Long-term potentiation and neural
network activity in the neonatal rat
cerebral cortex in vivo

Dissertation

Zur Erlangung des Grades

Doktor der Naturwissenschaften

Am Fachbereich Biologie

Der Johannes Gutenbeuniversitd Mainz

vorgelegt wn

Shuming An

geb. anl0.09.1982in JiangsuChina

Mainz, 208



Tag der mindlicherPriung: 20. June.2013



Table of Contents

Table of Contents

Table Of CONTENTS ...ttt e e e e e e e e e e e e e e e e s s st e e e e e eeeeas 1
LISt Of fIQUIES. ..ot eeeea et e et et e e e e e ememn e e e e e e e e e e e aeeas 4
FAN ] o £V F= 11 0] PO U PP PP P PP UUUPPRRRRNY 4
L SUMIMBIY . ettt n s 8
3 I 0 = o A PR 8
1.2 PrOJECT 2.ttt et e e e e enen e e e et e e e e e e aeas 9
Y2 [ a1 oo [UTox o] o FO TSP RR TP 10
2. L PrOJECTE L. e 10
2.1.1 Sensory pathways from whiskers to barrel carteX...........ccceeeeeiieecnnnnnns 10
2.1.2 The development of sensory pathways in the barrel cortex.................. 12
2.1.3 The introduction Of LTR......ccouiiiiiiii e 15
2.1.4 LTP at thalamocortiCa8YNaPSES..........uuuiiiiiiiiie e eeee 16
2.1.5 Silent synapses may contribute to thalamocortical. LTR...................... 17
A o (0] [T o SR 20
2.2.1 Central pattern generators (CPGs) generate early motor activity......... 20
2.2.2 The development of the early motor activity..............coooeeceenn i 21
2.2.3 Early neuronal activity patterns triggered by sensory feedback modify the
functional topograpny MaP........cooeii i 23
2.2.4 The development of corticospinal tract............cccuvvvveiieemriiiiiiiiiiiieeeee 24
2.2.5 The development of corpus callosum projectians................cceveeeeevnneee. 26
2.11 AIMS OF the theSIS......coieeeee e e e e e e e e 28
2001 ProJECE L. i ————— 28
2.00.2 PrOJECE 2. .ot ————— 29
2,012 SEAIEIMEIL ..ottt eeeee et e et emeea e e e e e e et e e e e e e e snn s smenn e e e eeeees 29
3 Materials and Methods............uiiiiiiii e 30
I 200 N o 0] =T o PP SPPPPRN 30
3.1.1 Surgical PreparatiOn...........ccceee e 30
3.1.2 Whisker stimulation.............coovvriiiiiiiimemre e 31
3.1.3 Voltagesensitive dye iMaging........cccoevveeeeeeeiiiiieemieee e eeeeeeeeeeeeeeaveevmnnee e 31
3.1.4 Evaluation of voltageensitive dye imaging data................cccevvvvieeeeennnn. 33



Table of Contents

3.1.5 Multielectrode recording ProtoCOIS............uuueieiiiiiiieeeiiiiiiiieeeeeee e 35
3.1.6 Introcortical current sourakensity (CSD) analySiS.......cccooveeveeeieiiiiieeeennn. 35
3.1.7Calculate the slope Of FR....coooiiiie e 36
. 1.8 FrOzZEN SHCS: .. ittt 38
3.1.9 Serotonin Transporter-EbIT) StaiNiNg...........uuveeeeiiiiiiiiiiieeriieeeeeeeeeeeen 38
0t N 0 I = ] o PR PUSRPP 38
B2 PrOJECE 2. e A0
3.2.1 Animals and surgical preparation............ccceeeeeeiieeeieiii e 40
3.2.2 Forepaw or hindpaw touch stimulations and movement detectians.....40
3.2.3 Voltagesensitive dye imaging (VSDL)..........ooovririiiiiiiiimr e 40
3.2.4 Analysis of VSDI Data...........cceeeeevviiiiiieeeeeeeeeeeeeeeeeeemmmee e 41
3.2.5 Multielectrode reCOrdiNgS...........uuuuueuiiiiiiiereeiier e e e e eeeere s 41
3.2.6 Intracortical microstimulation in ML.............ccooooiiieennccciiiviiieeeeenn 42
3.2.7 Local blockade of M1, S1 and forepaw.............ccovvvvevvieeeeeeeeeeeeeeeeiiiiinne 42
3.2.8 Analysis of multelectrode recordings data.............ccccccvvvviceeneeeeeennnnn . 43
3.2.9 SHAiSHCAI TESIS....eiiiiiiiieiie e 44
A RESUIES. ..ttt n bbb e e e e el 45
I (0] = 0! At PP PP PP PP PP PPPPPPPPPY L
4.1.1 10 min whisker stimulation at 2 Hz induces-dgpendent expression of LTP
in the neonatal rat barrel COMEX...... .. 45
4.1.2 Spatial expression of LTR..........cccoooiiiiiiiiiiee e 51
4.1.3 Inputspecific LTP expression in principal barrel and septa................... 53
4.1.4 Layerspecific expression of LTR.........ccooiiiiiiiiiiiiceececiiee e 56
A o (o] 1<) PSR 60
4.2.1 VoltageSensitive Dye Imaging Reveals Sensory Processing in the Newborn
Rat SeNSOrMOLOr COIMEX........cceiieeeeeeiiiiiiemme e e e e eee et s e e e as 60
4.2.2 Nenatal M1 Operates in both Motor and Somatosensory Mades......... 62

4.2.3 Microstimulation of Layer V neurons in neonatal M1 evokes motor act&ty
4.2.4 Neuronal activity in neonatal M1 contributes to part of spontaneous motor

= Tod 1AV PP PP PP PPPPRPPP 67

4.2.5 Selfgenerated gamma and spindle bursts occur in M1 in the absence of
SENSONY INPULS. ....etiiiiiiieieett e eeet ettt e e e e e e e e e e e e rmmme e e e e e e e e e e e e s nees s 69

4.2.6 Agedependent sensory processing in neonatal sensorimotor cortex by bilateral
forepaw sensory StMUIALIQN............eveeiiiiiiiiieeeiiiiiieeeeeeee e L
4.2.7Sensory Procatng Gamma and Spindle Bursts in M1 depend on.S1...74

4.2.8 Spontaneous occurring gamma and spindle bursts in M1 depend.an.8D



Table of Contents

L LYol ¥ 3] o] o U PPPUPRPT 86
S0 I 01T o 86
5.1.1 Physiological correlations of 2 Hz whisker stimulation......................... 86
5.1.2 Spatial and layepecific expression of LTR...........ooooiriiiiiiiiinn 87
5.1.3 Silent synapses may underlie-dgpendent LTR.............cccceiiiiiivieecnnnnns 388
B.2 PIOBCIZ ...ttt 89
5.2.1 Gamma and spindle bursts iNML...........ccoooeiiiiiieeeiii e, 89
5.2.2 Early gamma and spindle bursts in neonatal M1 send motor commané8
5.2.3 Neonatal M1 operates in somatosensory mode............coevvvveeeeeeeeeeeenn. 91
5.2.4 Spatiotemporal dynamics of cortical sensorimotor integration is processed
FIOM SL O ML .t ae e e e 93
5.2.5 S1 contribute to the gamma and spindle bursts in. M1.......................... 94
RETEIENCE LIS ...ttt ettt e e e e e e e nnne s 96
ACKNOWIEAGMENTS ...ttt ettt e e e e e e e e e e e mmne e 111
CUrriculum Vitae........uueiiiiieieeeeeecieeeeiiee e Error! Bookmark not defined.



List of figures

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

List of figures

1 From whisker to barrel cortex patay..............cceevvviiiviiiiieemee e 11
2 Schematic diagram illustrating the development of thalamocortical afferents
from embryonic day 17 (E17) to postnatal day 30 (P30) in rodents........ 13
3 Anatomical study shows the development of barrels in neonatal rats...14

4 Age-dependent expression of LTP at thalamocortical synapse in P3 to P14

2L PSPPSR 17
5Silent thalamocortiCal SYNAPSES...........uvuuuuuuiiiiiiceeeieriere e e e e e e e enenaes 19
6 Spinal cord and brainstem generate movements.............cccccvvimmnnr e 20
7The development of the locomotion behaviors in the.rat...................... 22
8 The development of sensory Systems IN.rats.............ooeeeevvceeeeeeeeeeeenne 24
9Corticospinal tracts iN PO MICE.......cceeiiiiieeeeiiieiiieeeie e eee 25
10 The development of the callosal projection neurans.................c....eee.. 27
ST (o =T YA o= o T T = L1 o] o T UPPPPR 31
12 Voltagesensitive dye imaging reCording............ueeeeeeeeeeeeieemeeeeeeeeeeeenns 34

13Cortical response by single whisker deflection recordedffatent

] LU= [ 1 T 37
14Schematic diagram of the experimental Setup............oooeeeeeiiiieeeieeen... 47
15 Mechanical deflection of a single whiskerX0rmin at 2 Hz elicits LTP of

FP slope in barrel cortex of newborn rtyIvo............ccuveiieeiiiiiiiiccciiee e 48
16 Mechanical deflection of a single whisker for 10 min at 2 Hz elicits LTP of
MUA in barrel cortex of BWDOInN rat3n VIVO. .........cccoeeeeeiiiiiiiiiiienne e 50
17The magnitude of LTP decreases with distance from the centre of the

SHMUIALEA DAITEL. .. .o e e 52



List of figures

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

18 LTPis expressed in the barrel of the stimulated whisker and to a lesser
extent in the surrounding septal regioN..............uvuuiiiiiccseeieiiee e 54
19The magnitude of LTP decreases with distance from the centre of the
Stimuated DArTeL..........cooi e 55
20Representative field potential response depth profiles and corresponding

CSD analyses obtained before and after induction of LTP in a P4 (B) and PO (C)

21Physiological whisker stimulation induces LTP in different layers........ 59

22 A single mechanical stimulation of forepaw or hindpawded VSDI

evoked response in both S1 and M1 of newborn.rats...............eeeeeeeeeene 61
23Spontaneous neuronal activity in sensorimotor cortex correlates with
forepaw MOVEMENL...........ccoe e 64
24Microstimulation to layer V in M1 could evoke motor movements in
NEWDOIN FAES. .. uutiiiiiiiiiiiieii it e e e eeeeteeee et e e e e e e e e e e e e s s s s ssmmme e e e e e e e e s s sesnnnennnnsennens ] 66
25Effect of the inactivation of M1 on the spontaneous forepaw moveme68
26Effect of blocking peripheral sensory input on the spontaneous neuronal
ACHVITY IN ML oo e e e 70
27Sensory evoked responiseboth S1 and M1 by mechanical stimulation in
bilateral forepaw from NEWDOIN FatS..............uuviimiiiiiieeeiiiiiiiiieeeeeeeee e ea 73
28Sensory processing gamma and spindle bursts mediate interactions between
31 - 1o I Y SR 76
29Sensory processing gamma and spindle bursts in M1 depend on activity in
S L e ——————— e e e e e e e e e e e e e e e ann————aaaaeeaaaaees 79
30Spontaneous gamma and spindle bursts mediateanterdetween S1 and

Y PRSP PRRR 82

31 Spontaneous gamma and spindle bursts in M1 depend on activity.in&stl.

5



List of figures

Fig. 32Proposed sensorirtar integration model............cccoeviiiiiiieec i, 85



Abbreviations

5-HTT
AChE
AMPA
ANOVA
CP
csD
DC

Dil
FFT
FP

LTP
M1
MEA
MUA
MZ
NMDA
(P) 014
PoM

s1

SD

SP
SVZ vz
TCA
TTL
TW
VPM
VSDI
WM

Abbreviations

serotonintransporter

acetylcholinesterase

-amino-3-hydroxy-5-methyt4-isoxazolepropionic acid

Analysis of variance
cortical plate
current source density

direct current

1 , -diactadecy3 , 3 ,-t8ti@amedngl indoarbocyanine

fast fourier transformation

field potential

intermediate zone

Long-term potentiation
primary motor cortex
multi-electrode array

multiple unit activity

marginal zone
N-methytD-aspartic acid
postnatal day O th4

posterior mediafnucleu$
primary somatosensory cortex
standard deviation

subplate

subventricular zonaventricular zone
thalamocortical afferents
transistortransistor logic
time-bandwidth product
ventral posteor medial nucleus
voltage sensitive dye image

white matter



Summaryof project 1

1 Summary

1.1Projectl

Long-term potentiation in the neonatal rat
barrel cortexin vivo

ALong-term potentiation (LTP) is important for the activdgpendent formation of early
cortical circuits. In the neonatal rodent barrel cortex LTP has $@éar onlystudiedin
vitro. | combined voltagesensitive dye imaging with extracellular mtglectrode
recordings to study whiskastimulatiorinduced LTPfor both the slope diield potential
and the number of nhtirunit activity in the whiskerto-barrel cortex pathway of the
neonatal rat barrel cortam vivo. Single whisker stimulation at 2 Hz for 10 min induced
an agedependent expression of LTP in postnatay (P) 0 to P14 rats with the strongest
expression of LTP at PB5. The magnitude of LTP was largest in the stimulated
barrelrelated column, smaller in the surrounding septal region and no LTP could be
observed in the neighboring barrel. Current soudemsity analyses revealech a
LTP-associated increase of synaptic current sinks in layer IV / lower layer II/11I-REP3
and in the cortical plate / upper layer V atPD. This study demonstrates for the first
time an agalependent and spatially confine@P in the barrel cortex of the newborn rat
in vivo. Theseactivity-dependent modifications during the critical period npdgy an
important role in the development and refinement ofttip@graphic map in the barrel

cortexo (An et al., 2A2)



Summaryof project 2

1.2Project2

Early motor activity triggered by gamma and spindle bursts in
neonatal rat motor cortex

Selfgenerated neuronal activity generateduhcorticalregiors drives early pontaneous
motor activity whichis a hallmark of the developing sensorimotor systdowever, the
neuronal activitypatterns and functions afeonatal primarymotor cortex(M1) in the

early movements are stilinknown. | combired voltagesensitive dye imaging with
simultaneousextracellular multielectrode recordings the neonatal ratISand M1lin

vivo. At P3P5, gamma and spindle bursts observed in M1 could trigger early paw
movements. Furthermore, the paw movemertdsid be also elicited by the focal
electrical stimulation of M1 at layev. Local inactivation ofM1 coud significantly
attenuatgpaw movements, suggesting that the neonatal M1 operates in motor mode. In
contrast, the neonatal M1 can also operate in sensory mode. panyarseous
movementsand sensory stimulations of paw trigger gamma and spindle buri4.in
Blockade ofperiptreral sensory input fronthe paw completely abolished sens@yoked
gamma and spindle bursts. Moreover, both sensory evoked and spontaneously occurring
gamma and spindle bursts mediated interactions between S1 and M1. Accotdoaily
inactivation of theS1 profoundly reducedpaw stimulatioAinduced and spontaneously
occurring gamma and spindle bursts in NHdicating thatS1 plays a critical rolen
gener#on of theactivity patterngn M1. This studypropossthat both selHgeneated and
sensoryevokedgamma and spindle bursts M1 may contribute to theefinement and
maturation of corticospinal and sensorimotor networkguired for sens@motor

coordination.



