr s$ nigr
reliable data collection from each region.
For this purpose, t hkei wWaisp oapphpilliiecd ftlou arhees ced retc ttrr
brain perfusion and tissue fixation, coronal
under fluores®éebhcgnemlsrwecepyl early visual
forming defined fluorescent bands perpendicul ar
damage.
The tracks confirmed precise electrode pl aceme
Vi1, validating the correspondence between
regions of i nterest Repr es enmothat i sviep esre cntpioocsnesd
Franklin and PaxinofiQ2dGkensartrlag, tdrerobhawn nien
anal yses.
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Resul t s

2 . V1 responds to multi modal sti mul i with d
patterns

= | QuI CME T HORg C A o~

V1 responses to three types of sensory stimul a

ERSP and I TC values across animal groups; intr.
Power 1401 and processed offdi20e Hzn d8piokmedEPYi o
applied, and spectral powBbOOwhae GQ@ommal i eggdgress
10Al 0gl1l0; | TC was compurteed dngihd @@ammpbhader

detected peaks at time points coincident with I
values were exported to spreadsheets for quant
al4 cm: 30 ms visual flashes at 1 Hz (100 | ux @
pure tone at 60 dB, and a 30nanss e o(mMa3 ® sckh)s od o/c y
agai nsnmemtvalroh®i d¢8) (606ormal ity -Wialsk)evahndat ad

assumptions weMamldadts mvattshoruhseldasls powvet e applied
presented as meatBel o3EMnagrsd wearep lpetrf.or med in b
binocul ar regions of V1. Her e, Omonocul ar6é6 and

type of ocular stimulation.

2.1 Differences in ERSP and I TC across mul ti moc

The results presented below are an (@(péasde of t
Al t hough the same dabandarel as<®idf i datei ofnr esgyusetnecn
project has been wupdated and is bas2e0d23an t hat
classificewavendoétbr bBubti e5nsHzi)n -bhiDhceetzap s(-5Bepha (!
13 Hz),3Be#Ha) (land2GamMma . (FOr this reason, the
exactly with those in the publication, but , ov

mai nt ai ned.

ERSP dynamics
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Resul ts

A Ipsilateral visual stimulation B Contralateral visual stimulation
ERSP maximal value ERSP maximal value
= Visual mm Visual
mmm Somatosensory mmm Somatosensory
. Auditory . Auditory

10
dB

[0

"*Efﬂﬂ,

Delta Theta Alpha Beta Gamma Delta Theta Alpha Beta Gamma
(1-5 Hz) (5-10 Hz) (10-13 Hz) (13-30 Hz) (30-120 Hz) (1-5 Hz) (5-10 Hz) (10-13 Hz) (13-30 Hz) (30-120 Hz)
Frequency Band Frequency Band
ERSP maximal value dB ERSP maximal value dB
8
Delta 3.01 3.46 2.41 8 3.46 241
(1-5Hz)
7 7
Tetha 2.03 427 3.02 427 3.02
T (510 Hz) B
o 6 « 6
@ [
& Alpha 352 2.01 31 [y
§ (10-13 Hz) : - . £ 4.01 3.1 .
Fl 5 Fl
4 -]
£ £
Beta 3.27 4.66 4.28 a
(13-30 Hz) 4 HED g2k
Gamma 2.32 3.35 3.17 3 3
(30-120 Hz) 3.35 3.7
Visual Somatosensory Auditory Visual Somatosensory Auditory
Sensorial Type Sensorial Type

Fi gurMaxdiémum ERSP values by frequency band and sens
applied ipsilateral to the recording site; in (B) it
were al ways administer ed ecoindternatliactaelr ailn y( Aa)n da nadr e( B)h
plots showing the distribution of-5tHke) maihmizep , ERSP
alphd3(H2) ,. 3bekn) (18nd2 @ athzma (B0 t he visual (green),
and auditory (blue) modal ities. Boxes show the medi
compari sons were performed using Dunndés te*st with B
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Lowe
maxi mum ERSP (dB) by band (verti ccaol sauxail se) eanncdo dneosd a |h

magnitude of the evoke;d rpeodwkeear (tldmgest exr hioghheesr )= | owe |

With ipsilateraRiugve Ugl dstiemwénanteosnbét ween t he
evoked by the three types of stimulation were ¢
vi sual stimulation was | ower than that evoked ¢k
t he r e s pmantsoesse ntsoo rsywngt ii mulgatmiman al s o,etxa eewWdkidt or vy
those evoked by visual stimulati on. The heatm
maxiwea @l ipma a3.5>dydb,etfaoldl3o®&d dB and del ta a3.
in theta a42.03 dB.narcdngammd ,3%3.03natosensory sti
consistent respops®sdecrdss. a71; dBas.d@In@d baud.i @
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ularly low in theta and gamma.

trast, contrhBilgu®Be adbwvk esdiad ¢dnaenud laitda ed i(

ed to the other modalities, with signifi
sensory and auditory stimulation in delte
nt i ndBtyheatnad (ad %.023hi gh in delta (&a6.34 d
dB); in alpha the increase was more mode

l'y but singmiufdi ¢camtyl. y Asi gmaln cahad in the
sensory and auditory stimulation are the

applied contralaterally), thus maintaini
s ipsilateral vi sual stimul ation gener at
ry predganmancecomt rbaeltat er al vi sual stim
increase in V1, with a prominent peak in

This asymmetry highlights the strong he
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FigurMdaxi7/mum | TC values by frequency band and senso
i psilateral to the recording site, and in B it i s

auditory) are presented cenmtpahat srablox iphobhsetl hoovm d
of maximum | TC values evoked by visual (green), s o0me
in thebdbeE) a-10h dtzd , (1831 pHza) ,(3WOeHz) ( 18nH2@akmmp I 80ds.

Eah grey dot corresponds to an individual val ue, an
assessed with Dunndés post hoc test (Bonferroni corr
** % p < 0.001; **** ptmmaPs 0WIOtlh tLlhhevemeprmnmdxii mhhmal TC

stimulation modality (darker = higher |1 TC).

Contral ateral visual stimulation yields the hig
thet a, and al pha, reaching a maximum of 0. 88 i
remain moderate, and theheménvidstidleramades appteas

the auditory modality. TJhd ado mmpareirsemrc eo f( I nfaCy)i m
di fferent pattern depending on the position of
V1. When viosnuaMa ss ti pisg Ul e&ptjedr7allC (val ues DOe-mai ned m
0.6 on average) and did not differ markedly frc
I n contrast, auditory stimulation consistently
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