2.1 Introduction of project 1

2 Introduction

2.1Project 1

2.1.1Sensorypathways from whiskers tdarrel cortex

The lemniscal and paralemniscal pathways teanke sensory information from
the whiskers to the barrel cortékig. 1). In the brain stem, the lemniscal pathway
begins at the principal trigeminal (PrV) nucleus and sends fibers twetheal
posteromedial(\VPM) nucleus inthe thalamus. While the paralemniscal pathway
starts in the spinal trigeminal nucleus (SpVi)tbé brain stem and projects to the
posterior (POm) nucleus itne thalamus. Then, the lemniscal pathway projects the
thalamecortical fibers from VPM to the layelV barrels in the barrel cortex.
Comparatively the paralemniscal pathway targets the lalérsepta through the
thalamaortical projections from POnm( for review Lubke and Feldmeyer,
2007;Alloway, 2008)

The lemniscal pathway haspeecisetopographic organization and each whisker
has a weldefined columnar organization. The PrvV and VPm nuclei contain
fbarrelettes and fibarreloid®, respectively, which correspond to the spatial
distribution of the cortial barrels. Those organizations can maintain the spatial
relationships for the neighbouring barréléanderloos, 1976;Jacquin and Rhoades,
1983;Killackey ad Fleming, 1985)In the newborn rata single whisker deflection
activates the corresponding cortical barrel and produces weak neuronal responses in
the neighboring septal regiorf¥ang et al., 2012)The lemniscalystemhas the
specific singlewhisker dstribution It canencoe spatial and temporal information,
such as identification of orientation, shape, distance and other spatial f¢Etugees
et al., 2001;Harvey et al., 2001;Shuler et al., 20G6&)wever, the paralemniscal
pathway has muhivhisker distribution. Netons in POm and in the cortical septa
receive multiple whiskers input§Diamond et al., 1992) Furthermore, the
paralemniscal system muchpoorer inencodingthe spatihand temporal encoding
information, but more effective in encoding the rate of passive whisker movements

than those inhelemniscal systenfMelzer et al., 2006a;Melzer et al., 2006b)

10



2.1 Introduction of project 1

Hence, the lemniscal pathway proeesspatotemporal information by whisker
contactwith external objects, while the paralemniscal pathway encodes the frequency
and other kinetic features of active whisker movements. Both pathways work
cooperatively with each other to identifiie external envirorment by passive or

activewhiskermovements.

Barrel Cortex

medial
nucleus

trigeminal nerve

SpVi
spinal trigeminal nucleus
B . Barrel Septal .
Lemniscal Pathway Column Column Paralemniscal Pathway

[ | |

[} 1}

1] 1]

Prv ol /PN ey < PO <mmm— SpVi

Va Va

Vb Vb

VI VI

Fig. 1 From whisker to barrel cortex pathway.

A. The periphery sensory input originates in thechanoreceptors at the base of the whisker. When
whiskers are activg or passivly deflected, the trigeminal nergdrander and separate the sensory

11



2.1 Introduction of project 1

information in to thenucleusin the brain stem. One stream goes throdbgé spinal nucleyshen it
arrives athe VPM (pink), while the other goes through the principal nucleus, then reatctiesPaM
(light blue). Finally, thalamic afferents arising either from neurons in the VPM (igg) or POm
(greenline) project to different corticdlminae in the somatosensory barrel field (framed area) of the
neocorte (modified from Lubke and Feldmeyer, 200/B. Schematic diagram illustrating the
lemniscal (red) and paralemniscal pathway (green) from brain stehe tmarrel cortex.C. The left
diagram,photomicrograph of tangential section throughelalv of the barrel field after processing the
tissueby cytochrome oxidase staininghe right diagram, which is based on the photomicrograph,
designates each barrel according to its arc positi€s) {tithin a specific ron(A-E). Although many
septal zors are no more than-BDe m i n wi dth, the septal regions
t han @ifepR; rostral; L, latera(modified from Alloway, 2008)

2.1.2 The development of sensopathways in the barrel cortex

During the last embryonic and first postnatal we#ke rat barrel cortex
undergos dramatic development{&ig. 2). As early as E13, thalamocortical axons
and early corticofugal axons arrive in the ventral region of the telencephalon
synchronosly and are thought to intera®y E17, both lemniscal and pé&eniscal
pathways have crossed the palbabpallial border (PSPB) anghave reached the
cortex, where they extend tangentially in the intermediate zone (1Z). At the same time,
the development dhelaminar structure begins, the marginal zone (MZ) arpksue
(SP) generate from the cortical plate (CP). Immediately after birth at PO, both
lemniscal and paralemniscal pathways have already arrividte &P andlayer V,
respectively. Two days later, barrel patterns generalayer IV by the axoms from
thelemniscal pathways. At P7, these patterns become more mature. Surprisingly, the
paralemniscal pathways reach the superficial layer MZ through lldiiér(for review

Price et al., 2006; Galazo et al., 2008)

12

i ndi



2.1 Introduction of project 1

B PM\ E17!CR _E18

Z—"= o o o

SP—T__t* Vi CcP

4 BB == ,
12" \z.svz _}J .

PR

i /V&U/\:}‘ :,'
| NN

Va

VPM----lemniscal

Lateral parietal (Sl) cortex

Fig. 2 Schematic diagram illustrating the development of thalamocortical afferents from
embryonic day 17 (E17) to postnatal day 30 (P30) in rodents.

In theupperpane] different colors stand for the relative layers of the cortex.stiperficiallayer is he
pia mater (PM) representdu a row of planar brown celldlarginal zone (MZ)ocates at lower layer.
Note the expansion of MZ during the postnatal perigtigatRezius cells (CR)are also depicted
(gray dots). Note thahese transient celtly exist for about a week in layer $ubplate (SP$ubplate
(SP) isatransient layeandwill disappear during the late postnatal peri6ddo b ar r el 66 domai ns i
IV (dashed line circlesgenerated at P3. There are two pathways from thalanmcisus (eft down
panel). Lemniscal pathway (red line) is frothe ventroposterior mediahucleus (VPM), while
paralemniscal pathwalgreen line)has projections frorthe posterior radial nucleugPoM) (modified
from Galazo et al., 2008)
Furthermore, previous studies shemdifferent ways to label the thalamocortical
afferents (TCA). In 1990, Erzurumlu and Jhaveri used anterograde Dil
hi stochemistry and f oun doarretrelated patterat 25T CA  di dr
hours after birth(Erzurumlu and Jhaveri, 1990k just showed some wosrelated
pattern until the third postnatal day. However, in 1994, Schlaggar and O'Leary applied
acetylcholinesterase (AChE) histochemistry to the tangential barrel cortex slices of
neonatal rat§Schlaggar and Oleary, 19943urprisingly, as early as 4 hours after
birth, barrel rows could be identified in slices. Then, 5 rows were clearly shown in

slices (Fig. 3). After that, there was transition from row predominance to barrel

13



2.1 Introduction of project 1

formation whch appears by 24 hours after birth. Finally, the bameéted patches

pattern became more mature at 72 hours. Therefore, these suggest that the thalamic

afferents show a somatotopic pattern in cortex as early as the time of birth.

Fig. 3 Anatomical study shows the development of barrels in neonatal rats.

Tangentialdistribution of AChEreactive afferenterom the flattened cortices of four littermatds As
early as 4 hours aftdairth, there are fiveseparateows (AChE-reactive afferents can be obewed in
the tangential sectionB, One hour later, the five rows are more cleadparatedrepresented by-a).
C-D, the jaw (j) forelimb (f) and hindlimb (hl)representatios are less clear than the whisker
representation durinthe 1st postnatalay. E-F, after about 38 hours, clear apteciseisomorphic
map of whiskersin barrel cortex can be identified. rhinal vibrissaeScale bar = 675 n{modified

from Schlaggar and Oleary, 1994)
14



2.1 Introduction of project 1

2.13 The introduction of LTP

As early as 1973, two weknown papers published in Journal of Physiology
(Bliss and Lomo, 1973;Bliss and GARDNERM.AR, 19/43camea great milestone
in neurosciege. Bliss and.omo first studiedLTP in anaesthetized animgBliss and
Lomo, 1973) Then, Bliss and GardneMedwin further studied itusng stimulation
techniques that triggered activity in hundreds, or perhaps thousands of neurons in
awale animals(Bliss and GARDNERM.AR, 1973)Afterwards,there were several
thousands of publications about the mechanisms and functions of L last
decadegMalenka, 2003)

In LTP, the strength of synapses between neurons in the central nervous system
is enhanced for a long perigdynch, 2003) LTP consist of three phases: induction,
expression and persistendauring the induction phase both NMDA and GABA
receptor mediatehe indudion of LTP (Collingridge, 2003;Nugent et al., 2009)
However, the induction of LTP isome synapses depends on the kainate receptor
rather thanthe NMDA receptos (Bear, 2003) In order to enhance the synapse
strength synapsseitherincrease theelease of presynapticansmitteror increase the
number ofpostsynaptic receptors such as AMPA receptorhippocampl slices,
previous stugssuggestd s i | ent sy n a pAMRA rdcépiom)fon@Adt i onal 0
cells might contributeéhe expression of LTENicoll, 2003;Kullmann, 2003)In some
cases, LTPcontinues forseveral weeksr even months. How does LTP persist?
Harris and collagues foundthatthe protein synthesis contribgtéo thepersistence of
LTP in dendritic spinegHarris et al., 2003)E. R. Kandel focused on the abdominal
ganglion é Aplysia, suggeshg that genetic mechanisms maybe the reasons for the
long-lasting synaptic chand®ittenger and Kandel, 2003)

The possible function of LTHas beendiscused for nearly 40 years. Most
peoplebelieved that LTP magerve as a potentimhechanism underlying memory
traces in the braifMorris, 2003) Barnes believed that the temporal persistence of
LTP was persistentvith the expression of memor{Barnes, 2003) Rowan and

colleagues proposedhatL TP mi ght be aff ect &avanehal.,Al zhei m
15



2.1 Introduction of project 1

2003) However, more and moseientistsfound thatlongterm potentiation (LTP) is
important for activitydependent neuronal development in rodent neoc@Relkiman

et al., 1999;Daw et al., 2007;Inan and Crair, 2007)

2.14LTP at thalamocorticalsynapse

Previous studies suggested that LTP isikely candidate as the synapt
mechanism underlying certain forms of learning and memdfigrris, 2003)
However, there is another considerable evidence showethth&MDA -dependent
LTP serves for the correct formation and refinement of receptive fields in the barrel
cortex(Crair and Malenka, 1995;Daw et al., 200Zhronic applicatiorof the NMDA
receptor antagonist (AP5) iime barrel cortex during the first postnatal week could
disturb the preciseopographical map and exhibiteficient experiencedependent
receptive fietl plasticity (Schlaggar et al., 1993;Fox et al., 199B6urthemore, in
neonatal rat barrel cortex, LTP can also be inducedtro by a pairing protocofrom
postnatal day (P3 to 7 (Fig. 4) (Crair and Malenka, 1995;Isaac et al., 1997;Barth and
Malenka, 2001) the time period that coincides with barmabp formation(Fox,
1992;Fox et al., 1996;Foeller and Feldman, 2004e magnitude of LTP inthe
barrel cortex gradually decreases between P3Rth({Crair and Malenka, 1995)
Similarly, synaptic plasticity (ocular dominance plasticity, ODP and LTP) is
important for the dvelopment of the visual cortialenkaand Bear, 2004)For
example,a long timeperiod in the dark foanimals could result ia longer critical
period for ODP and LTP ithe visual cortex(Kirkwood et al., 1995) Tetrodotoxin
application in the open eyabolishedthe ODP(Antonini and Stryker, 1993)Again
postsynapticNMDA receptor antagonists also abolish ODP and L(BRar et al.,
1990;Daw et al., 1999)All these studies suggest thdtVIDA receptordependent
synaptic plasticityis involved in the formation and refinement of receptive fields in

the primary sensory systems.

16



2.1 Introduction of project 1
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Fig. 4 Age-dependent expression of LTP at thalamocortical synapse in P3 to P14 rats.

a. Schematic diagram dahe stimulation protocol.Stimulating electrodes (stim) are placedo the
ventrobasal nuelus of the thalamus (VB) andhole cell (Rec)and field potential recordings are
performed inlayer IV and internal capsulgIC). CPU, caudate/putamen; WNhite matter.b-c,
histology of a thalamocortical slice and bkucifer yellow filled layer IV cell d. Age-dependent
expression of LTPRelative FP slopes recorded in different age groBpg&ing stimulatioris applied
with 100 stimuli at 1 Hz, meanwhile the cell is depolarizedl@tto 0 mV.e. Scatter diagranof EPS
slopesin the groups of differentages Note thegradual decreasesf the LTP magnitude during the

critical period(modified from Crair and Malenka, 1995)

2.1.5 Silent synapsemay contributeto thalamocortical LTP

Previous studies showedifferent mechanisms for LTPat thalamocortical
synapsse (Feldman et al., 1999;Daw et al., 200Reverthelessan increase in the
number or conductance of AMPA receptors may result irppthentiationof synaptic
strength In the immature somatosensory cortex, thalamocortical synapses have been

found to contain NMDARsbut notfunctional AMPARSs(Isaac et g, 1997) These
17



2.1 Introduction of project 1

synapses donot have detectable EPSCs at resting membrane potemiahy{) and
keepfisilen®d because of the voltagéependent Mg block of NMDARs NMDARS

rather than AMPARSs contributéo the synaptic responseat resting membrane
potertial (Isaac et al., 1997At P2-P3 about 30% of thalamocortical synapses keep
fisilentd, based on comparison of failure rates at hyperpolarized and depolarized
potentias (Fig. 5). Interestingly,in P4P5 animalsthe proportion ofilent synapses
increases to 40%. However, after P5, the proportion of silent synapses decreases
dramatically. At P89, there is nsilent synapses at dlFig. 5) (Isaac et al., 1997)
These observations are in good agreement with previous reports on-tepageent
expression of LTP in thalamocortical slice preparation of the newbofCraitr and
Malenka, 1995) As showin Fig. 4e the strongest LTP can be induced atH53
indicating that the large amount of the silent synapses etlealighest capability

for activity-dependent change. After P5, the proportion of silent synapses falls sharply
which may resultin the weak LTP during these ageBhe pairing stimulation may
cause the rapid appearance of AMPA currents which converts silent synapses to
functional onesAll above observations suggettat thalamocortical synapses are
initially born with silent post)synapticelements which become functional by LTP

(Feldman et al., 1999)
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Fig. 5 Silent thalamocortical synapses.

A. Voltageclamprecording ina layer 1V cell Noteno AMPAR-mediated EPSChkolding at-70 mV,
butrobust EPSCsexist when depoldeing to +50 mV.D-APV (25¢M) blockedthe EPSCs observed at
+50 mV.Each point represents the amplitude ofradividual EPSCB. Average of 40 responsé®p)
and eight superingsed consecutive responses (bat) for the following epochs of the experiment
shown in A, respectively.C. Bar diagram of success rateat depolarized versus hyperpolarized
potentialsfor thalamocortical EPSECin minimal stimulation experients atdifferent ages.Note that
the silet synapsesxist during the critical periodata are expressed as mean +s.gmmodified from

Isaac et al., 1997
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2.2 Project2

2.2.1Central pattern generators (CPGs) generaarly motor activity

Brainstem activity in young infants and during active sleep were firstly
suggested tinduceascending activation of the cortex and descending activation of
the musculaure (Fig. 6) (Roffwarg et al., 1966)The hypothesis has been elaborated
that brainstemnitiated twitching of the paws generates sensory feedback and then
activates the cortex(for review, see Blumberg, 2010bHowever, in mammals,
including humangs the spinal cord tsbeen suggested as CPGr locomotion
(MacKay-Lyons, 2002;Dietz, 2003;ljspeert, 2008;Guertin, 2009;Minlebage\al.,
2011) In sleeping newborn rats, spontaneous muscle twitches send the tactile
feedback tdhe spinal cord and guide the organization of spinal sensorimotor circuits
(Petersson et al., 2003n adult animals, forelimb representation in M1 has been
suggested to pertain to three differentegaties of movement, for example,
stereotyped repetitive behavipreomplex voluntarymovementsand fine motor

manipulation skill{for review, see Levine et al., 2012)

A B MDSI

Input =— 3.8 —— Output

t 2 |

Feedforward
Input . 2. Qutput

C Somatosensory | __corpus | Somatosensory
e cortex
Hippocampus
Thalamus

Deorsal column
\ nuclei
Spinal Limb twitch, triggering Spinal
cord sensory feedback cord

Fig. 6 Spinal cord and brainstem generate movements

A. Schematidllustrations oforganization of spideord and paw reflex module. The primary sensory
afferents send the tactile information through monosynaptical and oligosynapticalsciftuh the
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tactile (T) and nociceptive (N) projectioronvege in substantia gelatinosa (SGhext all the
projectims arrive at the reflegncoding neurons (REs) loedt in the deep dorsal horn. Blly, the

REs have synaptic inputs to the motor neurons (M) which can cause the movement Bf Phgre

are two hypothesesf stimulated learning principleRRed indicatesmotordirected somatosensory
imprinting (MDSI). Blue indicates the feedforward learning. Number stands for the sequence of events.
C. The CPG triggering pathway from the triggering of a twitch to the processing of sensory @éripher
feedback in the foreain. CPG located in the brainstem can triggetivity in spinal cord. Then
activity in M1 causes the limb twitch. After that, the sensory feedback setrspinal cord again.
Next, sensory information go up to the dorsal column nuclei, thalaamgssonatosensory cortex.
Finally information arrives athe hippocampus or gesto the other hemisphertarough the corpus
callosum Black arrows stand for the stream of sensory information ffetersson et al., 2003;modify
from Blumberg, 2010b)

2.2.2 The development of thearly motor activity

Sensorimotor coordination emerges time earlydevelopmentof humans(de
Vries et al., 1982;Cioni and Prechtl, 199@nd rodents(Gramsbergen et al.
1970;Clarac et al., 2004%ixteen distinct movement patterns have been observed in
fetuses during the first 20 weeks of gestatio(de Vries et al., 1982and preterm
infants(Cioni and Prechtl, 1990Neonatal rats can perform crawling, swimming and
air gepping behaviors with four legs during the 1st postnatal wWEékrac et al.,
2004) As early as PQFig. 7), arat can notsupport its whole body with four libs. It
can drag along the body withe forepaws. Two days later, the pupanmove its head
andperformslow crawlingbehavior At P5, the pup can elevate its shoulder and head
andaccomplishplantigrade walkingClarac et al., 2004)n P3 P9 rats, motivational
locomotioncould be induced bylfactory stimuli (Jamon and Clarac, 199&)uring
the 2nd postnatal week, the pup bedmwalk with four limbs, but with poor control
of the trunk. After P15therat receivesvisual and auditorynformationafter eye and
earopening In this way, omplex motor behaviorsanbe completd more efficiently.

For example, it can perform dtdswimming and walking patternehaviorgClarac et
al., 2004)

The adult rat possesses more skilled, flexible and motivational locomotion with

gait using (walk, trot, gallop), direction following (forward, backwaathd medium

traversing ferrestrial, aquatic, aerjalsuch as stepping anglvimming (Clarac et al.,
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2.2 Introduction of project 2

2004) Central pattern generators (CPGs) synaptic conmechiave been suggested to
be critical for these behaviors(Clarac et al., 2004) Moreover, different
electromyography (EMGpatterns and duratiowere observednivarious behaviors
i.e. dharacteristic asymmetric EMG wavefonvith double bursts contribugdo the
stepping the belishapedEMG curve with only single burst is necessary for the

swimming(Gruner and Altman, 1980;Deleon et al., 1994)

first projections corticospinal
from brainstem tract

elevation levati
motoneurons of the head elevation
excitable and shoulders of the pelvis
* birth + +
PO 2 4 6 8 10 12 14 16 days
.IIIIIIIIIIIlIIIIIlIIIIIy’
El6 , E18 E20 E22 — —
* * +elimination of polyinnervation
monosynaptic end of MN
reflex CrG coupling
Fetal Transitory Adult
stage stage
air stepping ’
rhythmic leg movements
[ T E—— .
motivational displacement
4-legs swimming Iladult swimming
< crawling ’ ‘
premature adult
walking walking

(plantigrade) (digitigrade)
Fig. 7 The development of the locomotion behaviors in the rat.

The development of locomotion can be divivded into fetal, immature, transitory and adult stages.
Motor neurons anctentrl pattern generators have already operated during the fetal stage. The
immature stage starts at PO and ends at P10. During this pisgochrticospinal trachas already
conneted the motor cortex to the spinal cord. Meanwhilensdasic and simple behaviors can be
oberserved. From P10 to P15 is the period for the transitory stage. During this stage, the rat eye and
ear are opening, meanwhileey can perform whisking. Faly, in the adult stage, they can perform

adult swimming ad walking with high motivatiofimodified from Clarac et al., 2004)
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2.2 Introduction of project 2

2.2.3Early neuronal activity patternstriggered by sensorfeedbackmodify the

functional topography map

Although genetically determined molecular factasnsiderablycontribute to
functional €nsorimotor connectivity (for review, see Polleux, 20Q05)early
synchronized oscillatory network actiigs arealso believed to be essential for the
formation of thefunctionalneuronal circuitgfor review, see Khazipov and Luhmann,
2006) and maintenance of tonotopic maps neonatal cortex(Tritsch et al.,
2007;Colonnese et al., 2010;Minlebaev et al., 2011;Yang et al., .ZDi@3eearly
activity patterns control axogrowth and synapgenesigfor review, see Allene and
Cossart, 2010)As show inFig. 8, sensory peripherynput could alsotrigger early
activity patternsfor example early movements drive spindle bursts in the neonatal
primary somatosensory cortex (S{Khazipov et al., 2004)In the early whisker
system spontaneous whisker twitchg$iriac et al., 2012)and whisker sensory
stimulation elicit both gamma and spindle bursts whighcBronize develging
thalamus andarrel cortex(Yang et al., 2009;Minlebaev et al., 2011;Yang et al.,
2012) In visual system retinal waves trigger spindlbursts in the neonatal visual
cortex (Hanganu et al., 2006;Colonnese et al., 201®)the developing auditory
system, supporting cells in tledchlea spontaneoushglease ATP angrocessthe
bursts ofactionpotentials inauditory nerve fibres befotbe onset of hearin@lritsch
et al., 2007;Tritsch and Bergles, 201Gpnversely, thesearly pattern®f electrical
activity drive motor outpute.g.the self-generatedursts in spinal corfiGramsbergn
et al., 1970;Petersson et al., 2003;Clarac et al., 280d)brain sten(Blumberg,
2010b;Tiriac et al., 2012yiggersspontaneous movementven muscle cantwitch

spontaneouslyuring sleefPetersson et al., 2003;Mcvea et 2012)
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AUDITORY SYSTEM

1=Sensory ability 5 i Fonotopic
2=Activation of sensory periphery 4 e Unkiiown
3=Electrical activity in subcortical 3 Uknown
areas (brainstem, thalamus) 2
4=Electrical activity in neocortex [ Bursts of activity in the cochlear nucleus
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Fig. 8 The development of sensory systems in rats.

During the initial phases ofdevelopment,genetically determined molecular factors contribute
considerably to the functional senorimotor connectivity. Then, sensory psripipait triggers early
activity patterns. The patterned activities are critical for the barrel, retinotopic, tonotopic map

refinementand muturatiorfHanganeOpatz, 201Q)

The maturation of amatotopicsensorycortical mg has been suggestedo
requirethe spindle burstfiS1 driven by the spontaneous paw twitcfidsazipov et
al., 2004) The precise beel map needs the localized gamma and spindle bursts in
neonatal vibrissal S{Yang et al.,, 2012)induced by the spontaneous whisker
movements(Tiriac et al., 2012) In the visualsystem the patternedgspontaneous
retinal wavesare both critical for the retinotopic map refinementtle superior
colliculus (McLaughlin et al., 2003;Chandrasekaran et al., 2@@8) trigger spindle
bursts(Hanganu et al., 2006equired for thedevelopmentbof precisemaps in V1
(Cang et al., 2005)In the auditorysysten, spontaneas activity in auditory nerve
fibers before the onset of hearing is essential for the refinemennhaimienance of
tonotopic mapsn the developing auditory systerfGabriele et al., 2000;Rubel and
Fritzsch, 2002a;Kandler, 2004;Leake et al., 2006;Leao et al., 2006;Tritsch et al.,
2007;Tritsch and Bergles, 2010)

2.2.4The development of corticospinalact

Anatomical tracer studiegn newborn mice at Phave demonstratecthat,
corticospinal motor neur@nlocatedat layerV in motor cortex have already sent the

axons to spinal cordg-ig. 9) (Arlotta et al., 2005;Molyneaux et al., 200Djifferent
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molecular mechanisms contribute to the specification and development of
corticospnal motor neuronse.g, a small number of corticospinal motor neurons
genes(such asDiap3, Igfbp4and Crim1l)seem to be restricted to the sensorimotor
cortex. Other genes are expressed across the full extent of layergyV Qtip2,
encephalopsin, F& Climl, Pcp4 and S100al@r review, seeMolyneaux

et al., 2007)All these genes have beproven to be importantor the development of
the corticospinaltract In the absenceof the Ctip2 gene defects in fasciculation,
outgrowth and pathfindingrere observed isubcerebral projection neur@xons At

the same timejramatically les@xons reach the brainsteFurthermoreredudion of
Ctip2 expression in CtipBeterozygous mice results in abnormal developmental

pruning of corticospinal axondAll these results suggest thatCtip2 is a crucial

regulator of subcerebral axon extension and of the refinement of collaterals as these

neurons matur@Arlotta et al., 2005)In addition,afterknocking outthe Fezf2genin
null mutant miceneithersubcerebral projection neuroner corticospinal tret to the
spinal cord or the brainsteoould be foundMolyneaux et al., 2005However,it is
still unknown thathe patterns of activity expressed in primary motor cortex (@il
whether these activéis can transfers through cortical spinal ttaduring the early

developmental stages.

A PO wild type +/+ E coticospinal trace

|® Corticospinal motor neurons (layer V)|

Fig. 9 Corticospinal tracts in PO mice.
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A. Schematic representations of sagittal views of the brain and proximal spinahcr@0mice,

cortical spinal motor neuron somas in the cortex (red triangles) and their axonal projections toward the
spinal cord (red linesB-D. Representative parbf positionsareshown at an expanded scale (right).
Note thecorticospinal tracstained by Dil fromcortex to the spinal corde. Schematic diagram af

sagittal section o mousebrain. Note that the corticospinal motor neurgpsrple dot)located at
layer V of the cortex project to the spinal cofthodify from Arlotta et al., 2005;Molyneaux et al.,
2007)

2.2.5The development of corpus callosum projections

In newborn rodents, the callosal projection neurons have already crossed the
corpus callosun{CC) (Fig. 10) (Tritsch et al., 2007;Molyneaux et al., 2007;Rouaux
ard Arlotta, 2012) Genetically determined molecular fact@antrolthe specification
and development afallosal neuronsThe Lmo4 gere expressed in callosal neurons of
layers II/1ll and Vhas been suggested to be important for the development of callosal
projection(Arlotta et al., 2005;Molyneaux et al., 200However, the neural activity
patterns have also beelemonstrate to be critical for thedevelopment ofcorpus
callosum circuits. In neonatal S1, the weak evoked responses in theeipkilat
hemisphere were observed with EBGarcaneReik and Blumberg, 200&)nd VSDI
(Mcvea et al.2012)recordings. Moreover, the weak ipsilateral-@sponse could be
also elicited in V1 by optic nerve stimulation from P3 onwgHiznganu et al., 2006)
Surprisingly, in the whiskeisystem the whisker stimulation failed to evoka
detectable response in the ipsilateral barrel cortex in the samef agevborn rats
(Yang et al., 2009)Neverthelessin adult mice, the tactile whisker stimulation could
induce the reliable VSDévoked response in bilateral sensorimotor cortiEesezou

et al., 2007)
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Fig. 10 The development of the callosal projection neurons.

A. Schematic representations @fcoronal sectionof the brain innewbornmice Note the injection
position of the Dil crystals (red dotd}. At PO, rare pioneering axons are seen (arrow), prior to entry
into the contralateral striatur&. Increasan the number of axons in the contralateral corpus callosum
(arrows) at P2D-J. At P3-P4, the number ofx@ns in the contralateral corpus callosum increase
dramatically.K. Callosal projection neurons. Callosal neurons located at ldy#tsV andVI extend

an axon across the CC to thearthemisphere. There are three kinds of callosal ne(tpthe callosal
neurons have single projections to the contralateral cortex (bi@&khe callosal neurons have triple
projections to the contralateral cortex and bilateral striatums (b{8g)Xhe callosal neurons have
double projections to the contralateral cortex and ipsilateral frontal cortex (direed)fied from

Molyneaux et al., 2007;Sohur et al., 2012)
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2.11Aims of thethesis

2.111 Projectl

Whether LTP can be induced by whisker stimulation in the adult barrel ¢ortex
vivo is a matter of debate. Mulivhisker stimulation by air puffs at 5 Hz for 30 s did
not induce LTP in adolescent mice (Takata et al., 2011), while -mhigker
stimulation at 2 or 8 Hz for 10 min induced a stable LTP in layers II/lll and IV of the
barrel cortex of mature mice (Megevand et al., 2009). Whether LTP can be elicited in
the neocortexn vivo before the onset of the critical period has not been imgatsti
yet. Thereforewe askedwhether singlevhisker stimulation may elicit LTP in the
neonatal (P@P7) rat barrel cortein vivo. In addition, we addressed the questions (i)
whether the expression of LTP reveals any-dggendence during the first two
postnatal weeks, (i) if the LTP is restricted to the stimulated baetated column
and (iii) which cortical layers reveal LTP. To address these questions, we performed
multi-channel extracellular electrophysiological recordings from barrels and
barrelrelated columns that were functionally identified by voltagasitive dye

responses following single whisker stimulation.
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2.112 Project2

Anatomical tracer studiesn newborn mice at Phave demonstratedthat,
corticospinal motor neurons locatatl layerV in motor cortex have already sent the
axons to spinal cord@Arlotta et al., 2005;Molyneaux et al., 2008pindle bursts
have been fountb bethe only patterns of activity in paws $hazipov et al., 2004)
However, what the patterns of activity expressed in Mihd their relation to
spontaneous movemerdsring the early developmental stagesunknown It is also
not clear what the interaohs between S1 and Mihd what théunctionalroles of S1
neuronal activity in M1.To address these questions, simultaneouslyperformed
multichannel extracellulaelectrophysiological recordings S1 and M1 that were
functionally identified by voltagsensitive dye responses followingaw touch

stimulation.

2.12 Statement

This thesis containsome partswhich have already beepublishedor will be
published Long-term potentiation in the neonatal rat barrel coitexivo (An et al.,
2012) Gamma and spindle bursts in neonatimotor cortex driveandaretriggered

by early motor activity(An et al.in preparatioh
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3 Materials and methods

3.1Projectl

All experiments were carried ourt accordance with the national laws for the use
of animals in research and approved by the local ethical committee
(#2317707/G1061-010). Voltagesensitive dye imaging (VSDI), field potential (FP)
and multipleunit activity (MUA) recordings werenade in the barrel cortex ofhead

restrained neonatdVistar mtsPO to PL4.
3.1.1Surgical preparation

The surgical procedure was performed according to the methods as described
previously(Hanganu et al., 2006;Hanganu et al., 2007;Yang et al., 2B0%p P7
rats were putunder deep iceooling anesthesia alonand injected with light
intraperitoneal (0.8 g/kg, SigmaAldrich, Taufkirchen, Germany)rhe skill and the
soft tissue over the skull were carefully removed. Then, the exposed skull was dry
(Fig. 11). Next, barrel cortex is marked with the red dfitarrel cortex PO-P10-2
mm posterior to bregma arfd4 mm from the midling P3P50-2 mm posterior to
bregma an@.5-4.5 mm from the midlineP6-P7,£3 mm posterior to bregma ar3ds
mm from the midling After that,the head was fixed into the stereotaxic apparatus
usingone holdeffixed with dental cenma occipital bones. The bone, but not the dura
mater, over S1 was carefully removed by drilling»2 mn? craniotomy(Fig 12A1).
Afterwards, the body of the animals was surrounded by cotton and kept at a constant
temperature of 37C by placing it on adating blanket. During recordingsilk was

fedto reduce thélistresswvhen the pups showed any sigrthafsty.
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Fig. 11 Surgery preparation.

(2) The skin on the skull wasarefullyremoved.The skull was dry and markedth the reddots for the

craniotomyof S1 (2) Dental cement was used to fhead holdepn theipsilateraland occipital bones.

3The pupbdbs head was f i x ewdthscrew(4) The oee, uttnetthedurb a X i ¢ ap p e
mater, over S1 was carefullymeved by drilling asquareof 2 x 2 mnt.

3.1.2Whisker stimulation

All whiskers except B2, C2 and D2 were trimmed under anaesthesia following
the surgical preparation. A single whisker (usually C2) was stimulated approximately
1 mm from the snout using aimature solenoid actuatgmodify from Krupa et al.,
2001)that generated for 32 ma deflectionin the rostratto-caudal directiorat 136
mm/s @’ms). Recording sessions consisted of a 30 min baseline recording period,
followed by a 10 min 2 Hz stimulation period for the induction of LTP and a 60 min
poststimulationperiod §ig.14D). During the baseline recording apdststimulation

period, two stimuli with 60 s interval were applied every 5 min.

3.1.3Voltagesensitive dye imaging

The voltagesensitive dye RH1691 (Optical Imaging, Rehovot, Israel) was

dissolved atl mg/ml in a saline solution containing (in mM): 125 NacCl, 2.5 KClI, 10
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HEPES (pH 7.3 with NaOH). The voltagensitive dye was topically applied to the
surface of the barrel cortex and allowed to diffuse into the cortex for 15 to 30 min
(Fig 12A2). Subsegently, unbound dye was carefully washed away with saline
solution. This procedure resulted in a complete staining of all cortical layers from the
subplate to the marginal zone / layer | in-PPD rats and in a more superficial
staning pattern in P87 ammals, similar as described previously for adult rodent
cerebral cortexBerger et al., 2007;Ferezou et al., 200#)e cortex was covered with
1% lowmelting agarose and a cover slip was placed on top to stabilize the tissue.
Excitation light from a red LED (MRLED 625 nm, Thorlabs GmbH, Dachau,
Germany) was band pass filtered (630/30 nm) and reflected towards the sample by a
650 nm dichroic mirror(Fig 12A3, 4). The excitation light was focused onto the
cortical surface with a 25 mm Navitar video lens (Stemmer Imaging, Puchheim,
Germany). Emitted fluorescence was collected via the same optical pathway, but
without reflection of the dichroic mirror, long pafiisered (660 nm) and focused via
another 25 mm Navitar lens onto the chip of a MiCam Ultima L high speed camera
(Scimedia, Costa Mesa, CA, USAJhis tandemtype macroscope desigRatzlaff
and Grinvald, 1991jesulted in a 1x magnification. As tingh speeccamerahas a
detector with 100x100 pixels and a chip size of 10x10°nhe field of view was
10x10 mnd. Using a Gmount extension tube we neckd the field of view to 2.6x2.6
mn? and thereby reduced in addition the vignetting. Every pixel celidight from a
cortical region of26x26 pm? (Fig. 12B1). The tandertype macroscope comprising
the LED, the filter cube and the two video optics wbrglt in the mechanical
workshop of our institute. Fluorescence measurements were synchronized to
electrophysitogical recordings through TTL pulses.

Spontaneously ongoing activity was detected duti®g long imaging sessions
while evoked activity follving whisker stimulation was imaged 2s long sessions,
both with an unbinned whole frame sampling frequency of 500Fbizboth set of

experiments, data were not averaged.
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After VSDI recording, VSDI evoked response imd§ey. 12B2) and photo of
cranidomy with clear blood vesséFig. 12B3) merged together, which can provide

the precise position for muahannel recording.

3.1.4Evaluation of voltagesensitivedye imagng data

Images were analyzed offline using custorade routines iIMATLAB software
version7.7 (Mathworks, Natick, MA) In order to improvehe signal to noiseatio,
the image data were first processed using 5x5 pixel spatial bifoliogred by60 Hz
low pass filtering. Bleaching dfuorescencevas corrected bgubtractionof a bestfit
doubleexponential or 5th degree polynomialrve fitting tool in MATLAB). The
normalized change of fluorescence intensit{{ / FO) was calculated a$i¢ change
of fluorescenceintensity ( F) in each pixeldivided by theinitial fluorescence
intensiy (FO) in the same pixel

Only fluorescent changes with a maximalF / FO of at least 0.2%were
considered asvekedresponse®r spontaneousvents.To evaluate theionsef 3x3
pixelswere taken around a pixel with a sigaaleast 7 timekigher tharthe baseline
standard deviation, which represented the point of earliest activity as determined by
the experimenteThe duration of the events was determined as the time in which the
signal was above the hafhaximal F / FO amplitude.The area of the evekl
response or spontaneoergent vasdefinedasthe contour plobf the VSO response
with referenceto the halfmaximal F / FOamplitude The spatial representation
of VSDI responses were displayed according to this threshold. The diameter of the
VSDI responses were calculated from the area of VSDI responses under the

assumption of a circular response (d=2(al
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Voltage-sensitive dye imaging (VSDI) recording

2'

- -t
>

central barrel position 500 4m.

Fig. 12 Voltage-sensitive dye imaging recording.

A: (1) Exposed barrel cortex?) Staining barrel cortexvith VSD. Schematic illustration3) and
photograph 4,5) of experimental seip combining selective single whisker stimulatiand VSDI
recording B: (1) Photograph of barrel corteat P1after VSDI recording(2) Image for B2, C2 and D2

barrel by single whiskestimulation The green points are central barrel posit{@ .Merged picture by

B1l and B2.Barrel field map was generated on the basis of a cytochrome oxidase stained horizontal
sectionand superimposed according to the evoked responses
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3.15 Multi -eledrode recording protocols

Protocols were similar to those described previoudgang et al., 2009)
According the positions of bbd vessel and central positions of principle barrels in
the last merged pictu&ig. 12B3), we could performmulti-channel recording.

Field potential (FP) and multiple unit activity (MUA) were recorded bya
four-shank (Fig. 17A1) or a oneshank(Fig. 20A) 16-channel Michigan electrode
(1-2 Mq , Neur oNexus T e ¢ h n entoooge keale)coluAm n
according toVSD responseThe recording sites wereseparatedby 125 pm in
horizontal direction and 50 in vertical direction for the fshank electrodéFig.
17A1). Moreover, the remrding sites in onshank electrode were separated by
10um at P3P5 (Fig. 20B) and 50pm at POP1 (Fig. 20C). Both two kinds of
electrodes were labelled with Di | -dicttadeod3 , 3 ,-tBt@meshyl
indocarbocyanine, Molecular Probes, Eugene, OR, UBAM)stained tracks could
help to reconsuct electrodes array position dtisskstainedcoronal section(Fig.
20A). FP and MUA were recorded at least for 2 hatre. sampling rate of 20 kHz
using a multichannel extracellular amplifier and the MC_RACKfta@are (Multi

Channel Systems).

3.1.6Introcortical current sourcedensity (CSDanalysis

Current source density (CSD) profiles were calculated from the FP profiles

according to a three point formula described by Nicholson and Freé&reeman and
Nicholson, 1975)The CSD values Im were dee from the second spatial deviation
of the extracellul ar fi el d-diffecehce formulaa | s

| =-(UK)F aF (X +mh)

m=-

in which h gives the distance between two successive recording points and X is

the coordinate perpendiculém the cortical layer. The remaining constants are as

follows:n=1,k=1,@=-2 and atl = 1.
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3.1.7Calculate the slope dfP

The efficacy of synaptic transmission was calculated from the slope of the initial
negativation of the evoked FP respor(§@y. 13A). Evoked FP responses were
visually inspected to exclude artifacts or contaminations with spontaneous activity
(Fig. 13B, C). The slope was determined between 20 and 80% of maximal FP
amplitude and was normalized to the average slope recorded dwhginbaseline
interval. The largest FP slopes located in lalérat P3P7 and cortical plate at HRL
were chosen for comparing among different a@eg. 15B), spatial locationgFig.

17-18) and layers groupg&lso in layerl/lll at P3-P5 and deep layer at /1, Fig.
21). For statistical analyses slope values were averaged f@0antin and 35%0 min
poststimulus intervals. Data analysis was performed with MATLAB software versions

R2008B.
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A Normal

Breathing \/\\J\,\/\/M

MUAM—%%*W ,

I

B spontaneous activity

C Movement
Breathing J\J‘WA\W | 3mV

T mV

MUA WWWWH% 200 uV

= 200 ms

Fig. 13 Cortical r esponse by single whisker deflection recorded at different situations.

A. Normal evoked response by single whisker deflection. Rigatslope is calcutad as the slope of
the 207 80% amplitude interval of the initial negativdeflection (indicated in @. Red dash line
indicate the time point of single whisker stimulati®.Evoked response onsiderably attenuatday

previous spontaneous activity. Evoked response onsiderably attenuatdry body movement.
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3.1.8Frozen slices:

After electrophy®logical recordings, animals were deeply anesthetized by
hypothermia and decapitated. The skull was removed and a section including the
cortical barrel field was cut tangential to the cortical surface. The section was fixed in
4% paraformaldehyde for 24amd washed in 0.01 M PB&fter cryoprotecting in PB
(0.1M; pH 7.5) with 30% sucrose for 20 until 90 hours coronal sections of the brains
or tangential sections were cut to 20 thick sections on a freezing microtome,
collected in a multiculture plate filled with PB buffer and immunostained after

making theDil - fotos.

3.1.9Serotonin Transporte(5-HTT) staining

Serial 200 pm thick tangential slices of flattened barrel comaste cut on a
cryotome and stained for serotonin transporter using a modification of a previously
published protoco(Pinon et al., 2009)Slices were washed with PBS, followed by
blocking and permeabilisation with 7% normal goat serum and 0.8% triton in PBS (2
h, RT) and incubated overnight at RT in rabbit -@etiotonintransporterpolyclonal
antibody (1:1000, AB97268Chemicon, Germany). Antibody staining was visualized
using a fluorescent antibody (Streptavidin Al&xg3, 1:400, $402; Sigma,

Deisenhofen, Germany). Slices were washd@B®, mounted and coverslipped.

3.1.10 Statistics

Data in the text are presented as mean = s.énnthe bar diagrams, data are
shown as box plots giving the median, 25th and 75th percentiles, whiskers (10th and
90th percentiles), and outliers using SigmaPlot 10.0 softwitatistical analyss
were performed with SPSSoftware version 13.@ising ManrWhitney-Wilcoxon,
repeateeémeasures ANOVA and one way ANOViess. MannWhitney-Wilcoxon
test wereusedin two groups in whicldata sets without normdistribution Repeated

measurements thesame animals were analyzed by repeatedsures ANOVAest
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One wayANOVA test which followed by multiple comparisonsvith Bonferroni
correctionwas performedto compare more than two groups atébmin after 2 Hz

stimulation.
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3.2Project 2

3.2.1 Animals and surgical preparation

All experiments were performed on neonatal Wistar rats (either sex) aged PO
in accordance with the national laws for the use of animals in research and approved
by the local ethical committee (#23107/G101-010). Surgical pregration was
similar as described previouqlyang et al., 2012;An et al., 201Briefly, anesthesia
was induced by iniéll hypothermia and intraperitoneal urethane injection (0.2 g/kg,
SigmaAldrich, Steinheim Germany. The head of the pup was fixed into the
stereotaxic apparatus. 3 x3 mn’ craniotomywas madever theleft hemispheréoy
removing the skull and leaving éhdura mater intactFig. 22A). The craniotomy
includedthe forepaw and hindpaw representations in Sland M1 cortices. During
recording the body was kept at a constant temperature of 37C by a heating blanket

and cotton.
3.2.2 Forepaw or hindpaw touch stimations and movement detections

The forepaw or hindpawvere stimulated approximately 1 mmaway from the
dorsal aspeatising a miniature solenoid actuatonodified from Krupa et al., 2001)
that generated for@@nsa pressuren the skinThe interstimulus interval wag min.

Movements of the forepaw and hindpamere ecorded usingpiezoelectric

transducenttached tahem(Fig. 23A).
3.2.3 Voltagesensitive dye imagingvSDI)

Functionalforepaw and hindpaw representations in S1 andwdfe identified
by VSDI similar as described previous{Yang et al., 2012)The voltag-sensitive
dye RH1691 (Optical |l magi ng, Rehovot,
containing (in mM): 125 NaCl, 2.5 KCI, 10 HEPES (pH 7.3 with NaOH) and was
topically applied to the exposed cortical surfaced@min. Excitation light from a
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red LED (MRLED 625 nm, Thorlabs GmbH, Dachau, Germany) was band pass
filtered (630/30 nm), reflected towards the sample by a 650 nm dichroic mirror, and
focussed by a 25 mm Navitar video lens (Stemmer Imaging, Puchheim, Germany).
Emitted fluorescence was tedted via the same optical pathway, long pass filtered
(660 nm) and focused via another 25 mm Navitar lens angnaut extension tube

onto the chip of a MiCam Ultima L high speed camera (Scimedia, Costa Mesa, CA,

USA). Every pixel of this camera colledt light from a cortical region of 26x26 fin
3.2.4Analysisof VSDI Data

The analysis methods wasmilar as described previous(yang et al., 2012)
Tentrials of forepaw or hindpaw sensory evoked VSDI response @roepup were

collected toobtainan aveageresponseThe averaged data were then processed using
a 5 0 5-pixel spatial binning followed by 6Blz low-pass filtering to improve the

signatto-noise ratio. Bleaching ofthe fluorescence signal was corrected by
subtraction of a bedit fifth -degree polynomial usingthe curvefitting tool in
MATLAB (Mathworks, Natick, MA, USA)We calculated the normalized change of
fluorescence asnttemsi tharigd/ 60) f linneachescence
pixel divided by the initiafluorescence intensit{f0) from the same pixel.
When thefluorescent changége a ma x i mawere mdrd tha®.3%, we
considered them as evoked responsés. dnset tira of responsavas determinect
the time pointwhen VSDI signals wer® times higherthan the baseline staadi
deviation.The spatial representation of VSDI responsas cfinedat halfmaximal

oF/ FO amplitude.
3.2.5Multi -electrode recordings

As described previouslyYang et al., 2012) field potentids (FP9 and
multiple-unit activity (MUA) were recorded withwo 4-shank l1eéchannel Michigan
electrode (2 Mq, Neur oNexus Technol ogi-shanhk Ann Ar

electrode the recording sites were separated by 125 pm in horizontal direction and 50
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pm in vertical direction(Fig. 22A4). One silver wire waglaced just on the surface of
the cerebellum as ground electrodeTwo recordings electrodes were positioned
perpendicular to the cortical layers 81 and Mlcorticesrespectively At least one
shankof each electrode wasserted into the center of tierepaw representatiotirs

S1 and Mlas identified with VSDIFig. 22A, B). FPsand MUAwere recorded for at
least 2 h at a sampling rate of 20 kHz using a rohiéinnel extracellular amplifier

and MC_RACK software (Multi Channel Systems, Reutlingen, Geyijnan

3.2.6Intracortical microstimulationin M1

After identification of the forepawrepresentationn M1 by VSDI, we inserted
one fourshank léchannel Michigan electrode perpendicular to the cortical layers
with at least one shank inserted into the ceofethe M1 representationOn the
four-shank electrode the electrode sites were separat2ddyyn in both horizontal
and  vertical directioss. Electrodes were labelled  with Dil
( 1 dibdctadecy3 , 3 ,-tBtamedhyl indocarbocyanine, Molecular Probes, dbeg
OR, USA) for subsequent histological reconstruction of the electrode tracks in
Nisststained coronal sections throughl (Fig. 24A). By current source density
(CSD) analysisof forepaw sensory evoked reponses, we selected 2 channels located
in layerV atadepth of 506600 pum for bipolar electrical stimulatiorA single pulse
50 ¢ A, 1 0 0 argd swendybiphasit cuaent) pulseat 10 or 40 Hz were
delivered separatelythrough the2 channelsby a modi yed Nv-BA 0 6 0
preampliyer ( Mu |,) tand a sHimudus gererato(STYGs2004, nvkilti
Channel Systems

3.2.7Local blockade of M1, S1 and forepaw

Pharmacologic inactivation oforepaw M1 or Slwas performed by local
application of lidocaine via glass pipette (tip diameter of B@ pm) filled with
lidocaine(1%in Ri n g e r 6 yhydsochlotide manohydrate (SigAldrich) and
attached to ayringe. The tip of the glass pipette was positioned onvtheor S1
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surface close to the muithannel recording electrode. After 3 min baseline
recording,2i 4 ul lidocaine was appliedBlockade of M1 or Slasted approxirately
for 30 min.

Local inactivation of neuronal activity from the forepaw to M1 was achieved by
application of lidocaine (3% in salinelfter a 30 min baseline recordingO €l of
lidocaine wasnjected into forepawBlockade of M1 or Slasted approximtealy for 1

hour.

3.2.8 Analysisof multi-electrode recordingslata

As described previouslf{¥ang et al., 2012)the FP signals from each channel
were analyzed using the unfiltered data. MUA was detected using 200 Hpasgh
filtered signals with a threstmlat 5 times the baseline SD and a bfril ms The
poststimulus time histogram@STH)were analyzedby summing up the activity in
~20trials and normalized to number of spifEs secongber trial. Sliding window
method with 10 ms window and 1 ms stegs applied for the PSTehlculation

Gammaand spindleburstswere detected as follows. FPs contained at least 3
cycles with a duration less than 120 ms (the frequency more than 25 Hz), we defined
them as gamma busts.. Similarly, FPs contained at leastiés with a duration more
than 150 ms (the frequency less than 20 Hz), we defined them as spindle busts.
Furthermore, both gamma and spindle bursts should be accompanied by MUA.

The timei frequency spectrogram, powspectra, and coherence were apady
usingu n y | rae daw.Matlab spectrogram function with a timéndow of 100 ms
and an overlapping of 99 ms (Matlab 7.7, Matlorks) was used for he
timel frequency spectrograanalysesChronux toolbox \yww.chronux.og) was used
for spectrum and coherence analysesrthermoreJackknifemethod provided in the
Chronux toolboxwas used to calculat®8 5% conydence. iBath er val s
spectrum and coherence analyses were performed usingi&ainasvidth product of
TW= 1 with K = 1 taper, and the padding factor for the fast foursmsformation

(FFT) was 2.
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3.2.9Statisticaltests

Data are presented as mean +s.e.m. Staisteretesed with paired-test (for
comparing subsequent measurements in the same groapinoéls) and one way
ANOVA (for comparing more than two different groups) tests followed by multiple
comparisons with Bonferroni correction using SPSS software version dr3.0
Manri Whitney Wilcoxon test forthe data setsecording in two sites but frorane

animalusing GraphPad Prism (GraphPad Software,.Inc.)

44



4.1 Resultsof project 1

4 Results

4.1Project 1

4.11 10 min whisker stimulation at 2 Hz inducesge dependent expressioof LTP

in the neonatalrat barrel cortex

The FP responses to single whisker stimulation recordeswborn rat barrel
cortex in vivo consisted of an early gamma activity followed by spindle bursts as
described previouslyMinlebaev et al., 2007;Yang et al., 2009;Minlebaev et al.,
2011;Yang et al., 2012)o analyze activindependent modificationsf ¢he evoked
responses, we quantified the slope of the initial negative going FP response, which
reflects the early activation of the cortex via the thalamocortical pathway.

In P3-P5 rats (n=16 pups) repetitive single whisker stimulation at 2 Hz for 10
min (Fig. 14) induced a significantR(1.44,21.58)=0.77p<0.001) increase in the
slope of the FP that persisted for >60 min. The FP slope increlaeadhtically
(P<0.001, P<0.001 for-80 min, 3560min against baselinegspectivelyto 183.7 +
12.4% (n=16)during the 530 min interval and to 208.1 +14.0% during the-&%
min interval after LTP induction (upper tracedHig. 15A1, red symbols irfrig. 15A2,
3). No significant changef~(2,16)=1.66, P=0.22n the FP slopg97.60 + 2.39,
100.66+ 2.83, 105.5% 4.64 at baseline,-80 min, 3560 min, respectivelyyould be
observed in the agmatched control group (n=9 pups), which did not receive
repetitive 2 Hz whisker stimulations (lower traced=ig. 15A1, open squares iRig.
15A2, 3. Moreover, the relate FP slope showed the larger potentiation during the
post stimulation recording than control group (P<0.001, P<0.001-36r rhin, 3560
min in the stimulation group against control grougspectively. These data
demonstrate for the first time that tberebral cortex of RB5 rats shows a prominent
LTP to physiological stimulation of the afferent pathviyivo.

Previousin vitro studies have documented in thalamocortical slices of newborn

rats that the magnitude of LTP in barrel cortex gradually dsesebetween P3 and P7
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andLTP cannot be induced after the first postnatal w@&alair and Malenka, 1995)

In order to address the question whether a similardagendent expression of LTP
can be also observeid vivo to physiologically relevant afferent stimulation, we
studied the expression of LTP in4PQ and P&14 rats. In POP1 animals (n=12),
single whisker stimulation at 2 Hz for 10 min induced a significant
(F(2,22)=79.3(p<0.001) and stable LTEP<0.001, P<0.001 for-80 min, 3560min
against baselinggespectiely ) during the 530 min (161.7 £6.1%) and 360 min
(150.7 +3.6%) posinduction interval (filled black squares fig. 15B1, B2). In
P6-P7 rats (n=10), single whisker stimulation elicited an increase in the FP slope
during the 530 min (146.5 £19.5%)ynd 3560 min (149.9 £23.6%) poshduction
interval, which were, however, not significantly~({.16,10.43)=4.39,p=0.351)
different from the baseline responses (blue symbolBign 15B1, B2). In P8P14
(n=5)rats no obvious changes in the FP sl@&68 + 1.1, 99.3Ct 3.9, 105.3t 5.6 at
baseline, 830 min, 3560 min, respectivelyt(2,8)=0.98,P,=0.417 could be evoked
(green symbols irFig. 15B1, B2). Furthermore, the 360 min LTP phase was
significantly (£=0.027, P=0.037, for PB5 against P®1, P6P7respectively smaller

in PO-P1 and P&7 animals when compared to the®3 group In summary, these
results indicate that LTP is limited to the critical periods with highest magnitude at

P3-P5.
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Fig. 14 Schematic diagram of theexperimental setup.

Schematic diagram of the experimental setup illustrating selective mechanical stimulation of the C2
whisker (A) and simultaneous VSDI in the barrel cor{@®). The exposed barrel cortex was stained
with the voltage sensitive dye RH169 single whisker deflection of the C2 whisker elicits a local
VSDI response in a P3 rat. The green dot indicates the centre of the C2dlateel cortical column.

The black dot is the electrode insertion position. The orange color represent the afetienC2
whisker stimulation evoked VSDI respons€. shows the same area after termination of the
electrophysiological recording and retraction of the recording electrode. The red dot shows the
electrode insertion point (indicated lyrowhead. D. Stimulation protocol for induction of LTP.
During baseline recordinghe whisker was deflected twice per 5 min at 1 min interval for 30 frain

LTP induction the whisker was deflected at a frequency of 2 Hz for 10 Adtierwards the same 2

stimuli per 5 minwere used again for 60 min during the post stimulation recording period
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Fig. 15 Mechanical deflection of a single whisker for 10 min at 2 Hz elicits LTP of FP slope in
barrel cortex of newborn ratsin vivo.

A. Time course of FResponses before and after induction of LAR. Representative FP recording
during baseline, the-830 min and 35%0 min phases after 2 Hz stimulation (red) or without 2 Hz
stimulation (black) in a P4 rafA2. Relative FP slopes recorded in-P3controland LTP group. Data
are expressed awean ts.em. A3. Box plots of FP slopes in R®5 control and LTP group with
baseline, 830 min and 3%0 min post stimulationB1. Relative FP slopes recorded in different age
groups. Data are expressedasan 1s.em. B2. Box plotsof FP slopes in LTP groups of different ages
with baseline, 830 min and 350 min post stimulationSignificant levels between different intervals
were tested with paired ttest differences to control experiments were tested with
Manri Whitney Wilcoxon test, and differences among age groups were tested withagnANOVA
followed by multiple comparisons. Significance levels @f0.001 (***) and p<0.05 (*) were

identified.

48



4.1 Resultsof project 1

Furthermorewe quantified thespike numbepf single whisker evoketesponse
to analyze activitydependent modificationsyhich reflects the earlplasticity of the
cortex via theneuronal network

Similarly, in P3P5 rats (n=16 pups) repetitive single whisker stimulation at 2 Hz
for 10 min induced a significant~(2,30)=54.547 p<0.001) increase in thepike
numberof single evokedesponseéhat persisted for >60 min. Thke spike nhumber
increased dramatically?€0.001,P<0.001 for 530 min, 3560min against baseline,
respectively) t0163.5+ 9.0% (n=16) during the 80 mn interval and t0194.0 +
9.7%6 during the 380 min interval after LTP induction (upper tracesHg. 16A1,
red symbols irFig. 16A2, 3). No significant change$(1.310.1)=2.373 P=0.152 in
the spike numbe(101.7+ 1.1, 107.0+ 2.0, 109.6+ 5.2 at baeline, 530 min, 3560
min, respectively) could be observed in the-agdched control group (n=9 pups),
which did not receive repetitive 2 Hz whisker stimulations (lower trac&sgnl16A1l,
open squares ifig. 16A2, 3. Moreover, the relativéhe spike numbershowed the
largerpotentiation during the post stimulation recording than control griegf.001,
P<0.001 for 530 min, 3560 min in the stimulation group against control group
respectively).Again, hese datalso demonstrate for the first timeahthe cerebral
cortex of P3P5 rats shows a prominent LTP to physiological stimulation of the
afferent pathwayn vivo.

Similary, we studied theMIUA acitivity of LTP in PGP1 and P4?14 rats. In
POP1 animals (n=12), single whisker stimulation at 2 Hz X¥6r min induced a
significant £(2,22)=35.4 p<0.001) and stable LTEP<0.001, P<0.001 for-80 min,
35-60min against baseline, respectivglguring the 530 min (39.7 +6.5%) and
35-60 min (49.2+ 5.6%) postinduction interval (filled black squares kig. 16B1,
B2). In P6P7 rats (n=10), single whisker stimulation elicited an increatieeigpike
number during the 530 min @24.6 £ 8.9%) and 350 min @37.1 = 11.8%)
postinduction interval, which wersignificantly (2,18)=7.8, p=0004) increase tha
the baseline responses (blue symbold=ig. 16B1, B2). In P8P14 (n=5) rats no
obvious changes ithe spike numbe(99.3+ 2.3, 103.5+ 4.6, 97.4+ 1.2 at baseline,
5-30 min, 3560 min, respectivelyfF(2,8)=08, P=0.474) could be evoked (green
symbols n Fig. 16B1, B2). Furthermore, the 360 min LTP phase was significantly
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(p=0.04, P<0.001 for P3P5 against P®1, P6P7 respectivelysmaller in PEP1
and P6P7 animals when compared to the-F*3 group. In summarythese results
consistent with FP slopaef LTP and againndicate that LTP is limited to the critical
periods with highest magnitude at-P3.
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Fig. 16 Mechanical deflection of a single whisker for 10 min at 2 Hz elicits LTP of MUA in barrel
cortex of newborn ratsin vivo.

A.Time course oMUA samplea before and after induction of LTR1. RepresentativélUA recording
during baseline, the-30 min and 35%0 min phases after 2 Hz stimulation (red) or without 2 Hz
stimulation (black) in a P4 rafA2. Relativespike numberecorded in P35controland LTPgroup.
Data are expressed asean +s.em. A3. Box plotsof spike numbein P3-P5controland LTPgroup
with baseline, 880 min and 3%0 min post stimulatioBl. Relative spike numberrecorded in
different age groups. Datare expressed asean ts.em. B2. Box plots of spike numberin LTP
groups of different ages with baseline3® min and 350 min post stimulationSignificant levels
between different intervals were tested witired ttest differences to control egpiments were tested
with Manri Whitney Wilcoxon test, and differences among age gradys$ng 3560 min phasevere
tested with onavay ANOVA followed by multiple comparisons. Significance level$o0.001 (***),
p<0.01 (**) andp<0.05 (*) were identified.
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4.12 Spatial expression of LTP

Next we studied the question, whether the expression of LTP is restricted to the
stimulated whiskerelated cortical column or whether neighboring regions, septa and
barrels, also show a significant LTP to our stimulatpgamadigm. To address this
guestion, we used muldlectrode arrays which covered a distance of 375 pm and
which allowed the recording of FP responses in the activated Jpalattd column
and in neighboring region§&ig. 17A1).

We studied the spatial gtribution of LTP in P35 and P@P1 rats, since only
these two age groups showed a significant LTRe stimulated whisker related
cortical column was identified by VSDI and the4dchannel Michigartype electrode
was inserted perpendicularly into the dfghicortex with one electrode shank located in
the centre of the whiskeelated column Kig. 17A2, 3). The timecourse and
magnitude of LTP was analyzed for various distances from this central position (green
dot inFig. 17A2). The magnitude of LTP wasrigest at a distance of <100 pum from
the centre of the barrel and reached an average value of 180.7 £8.9% and 202.2 +
10.3% during the 80 and 3560 min LTP phase, respectively((.42,31.31)=86.75,
P<0.001,n=23 channels in 19 pupgFig. 17B1, B2). At a distance of 10200 pm
from the centre of the barrel (n<Bannels in 7 pupsa significant (2,14)=62.12,
P<0.00) and stable LTP during the first (149.4 +6.0%) and second LTP phase
(154.5 £6.0%) could be observe&i¢. 17B1, B2), but the second LTPhase was
significantly (p<0.05) smaller at this location as compared to the barrel centre. At
200-300 pm from the centre of the barrel (n=tRBannels in 9 pupsa significant
(F(2,22)=7.993P=0.02 LTP could be only observed during the88 min (121.6 +
5.9%), but not during the 380 min phase after LTP induction (119.3 £6.0%)d.
17B1, B2). Furthermore, the magnitude of the @3 min LTP phase was significantly
(p<0.001) smaller when compared to the LTP measured at a distance of <100 pm
from the barel centre. Similar results could be obtained for thé°R@ge groupHig.
17C1, C2), a stable expression of LTP at electrode positions located <100 pym from

the center of the barrel related colunb7.8+ 9.1% and168.3+ 9.2% for 530 and
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35-60 min intevals, respectivelyn= 14 channels in 12 pupsig. 17C1, C2. A lower
LTP expression was observed at distances between 100 and 202mH £ 8.6%

and 134.8+ 6.2 respectivelyn= 8 channels in 4 pupswhile no significant LTP
could be observed at eleode distances >200 pm$£ 7 channels in 4 pup$ig.
17C1, C2. These suggeshat the expression of LTP in newborn rat barrel cortex is
mostly restricted to the activated basrelated column.
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Fig. 17 The magnitude of LTP deceases with distance from the centre of the stimulated barrel.

A. Photograph of the>#-channel Michigan electrode arréd). A local VSDI responsavas
elicited by @ single whisker deflectiom a P4 raf2). The green dot indicates tkentre of

the C2 barel-related cortical columnThe coloreddots arethe electrode insertion positians
The green cife represergthe region of the C2 whisker stimulation evoked VSDI response.
A3 showsthe same area after termination of the electrophysiological recaduhgetraction

of the recording electroddhe black dat show the electrode insertion point (indicated by
arrowhead). B-C. Relative FP slopes recorded various distances from theentre of the
stimulated barrel if?3-P5(B1) and PGP1(C1). Data are epressed amean 1s.em. B3. Box
plots of FP slopesn various distances from theentre of the stimulated barial P3-P5 (B2)

and POP1 (C2) age groupswith baseline, 80 min and 3560 min post LTRstimulus.In
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same distance group**, p<0.001**, p<0.01 * p< 0.6 for 530 and 3560 min LTP
phasesagainst baseline respectively, repeated measureANOVA followed by multiple
comparisonsvith Bonferroni correctionin three different distanceskk, p < 0.001 %k, p

< 0.0 *, p<0.05,for relative FPslope in< 100pm against200- 300pm,100- 200um during
3560 min phase respectivelpneway ANOVA followed by multiple comparisons with
Bonferroni correction.

4.13 Input-specific LTP expression in principal barrel and septa

The spatial expression of LTaéhd its relationship to the cortical barrel and septa
organization was studied in more detail by histological analyses of the recording sites
after termination of thén vivo experiments. Tangential sections though layer IV of
the barrel cortex were stad for the serotonin transporterk8 T) and the positions
of the four electrode shanks of the mwhiannel Michigan probes could be clearly
identified Fig. 18A1). In the example shown iRig. 18A1, one shank was located in
the barrel of the stimulatedhisker C2, one shank was positioned in the septal region
between C2 and C3 and two electrode shanks were located in the neighboring C3
whiskerrelated barrel.Deflection of the C2 whisker induced characteristic FP
responses in the whiskeglated barrel e septal region and with a smaller amplitude
also in adjacent whiskeaelated barrelsHig. 18A2). Using the spatial information, the
analyses demonstrated that the magnitude of LTP was largest in the barrel of the
stimulated whisker (n=6 pups) reachimgaverage value of 190.8 +17.50ig. 18B).

In the septal regions a significantly (p=0.032) smaller LTP of 138.6 +7.8% (n=5 pups)
was observed Hig. 18B). No LTP could be observed in the neighboring

nonstimulated barretelated column (n=4 pups).
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Fig. 18 LTP is expressed in the barrel of the stimulated whisker and to a lesser extent in the
surrounding septal region.

Al, Photomicrograph of tangential section through layer IV of the barrel field of a P5 rat after
processing the gsue for5-HTT staining. Coloredarrowheadsindicate different locationf the four
shanksof the 4«4-channel Michigan electrodé&2, FP responses recorded in the baredhted column,

in the neighbouring septum and in an adjacent balughg baselineand post LTP induction periods
from the same P5 rat as shownBd. B1, meant s.em of relative FP responses recorded in the
stimulated barreldquarg, in the surrounding septal regionir€le) and in the neighbouring barrel
(diamond of P3-P5 rats.B2, box plotsof FP slopes recorded in barrel, septa and neighbouring barrel
of P3-P5 rats averaged for baseline3® min and 350 min post LTP inductiort*, P < 0.01*, P <

0.05, 5-30 min and 3%0 min post LTP inductiows. pre-stimulation repeated meages ANOVA
followed by multiple comparisonsith Bonferroni correction %k, P < 0.07k, P < 0.% in barrelvs.

in neighbouring barrel and in septaring 3560 min phase respectivelyyneway ANOVA followed

by multiple comparisons with Bonferroni correctio

Furthermorewe quantified thespike numbepf single whisker evoketesponse
to analyze activiydependent modificationia the spacial distributio(Fig. 19A). The
magnitude of LTP was largest at a distance of <100 ym from the centre of the barrel
andreached an average valueld3.6+8% and 193.7+ 8.7 during the 530 and
35-60 min LTP phase, respectivell(R,34)=68.2 P<0.001,n=18) (Fig. 19B1,2). At
a distance of 10Q00 pmn from the centre of the barrel (A5 a significant
(F(2,12)=38.5 P<0.0Q1) and stable LTP during the first (342 +6.2%) and second

LTP phase 147.3+6.1%) could be observed-ig. 19B1, 2), but the second LTP
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phase was significantly §9.004) smaller at this location as compared to the barrel
centre. At 206800 pm from the entre of the barrel (r£9), no LTP (F(2,18)=0.274,
P=0.763 could be observed after LTP inductioRi. 19B1, 2). Furthermore, the
magnitude of the 360 min LTP phase was significantly (p<0.001) smaller when
compared to the LTP measured at a distancel@0<gm from the barrel centre.
Similar results could be obtained for the-PD age groupHig. 19C1, 2), a stable
expression of LTP at electrode positions located <100 um from the center of the
barrel related columnlé1l.4+ 6.2 and147.9+ 5.8% for 530 and 3560 min
intervals, respectivelyn= 14, Fig. 19C1, 2. A lower LTP expression was observed at
distances between 100 and 200 [1b3%.4+ 14.26 and135+ 14.2% respectivelyn=

8), while no significant LTP could be observed at electrode distances 200
(F(2,12)=2.057 P=0.171; n=5, Fig. 19C1, 2.
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Fig. 19 The magnitude of LTP decreases with distance from the centre of the stimulated barrel.

Al, MUA recordedat distance of <100 pm, 100-200 pm and 20-300 um from the barrel certre
during baseling(up) and post LTP induction perioddown) from a P4 rat A2, A local VSDI response
was elicited byB2 single whisker deflectiom a P4 rat The green dot indicates tieentre of theB2
barrelrelated cortical columnThe coloreddotsare the electrode insertion positiolsfferent colors
stand for thevarious distanceom the centre of the stimulated barrBhe green cire represergthe
region of the C2 whisker stimulation evoked VSDI respoBs€, Relativesipke humberecordedn
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various distances from theentre of the stimulated barrel P3-P5 (B1) and POP1 (C1). Data are
expressed asnean xs.em. Box plots of FP slopesin various distances from theentre of the
stimulated barreih P3-P5(B2) and POP1(C2) age groups wvh baseline, 880 minand 3560 minpost
LTP-stimulus.In same distance groups™*, p < 0.00% *, p < 0.6 for 530 and 3560 min LTP
phasesagainstbaselinerespectively,repeated measurdsNOVA followed by multiple comparisons
with Bonferroni correctin. In three different distanceskkk, p < 0.001 %k, p < 0.0I' *, p<0.05,
for relative FP slope ik 100um against200 - 300pym,100 - 200pm during 3560 min phase
respectivelyoneway ANOVA followed by multiple comparisons with Bonferroni correction.

These dat indicate that single whisker stimulation in newborn iratgvo elicits
a prominent and spatially confined LTP. Interestingly, a significant and spatially
confined LTP could be already observed inf0rats, but at this early age, structural
barrels ca be not identified with histological methods and layer IV has not been fully

developed yetErzurumlu et al., 1990)

4.14 Layer-specific expressin of LTP

CSD analyses show the laminar location, direction (sink and source) and
magnitude of the transmembrane currents, which are responsible for generating the
local synaptic activity(Mitzdorf, 1985;Heynen and Bear, 2001;Megevand et al.,
2009) To elucidate the laminar localization of the potentiated synapses we performed
CSD analyses in PB1 and Pd5rat barrel cortexn vivo. A oneshank 1échannel
Michigan probe with an integlectrodedistance of 100 pym for P®5 and 50 pm for
PO-P1 was inserted perpendicularly into the stimulated column as identified by VSDI.
The electrodes covered all cortical éagfrom the cortical surface to the white matter
(Fig. 20A). Field potentials and the corresponding CSD profiles before and after the
LTP stimulus were compared in both age groups.

In P3P5 animals, the baseline CSD profiles were characterized by anammi
current sink in layer IV that extended into the lower part of layer IIRig.(20B1).

These patterns are consistent with previously reported findings in the neonatal rat
barrel cortexin vivo (Minlebaev et al., 2007;Yang et al., 2008)ter 2 Hz 10 min
single whisker stimulation, the synaptic potentiation was confined to this current sink
(Fig. 20B2), indicating a prominent increase in efficaoy the thalamocortical

synaptic input innervating layer IV and lower layer II/lll. In-PQ animals, in which
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layers II/lll and partly layer IV have not yet been form@dolnar et al., 1998)a
pronounced synaptic potentiation of the curnk in the cortical plate / upper layer
V could be observed-{g. 20C). The corresponding source was located in lower layer

V and in layer VI.
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Fig. 20 Representative field potential response depth profiles and corresponding CSéhalyses
obtained before and after induction of LTP in a P4 (B) and PO (C) rats.

A,Photograph of the Xil6-channel Michigan electrode array (leftDigital photomontage
reconstructing the location of the Bibvered electrode in coronal Nissghined sectio (right). B-C,

Depth profiles of FP responses to single whisker stimulation and corresponding CSD analyses in a P4
and PO rat. The intezlectrodedistances in the P4 animal was 100 pm, for the PO rat 50 pym. Left panel

(1) shows control data obtained chgi baseline recording. Right pan@) shows data after LTP
induction. InCSD analyses, current sinks (blue) are downward and current sources (red) are upward

going.
We studied the variolsyerspecific expression of LTiA P3-P5 and P€P1 rats,

since oty these two age groups showed a significant lWikile not in all P6BP7 pups

a prominent LTP could be inducdéig. 15B). The stimulated whisker related cortical
column was identified by VSDI and tHe<16-channel Michigaftype electrode was
inserted perpadicularly into the centre of the whiskeglated columnKig. 20A). The

time-course and magnitude of LTP was analyzed for vareysls (Fig. 20A, C). At
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P3P5, he magnitude of LTP was largestlayerlV and reached an average value of
1803 = 13% and 219.2 £+ 22.26 during the 50 and 350 min LTP phase,
respectively [(1.11,6.69=29.26 P=0.001,n=7 pup9 (Fig. 20B). In layer II/lll (7
pupg, a significant (2,12)=13.79 P=0.01) and stable LTP during the first{1.7+
15.9%) and seand LTP phase200.8+ 26.6%) could be observedrig. 20B). In layer

V (n=7 pupg, a significant F(2,12)=34.2 P<0.001) LTP could beboth observed
during the 530 min (L67.4+ 11.£8%) andduring the 3560 min(161.2+ 8.9%) phase
after LTPinduction Eig. 20B). However, no LTP could be found in the layér(n=7
P>0.05, pup9. Furthermore, the magnitude of the-83 min LTP phase was
significantly (3,24)=3.3P=0.037) different among the various layerSimilar
results cold be obtained for the PB1 age groupHig. 20C), a stable expression of
LTP could be induced in cortical pla(@61.5+ 2.2 and147.5+ 3.2% for 530 and
35-60 min intervals, respectively= 8 pups Fig. 20D). A lower LTP expression was
observedn layerV (1439 +5.0% and136.6+ 7.6% respectivelyn= 8 pup$, while

no LTP could be observedoth in layerVI and subplatqF(2,14)=1.3,P=0.32;
F(2,14)=1.4,P=0.037respectivelyp= 8 pups Fig. 20D). However, no conclusive
evidence for LTP of the thalamtis-subplate synapse could be observed in this study
as well as in thalamocortical slice preparations (unpublished observalibasg data
indicate that longerm changes in whisk@&voked responses of the barrel cortégra

2 Hz stimulation mainly involved the granular and supragranular layers.

58



4.1 Resultsof project 1

FP
A B1 2
-f—A\_,/: 300 ; *
i — . - Layer IV,n=7 gk |
v & 250 | =+ Layer llll,n=7 ] =
— V= — o -o- Layer V,n=7 * k1.3
— %5 Sk = ok
v o © 200 Layer VI,n=7 1 “
:—‘%—-=__— ae
_ =
wi_——————— é.’_ 150{ P3-P5 |
E_:——-——-— ©w —
i 8 100 (Pl - = - =
W 50 2 Hz, 10 min
100 pm}; - K 288 288 288 288
el J:w 40 30 20 -0 ﬁme}&in)zo 30 40 50 60 SE8 88 $68 $88

— baseline — post stimulation

o
N

-8 Cortical plate, n=8
@ 250 @ LayerV,n=8
§ Layer VI, n=8 oy
© 200 { -& Subplate,n=8 dkek ok
X Kk *:: e
g 150 PO-P1 == 1
@ o =
& 100 B 3 bpgbtdg = = - =2
50 2 Hz, 10 min
40 30 20 40 0 10 20 30 40 50 60 @S § L&SF L&F LSS
Time (min) 2 C::SC)G o Q&Q& E\TC)&QG 2 c:gca&
FAE FDE FDO H5EO

Fig. 21 Physiological whisker stimulation induces LTP in different layers.

A-C, Depth profiles of FP responses to single whisker stimulationng baselne and post LTP
induction periodsn a P4(A) and PO(C) rat. B-D, Relative FP recorded invarious deptts of the
stimulated barrel ifP3-P5 (B1) and PGP1(D1). Data are expressed agan s.em. Box plotsof FP
slopesin variousdeptts from thecentre ofthe stimulated barréh P3P5 (B2) and PGP1 (D2) age
groups with baseline,-80 minand 3560 minpost LTRstimulus.In same distance groupg**, p <
0.00% **, p< 0.0% * p < 0.6 for 530 and 350 min LTP phasesagainstbaselinerespectively,
repeated measureSNOVA followed by multiple comparisongith Bonferroni correctionin different
layers, %k, p<0.001 Yok, p< 0.0 *, p<0.05,for relative FP slopeortical plateagainstayeiVI
and subplatelayer V againstlayeiVl and subplateduring 3560 min phase respectivelpneway

ANOVA followed by multiple comparisons witBonferroni correction.
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4.2 Project 2

4.2.1Voltage Sensitive Dye ImagindrevealsSensory Processing the Newborn

Rat Sensorimotor Cortex

The forepaw and hindpawepresentatianin S1 and M1 were identifiedh
newborn rain vivo by VSDI following single mechanical stimulatio(Fig. 22). In all
P3-P5 rats (n=16 pups), stimulation of the forepaw evoked reliable responses in the
contralateral sensorimotor cortex with a latency of 46.1910 ms(Fig. 22A-B). The
initial sensory response was highly locatizwith small amplitude isontralateralS1
and then the amplitude reached maximally to &90.03 % qd~/FO (Fig. 22B-D).
Approximately 8 ms after the earliestsponse in S1 cortexhe secondlocalized
responseccurred in contralateral M{Fig. 22B). However, the evoked responses i
M1 hadsignificantly longer (P < O@L) onset latencyo 54.88+ 1.58 ms(Fig. 22D1)
andsignificantly smaller (P < 0@) amplitudeto 0.71+ 0.03 %q¥/FO (Fig. 22D2)
thanthe responses in SMoreover, thelocatiors of theg responses in S1 and M1
were mirror symmetric Theseare consistent withpreviousstudiesin adult rodents,
showingthe sensory processing in vibrissa sensorimotor c¢Resezou et al., 2007)
and the mirror symmetric locations of S1 and NBrecht et al., 2004b;Brecht,
2011)These results demonstrate thihe sensory stimulatiomeliably evokesthe
sensoryprocessingn two separated and local regioinem S1to M1 in newborn

animals.
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Fig. 22 A single mechanical stimulation of forepaw or hindpaw induces VSDI evoked response in
both S1 and M1 of newborn rats.

(A) Schematic diagram of the expegmtal setup illustrating selective sensory mechanical stimulation
of forepaw or hindpawA1l) and simultaneous VSDI recording $1 and M1(A2). The exposed cortex
includesthe forepaw and hindpaw representations irffréd diagram) and M1(bluediagran). A single
mechanical stimulation of the forepaw or hindpaw elicits a local VSDI response in both S1 and M1
from a P5 rat. The red line in Al indicates for the sensory pathway. The red and blue dots indicate the
centre of VSDI evoked response in S1 and Mbeetvely. The red and blue circles represent the
region of forepaw or hindpamechanicaktimulation evoked VSDI responses respectively. A, anterior;
L, lateral; P, posterior; M, media{A3) Flattened maps of the M1 and S1 cortices (modified from
Brechtet al., 2004b). Schematic illustration marked by dash black square indicates the same area as
(A2). Two fourshank 1échannel electrodes are inserted into the centre of VSDI evoked response in S1
(red) and M1 (blue) respectively to record spontaneouslyrdog and sensory evoked activifa4)
Photograph of a fowshank 16échannel Michigan electrode array shows the neighbour shanks
distance of 125 pm and neighbour chanrdilstance of 50 um on a shank.
(B) The left image shows the same cortex(A8), but after stained with the voltage sensitive dye
RH1691. From €176 ms VSDI evoked images were induced by the single mechanical stimulation of
the right forepaw. Note that after forepamechanicalstimulation, the local response occurred in S1
first, over dout 8 milliseconds, the other localized response generated in M1.
(C) VSDI fluorescence signal traces in both S1 and M1 from the same experimeriBagouced by
a single forepaw mechanicatimulation were averaged across ten trials. Representptixte of
example is shown at an expanded time scale (right). In this and the subsequent figures, red indicates the
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data from S1 and blue indicates the data from M1. Green dash line indicates the time point of sensory
stimulus. Note that after stimulation farepaw, VSD fluorescence signal increases firstly in S1, and
several milliseconds later propagates in M1.

(D) Statistical analyses of the onset laterfbl) and maximal amplitudéD2) of forepawevoked

VSDI response obtained from 16-P3 rats. Note theensory evoked responses in neonatal M1 with a
longer latency and smaller amplitude than responses in S1. The averagebigtpga gymbols are
expressed asnean +s.em. Small symbols connected by black line stand for individual animal.
Significant differences between S1 and Milwere tested withManri Whitney Wilcoxon test.
Significance levels 05<0.001 (***) was identified.

4.2.2 Neonatal M1operatesn both motor and somatosensorynodes

VSDI has perfecspatialresolutionbut not goodemporal resolutin, since it is
unable to reflect well on the highequency patterns of neuronal activiBerger et al.,
2007;Ferezou et al., 2007;Yang et al., 2012;Mcvea et2802) Therefore, we
combined with extracellular ufti-electrode recordingvSDI recording providedhe
locations of forepaw representationsn S1 and M1 which enabled us to insert
Michigan electrodeinto the centres of forepaw S1 and MHEig. 22) as wedid
recording in the central C2 barrel in previous st(&ly et al., 2012)

It has beendocumentedthat the subcortical networks generate spontaneous
neuronal activity to drivearlymotorbehaviorin thedeveloping sensorimotor system
(Petersson etl.a 2003;Blumberg, 2010a;Tiriac et al., 201Zp study the function of
M1 and the relationship between neuronal patterns in sensorimotor cortex and
spontaneous motor activity during tearly development of sensorimotor system, we
did simultaneouslyrecading of the cortical activity in sensorimotor cortex and the
movements of forepaw(Fig. 23A). Interestingly, we observed thredistinct
relationships in P®5 rats. (1) Spontaneous cortical activity in M1 with the
occurrenceof 3.5+ 0.3 miri* drove foregw movement and activity in S1. Gamma
burst (~40 Hz) preceded forepaw movement and spindle burst(RigGR23B1). (2)

On the contrast, spontaneous forepaw movement triggered activity in sensorimotor
cortex (with the occurrence of 55 0.7 min'). Spontaeous forepaw movement
preceded 10 Hz spindle bursts in S1 and 40 Hz gamma bursts followed by 10 Hz
spindle burstgFig. 23B2). (3) Gamma and spindle burstscurredn M1 and S1 with
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the occurrence of 2 0.3 min® without forepaw movemer(Fig. 2383). Then, we
distinguishedwo populations opontaneouMUA events in M1 according the time
point of the forepaw movement. In % animalsspontaneouMUA events in M1
drove forepaw movemen(Big. 23C1), however, most of MUA events were triggered
by the moements(Fig. 23C2). Finally, we quantiied onset latency between FP
events in M1 and forepaw movements during 10 min recording from 990 events in 9
P3-P5 rats(Fig. 23D). 31.8% of spontaneous activities could drive the forepaw
movements with the most ever{tL.4+ 1.2 miri*) occurring100-150 ms earlier than
the forepaw movements. In contrast, 50% of spontaneous activities were triggered by
the forepaw movements with the majority of events @@5 min?) at latency of
40-60 ms following the spontaneouwements. The left 18.2% spontaneous activity
happerd alone not related with any paw movement.

In summary, these results indicate that M1 pldguble rolesOn the one hand,
it works in a motor mode to drive motor outputs. On the other hand, it oparaes

sensorymodeto receiveperipherysensory inputs.
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Fig. 23 Spontaneous neuronal activity in sensorimotor cortex correlates with forepaw movement.
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(A) The schematic illustration of the experimental setigh two four-shankl16-channel electrodeas
in Fig 22A3-4 located inS1 (red), M1 (blue) and a movement detectattached to the contralateral
forepaw. Blue line indicates the motor pathway, while red line stands for the sensory pathway.
(B) Three patterns of relationships Wween the cortical activity in sensorimotor cortices and forepaw
movement from a P4 raB1) Gamma burst in M1light blue) could triggeforepawmovement and
spindle burst in S1 (red). Black dash lines indicate the time point of forepaw movefgmtdack
trace is thespontaneous forepaw movemesiétection The middle time series spectrogramas
calculated for with a timaindow of 100 ms and an overlapping of 99 fnzgn the unfilteredraw data.
The bottom trace shows the MUA @nhighpassfiltered (>2@ Hz) trace.Light blue traces indicate
activity from M1, red traces represent activity from $82) Spontaneousorepawmovement could
trigger spindle burst in S1 (red) and gamma burst in M1 (gréB8).Spontaneous activity occed in

M1 (blue) and S1red) during the quiet periods of forepaw.
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(C1) SpontaneocudUA events in M1 ( light blue) trigger forepaw movements from the same animal
as in B. Top trace ispoststimulus time histogram (PSTH3nd bottom bars represent different
spontaneouMUA eventsin M1. SontaneoudMUA events were aligned to the onset of the forepaw
movements. Black dash lines indicate the time point of forepaw moveni€a)sSpontaneousMUA
events in M1 are triggered by forepaw movements (green) from the same recordif@®s in

(D1) Bar diagramshows theoccurrence®f FP events which trigger forepaw movements (light blue)
and are evoked by forepaw movements (green) in-@3°&ats.Data are expressed as mean =s.e.m.
(D2) Piediagramshows thepercentage of three patterns activity as inB from 990 events in 9 PB5

rats during 10 mispontaneoug recording.

4.2.3Microstimulation of layerV neurons inneonatal M1 evokes motor activity

Previous anatomicalevidences have proved that, in PO newborn mice,
corticospinal motor neurons locatetl layerV in motor cortex have already extended
the axons to spinal cordgrlotta et al., 2005;Molyneaux et al., 200Th adult rat
motor cortex, intracellular stimulation and microstimulataf single or population of
pyramidal neurons in laye¥ could evoke whisker movemen{8recht et al.,
2004a;Brecht et al., 2004blt is unknown that Wwether neuronal activity patterns
(gamma ~40 Hz and spindle ~10 Hz bursts) in neonatal M1 have ability to drive early
motor activity through articospinaltracts. A direct way to address this is to check
whether the different frequency stimulatiahsoughcorticospinal tracts have effects
on the motor activity. Thereforgve performedintracortical bipolamicrostimulation
of layer V neurons in M1 withMichigan electrode(Fig. 24A). Single pulse
stimulation (150 € A, 1 Oabd burss pof twenty pulsesat 10 Hz and 4 Hz
stimulation were used to induce forepaw moven(eig. 24B). In P3-P5 animalsKig
24C1, n=8 pups), single pulse stimulation to M1 failed to evokeraligbleresponse,
only spontaneous movementcurredrandomly as the control condition without
stimulation. Interestingly, burst of stimulations at 10 Hz could evoke movement with
a significant increase in rate to 3643.24% than control condition and single pulse

stimulation (p<0.001, respectiyg. The stimulations at 40 Hz were effective to evoke
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response with the highest rate (53.552.11 %) than the other parameters of
stimulations(Fig. 24C1, p<0.001, forcomparison againstontrol, single stimulation

and 10 Hz stimulation, respectively)urfthermore, wemeasured thdatency of
movement responséy 40 Hz bursstimulation(Fig. 24C2). The majority of evoked
movement responses (43.266.19 %) were induced with a latency of 1B00 ms
following the stimulations, which was consistent with tagency of spontaneous
movementtriggeredby spontaneous activity in M1 as kg. 23D. Togetherthese

results suggest that 40 Hz gamma and 10 Hz spindle bursts of stimulations can induce

the early motor activity in newborn rats.
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Fig. 24 Microstimulation to layer V in M1 could evoke motor movements in newborn rats.
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(A1) Schematic diagram of the experimental setup illustrates microstimulation of forepaw
representation in M1 using a feshank 1échannel electrode and simultanealgtection of forepaw
movements. Blue line indicates the motor pathw@g2) Digital photomontage reconstructing the
location of the Dilcovered electrode in coronal Nisshined section from a P5 rat. MZ, marginal zone;
WM, white matter; SP, subplatéA3) A schematic illustration of a fotshank 16channel Michigan
electrode array with neighbouring channels distance of 200 pm. Red points indicate 16 channels as in
A2. Bipolar electrical stimulations to lay8rwere applied at channel 2d8.

(B) Forepaw motor responses elicited by different electrical microstimulations to\layeforepaw

M1. The control without stimulation only had digital input (black arrow heads) to choose the time point.
Single stimulus stimulatiomdicates the singlbi phasi ¢ current pulses (150 ¢A,
applied tolayerV. 10 Hz and 40 Hz stimulations show the forepaw evoked movement by the 20 pulses
of stimulations at 10 and 40 Hz respectively. Red dash lirdisaite the time point of stimulation.
Black arrowheads indicate the time point of digital input. Gray traces are single trials, while the black
ones are averaged traces of 40 trials.

(C1) Box plots of response rate to all stimulations were recorded 8ifBRats with control condition

and different parameters of stimulations. Note that highest response rate was induced by 40 Hz
bursts of stimulations(C2) Bar diagram shows the response rate to all evoked response by 40 Hz
stimulation at different l@ncies obtained from 8 H35 rats. Note thathe majority of evoked
movement responses were induced with a latency oP000ms.Data are expressed agan +s.em.
Significantdifferences amongdifferent parameters of stimulations and control conditi@ne tested

with oneway ANOVA followed by multiple comparisons with Bonferroni correction. Significance

levels ofp<0.001 (***) was identified.

4.2.4Neuronal activity in neonatal M1 contributes to part of spontaneous motor

activity

Furthermore, to invegate the relative contributionof the activity in M1 to the
paw movement, we completely blocked the cortical activity locally in M1 by applying
the 1% lidocaine. Expectably, not all spontaneous movements were completely

abolishel after inactivation of M (Fig. 25A). These left movements might be
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triggeredby activity from brain stem, spinal cord and spontanaouscletwitches as
reported previouslyPetersson et al., @8;Blumberg, 2010a;Tiriac et al., 2012)
However, the occurrence of spontaneous forepaw movement decreased significantly
(p<0.001, n= 7 P®5) from 12+ 0.6 min' to 8.2+ 0.5 min' after blockade of M1

(Fig. 25B1). Meanwhile the duration of movementsdwced significantly (p < 0.01

n= 7 P3PH from 1.6 £0.1 s to 0.99 £0.06 gFig. 25B2). These results are in
agreement with(Fig. 23D2), suggestingthat cortical activity in neonatal M1

commands ~30% of the spontaneous motor activity.
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Fig. 25 Effect of the inactivation of M1 on the spontaneous forepaw movement.

(A) 2 min continuous spontaneous forepaw movement detection in a P3 rat under control conditions
(A1, black) and 20 min aftdr i docai ne (1% i n Rinf{ARegrad).sLowerdrhcest i on) ap|

show movement traces boxed in the upper panel at higher temporal resolution.
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(B) Inactivation of M1 by lidocaine application reduced the occurrdidg and duration(B2) of
spontaneous forepaw movement. Small symbols linkeal ligck line stand for each individual animal.
The averaged datdifger symbols are expressed amsean ts.em. Black for control, gray for M1
inactivation. Significantdifferences between before and after application of lidocaieze tested with

pairedt-test from 7 P&5 pups Significance levels gi<0.001 (***) andp<0.01 (**) were identified.

4.2.5Selfgenerated gammand Pindle burstsoccurin M1 in the absence of

sensory inputs

Conversely next | wondered the relative contribution of sensory uitsp by
spontaneous paw movement to the neuronal activity in M1. To address this question,
we blocked the sensory inputs ibyecting 3% lidocaine subcutaneously inforepaw.

After blockade of sensory periphery, spontaneous gamma and spindle bursts still
existed in MXFig. 26A-B). However, sensory stimulation could not induce any
response in both M1 and Eig. 26C). In addition, the occurrence of spontaneous
gamma and spindle bursts significantly (p < 0.001, n=@®3decreased by hdFig.

26D, contro| 10.32+ 1.05 min'; forepawinactivation, 5.22¢ 0.48 min') in M1 after
inactivation of forepaw. These results are in great agreements with the percentage of
spontaneous activity in M1 triggered by forepaw movement &gin23D. Similar
phenomenorhasbeen observed in S1 tsevering the spinal corKhazipov et al.,
2004) in barrelcortex by blockinghe whisker paqYang et al., 2009and in visual
cortex by removing the retin@gdanganu et al., 2006Theseresults demonstrate that
sensory periphery inputsigger 50% of neuronal activity in M1. However, the left
endogenouggamma and spindle bursts may be generated by circuits which are

intrinsic to the neonatal cortex.
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(A andB) 20-s-long recordings from the forepaw M1 area befdk#, (blue color) and 20 min afteB(,

light blue color) lidocaine injection in forepaw in a P3 pup. Top traces are the spontaneous forepaw
movement detectiorblack). The down panel traces show the FPs in M1 from the unfiltered raw data.
(A2, 3andB2, 3 Examples of gamma burstdZ andB2) and spindle burst#A@ andB3) displayed at
expanded time scale and indicated by asterisks in A1 and B1. In the uppetigatime series

spectrogram was calculated for with a time window of 100 ms and an overlapping of 99 ms from the
unfiltered raw data. The bottom traces show the gamma or spindle bursts at expanded time scale before
(A2, 3)and after(B2, 3)applicationof lidocaine. Note thaessgamma (g) and spindle (s) burstscur

in M1 after inactivation of forepaw.

(C) In the same animals §& and B), sensory evoked gamma and spindle bursts could be induced in
both M1 and S1 in the control conditié@1), but nd after inactivation of forepa@C2). Green dash

line indicates the time point of sensory stimulus.

(D) Forepaw inactivation reduced the occurrence of spindle and gamma bursts in the forepaw M1 area
from 6 P3 P5 pups. Each individual animal was used bwlsoolour symbols (linked by a black line)

and averaged data (big symbols) are expressed as nseamHbigger symbols). Blue for control,
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light blue for forepaw inactivatiorsignificantdifferences were tested witpaired ttest from 6 P35
pups. Sgnificance levels o0p<0.001 (***) was identified.

4.2.6 Age-dependentensory processing neonatal £nsorimotorcortex by

bilateral forepaw sensory stimulation

It has been demonstrated that sensory and motor integration is crudihé for
execution ofvoluntary movemeist(Cascio and Sathian, 2001;Gamzu and Ahissar,
2001;Macaluso and Driver, 2005;Blumberg, 2010a;Koziol et al., 20%&hsory
information is used to refine motor cont(t#traeli and Porter, 1995;Deschenes et al.,
1998;Hoffer et al., 2003;Allowayteal., 2004) Therefore,|l further investigated the
sensory processing signals from S1 to M1did simultaneously miti-electrode
recording in S1 and M{Fig. 27A) by placing the same type of electrode a&im
22A4 in the centre d forepaw representians in S1 and MXFig. 27B). In P3 P5
rats a single mechanical stimulation of right forepaw could elicit the earliest spindle
burstsin the contralaterbS1 (Fig. 27B1). Approximately 8 mgater, gamma followed
by spindle bursts werteiggeredin the contralaterhM 1 (Fig. 27B1) with significantly
smaller (p < 0.05, than S1) amplitude (190.21 mV), longetatency(51.32+ 1.17
ms) and shorter duration (188.16 s) but without significant difference (n=HFg.
27C). These resultsaare comparableto the evoked responses in the sensorimotor
cortex by VSDI recording as iRig. 22D. Similarly, left forepaw could also induce
evoked responses in thesilateralS1 and M1. However, compared with the evoked
responses in theontralaterh sensorimotor cortexthese responses in ipsilateral
sensorimotor cortex(Fig. 27C) had significantly smaller (p < 0.001, against
contralatera S1 and M1, respectively) amplitude (0.400.05 m\tipsilateral S1,
0.41+ 0.05 m\tipsilateralM1), considerablyionger (p < 0.001, agast contralaterk
S1 and M1, respectively) latency (92.84 4.42 msipsilateral S1, 84.58+ 4.32
ms-ipsilateralM1) and dramatically shorter (p < 0.001, p < 0.01, agaiostralaterh
S1 and M1, respectively) duration (0.12 0.02 sipsilateral S1, 0.20+ 0.02
s-ipsilateral M1). The similar phenomenonhas been only reported in neonatal

somatosensory cortex by EE@®@larcaneReik and Blumberg, 2008and VSDI
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(Mcvea et al., 2012)ecordings.These results ar@soin general agreement with the
anatomical development of tleallosal projection neurons across the corpus callosum
(CC) during ths age perid (Molyneaux et al., 2007;Alcamo et al., 2008;Fishell and
Hanashima, 2008;Sohur et al., 201

To address the question of whether simitaroked responses by bilateral
forepaw stimulationcan be also observeid younger animalsl studied sensory
evoked response at fl. In PGP1 rat3, forepaw stimulation could evoke the
response first in theontralatera S1 (Fig. 27B2). Over about 11 ms, then gamma
bursts were induced in theontralatera M1 (Fig. 27B2) cortex with significantly
smaller (p < 0.05) amplitude (1.280.28 mV), significantly longer (p < 0.08tency
(82.45+ 11.58 ms) and sigiicantly shorter (p < 0.05) duration (0.44 0.03 s)
compared with the response in S1 (nE&y. 27C). However, no response could be
elicited inipsilateralS1 and Mlanymoré-ig. 27B2).

Thesedata demonstrate thabntralateral sensorimotor cortévas he reliable
cortical responsedy forepaw sensory stimulatioras early as PO Furthermore,
forepaw sensory stimulation can induce reliable cortical responseagsilateral

sensorimotor cortex until P3.
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Fig. 27 Sensory evoked respase in both S1 and M1 by mechanical stimulation in bilateral
forepaw from newborn rats.

(A) Schematic diagram of the experimental setup illustrating selective senschanicaktimulation

of bilateral forepaws attached to movement dete¢st¥and simltaneous multelectrodes recording

in S1and M1 on the left hemisphere corté%?). Red traces ifAl) stand for the sensory input

pathway.(A2) The exposed corteicludesthe S1 (reddiagram) and M1 (bluediagran) cortex of
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contralateral forepaw repregations The red and blue dots indicate the centre of VSDI evoked
response in S1 and M1 respectivelySL, leftS1; L-M1, left-M1; A, anterior; L, lateral; P, posterior;
M, medial.
(B1) In a P4 rat, right forepaw stimulation evoked gamma bursts iMl&dind spindle burst in left S1,
left forepaw stimulation also evoke responses in both left S1 and M1 but with long latency and small
amplitude. The middle wavelet analysis calculated from the unfiltered raw data. The bottom traces
show FP from unfilteredaww data and MUA in a higpass filtered (>200 Hz) trace. Red traces
represent activity from left S1, blue traces indicate activity from left M1. Green dash line indicates the
time point of sensorynechanicaistimulus.(B2) The similar experiment ad@1), but from a P1 rat.
Right forepaw stimulation evoked gamma bursts in left Mland spindle burst in left S1, while left
forepaw stimulation failed to evoke any response in both left S1 and M1.

(C) statistical analysis of peak to peak FP amplit(@#), onset &tency(C2), and duratiof{C3) of
both right and left forepaws evoked responses ifP®3dots, n=12 pups) and iHRL (squares, n=6
pups) rats. Red indicates data from left S1, blue indicates data from leftfptstim, right forepaw
stimulation; Hp-stim, left forepaw stimulation. Data are expressed as meameth. Significant
differences betweenS1 and M1 bybilateral forepaw stimulationat P3P5 were tested wittoneway
ANOVA followed by multiple comparisons with Bonferroni correctio8ignificant differences
betweerS1 and Mlat POGP1 were performed with MainkVhitneyi Wilcoxon test. Significance levels

of p<0.001 (***), p<0.01 (**) andp<0.05 (*) were identified.

4.2.7 Sensoryprocessinggammaand spindle burstsin M1 depend on S1

Next, to study theealation of sensory evoked responses between S1 and M1, we
compared FPs and corresponding MUA between contralateral S1 aad ikEig 27.
The FP and MUA to single forepaw stimulation recorded in newborn rat sensorimotor
cortex consisted of early and latemponentgFig. 28A), as described previously in
visual cortex(Colonnese et al., 201@&nd barrel corteXYang et al., 2012)In the
early component, the autocorrelation of MUA showed peatk ~25 ms, which
indicated ~40Hz gamma band activity in M1, but not in(Sf. 28B1-2). Moreover
the MUA in Slprecededhe MUA in M1 (Fig. 28B3), which was in agreement that
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sensory stimulation evoked response in S1 was ~8 ms earlier than the response in M1
as in Fig. 22D1 and Fig. 27C2. In the latecomponent the autocorrelation and
crosscorrelatn of MUA in both S1 and M1 showed peaks at ~100 ms, which
indicated ~10Hz alpha band spindle bursts actiiiiyg. 28B4-5). Then we quantified

the spectrum of FP , MUA , coherence of FP versus MUA during early and late
periods of evoked responses in b8thand M1 (292 evoked events in 12P3pups).
During the early period, the spectrums of FP and MUA revealed a clear peak at the
frequency of ~10 Hz, which was also evident in the coherence plot of the FP versus
MUA (Fig. 28C1-3) in S1. However, in M1, & FP spectrum, MUA spectrum and
coherence of FP versus MUA all showed a peak at a higher frequency of {BlgHz
28D1-3). During the late period, the spectrums of FP, MUA and coherence of FP
versus MUA exhibited a peak at similar frequency of ~10 Haih I$1(Fig. 28C4-6)

and M1 (Fig. 28D4-6). These data suggest that gamma and spindle bursts are the
electrophysiological activity patterns in neonatal M1, while only spindle bursts are in
S1. Gamma and spindle bursts mediate the interaction between $1ldotlowing

the sensory stimulations. The sensory activity inpp&tedeshe activity in M1.
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Fig. 28 Sensory processing gamma and spindle bursts mediate interactions between S1 and M1

(A) Summarised FP (top traces), correspogdSTH (middle traces) and muithit (bottom dots)
recordings of forepaveensoryevoked responses simultaneously in both S1 and M1 from a P4 rat.
Averaged (red and blue traces) and superimposed 20 single (gray traces) cortical FP responses of 20
succeedig forepaw stimulations. Note the presence of gamma bursts in the early response in M1 and
spindle bursts in the late response in both S1 and M1 in the FP and MUA. Green dash line indicates the
time point of sensory stimulus.

(B) Autocorrelation and crossaoelation analyses of ear(81-3) and late(B4-6) MUA in S1 and M1

from data marked by curly brackeits (A). In the early response, note that ~ 25 ms peaks (yellow
arrowheads) exist in the autocorrelation of M1 MUA but not in S1 MUA and that the S1 MUA
precedes M1 MUA (yellow arrowheads). In the late response, note ~ 10 ms peaks (green arrowheads)
in both autocorrelation and crosscorrelation of S1 and M1 MUA. Yellow traces stand for predictor.
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(C) Average spectrum of FP and MUA analysed of early evoksdoreseqC1-2) and late evoked
respons€C4-5) in S1 from(A). Average coherence of FP versus MUA during e@Cly) and late(C6)

from 292 forepaw sensory evoked responses recorded in-P5 P&s. Red traces show averages, the
shaded area represents 8886 Cl. Note the ~ 10 Hz peaks (green arrowheads) in spectrums of FP and
MUA and coherence of FP versus MUA in both early and late evoked responses.

(D) The similar analyses as {€), but from simultaneousecording in M1 (blue)Note that ~ 40 Hz
peaks(yellow arrowheads) in the early evoked respor{Bds3) and ~ 10 Hz peak (green arrowheads)

in the late evoked respong@4-6) at both spectrums and coherences of FP and MUA.

Furthermore, in order to directly address the question of whether S1 plays a
critical role in generating sensory evoked gamma and spindle bursts in M1, we
blocked S1 by applying 1% lidocaine locally in S1. Then we analyzed the functional
effects of local inactivation of S1 on the expression of sersooited gamma and
spindle burstan M1 at P3P5 (n=6 pups). In the presence of lidocaine, sensory
stimulation could not evoke MUA activity in S1 anymd@Feg. 29A-B). Meanwhile,
only weak sensorgvoked responses were induced in the [fig. 29B). We
compared the FP and MUA responsesawited before with these after the local S1
inactivation (Fig. 29C). In the early component of evoked response in M1,
corresponding to the gamma bursts phase, the average number of spikes and the
gamma spectrum power (BD Hz) of FP and MUA, significantl{P<0.01, forspike
number,FP- spectrum, MUA spectrum, respectively) decreased from B33 (spike
number) 24.99 +5.91 xX1G% &/Mz (FP- spectrum), 2.96 +0.24 1% &/Mz
(MUA - spectrum) to 83t 17 (spike number)6.31 +2.6 X10°% &/Mz (FP -
spetrum), 0.92 +0.15 x16% €/Mz (MUA - spectrum), respectivel¥ig. 29D1-3).
Similarly, In the late component of evoked response in M1, corresponding to the
spindle bursts phase, the average number of spikes and the spindle spe&durz)0
also signifcantly (P<0.01, P<0.05, P<0.01 fepike numberFP - spectrum, MUA-

77



4.2 Resultsof project 2

spectrum, respectively) reduced from 3331 (spike number)58.43 +11.12 x1G%

e V/Hz (FP- spectrum), 2.11 +0.45 X% €/Mz (MUA - spectrum) to 218

(spike number)23.61 +3.2x10°% &/Mz (FP - spectrum), 0.19 +0.12 x1%

e V/Hz (MUA - spectrum), respectivelyFig. 29D4-6). In summary, these results
demonstrate that Slcontributes dramatically to the sensory processing gamma and

spindle bursts in M1.
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Fig. 29 Sensory processing gamma and spindle bursts in M1 depend on activity in S1.

(A) Summarised FP (top traces), corresponding PSTH (middle traces) andimitu(tiottom dots)

recordings of forepaw sensoryevoked responses in the sensorimotor cortetxohaandition from a

P4 rat. Averaged (red and blue traces) and superimposed 20 single (gray traces) cortical FP responses
of 20 succeeding forepaw stimulations. Note the presence of gamma bursts in the early response in M1
and spindle bursts in the latesponse in both S1 and M1 in the FP and MG#£een dash line

indicates the time point of sensory touch stimulus.

79



































































































