Morphological analysis of the dendritic tree and t
expression and localization of actin-modulating
protein synaptopodin in hippocampal granule cell:
TNF-+ KO mice

Smilovi , Dinko

Doctoral thesis / Disertacija
2021

Degree Grantor / Ustanova koja je dodijelila akademsWnivesgity afi stupar
Zagreb, School of Medicine / Sveu iliate u Zagrebu, Medicinski fakultet

Permanent link / Trajna pbhmMpsfucmnsk.hr/urn:nbn:hr:105:524607

Rights / Priveapyrightaati eno autorskim pravom.

Download date / Datum pre 202826;88

Repository / Repozitorij:

Dr Med - University of Zagreb School of Medicine
Digital Repository

DIGITALNI AKADEMSKI ARHIVI I REPOZITORILII


https://urn.nsk.hr/urn:nbn:hr:105:524607
http://rightsstatements.org/vocab/InC/1.0/
http://rightsstatements.org/vocab/InC/1.0/
https://repozitorij.mef.unizg.hr
https://repozitorij.mef.unizg.hr
https://repozitorij.unizg.hr/islandora/object/mef:3554
https://dabar.srce.hr/islandora/object/mef:3554

UNIVERSITY OF ZAGREB
SCHOOL OF MEDICINE

'LQNR 6PLORYLD

Morphological analysis of the dendritic
tree and the expression and localization
of actin -modulating protein synaptopodin
In hippocampal granule cells of TNF -A

KO mice

DISSERTATION

Zagreb, 2021.



UNIVERSITY OF ZAGREB
SCHOOL OF MEDICINE

'LQNR 6PLORYLD

Morphological analysis of the dendritic
tree and the expression and localization
of actin -modulating protein synaptopodin
In hippocampal granule cells of TNF -A

KO mice

DISSERTATION

Zagreb, 2021.



This dissertation was made at the Laboratory for confocal microscopy, Croatian Institute for
Brain ResearchUniversty of Zagreb School of Medicine, and at the Clinicauxbanatomy

laboratory, Goethe University Frankfurt am Main, University Hospital.

This work was supported by the billateral Croatta@rman project (Ministry of Science and
Education of the Republic of Croatia and Deutsche Akademische Austauschdiesrsa(MZ

DAAD), Deutsche Forschungsgemeinschaft (DFG CRC 1080), the Scientific Centre of
([FHOOHQFH IRU %DVLF &OLQLFDO DQG 7UDQVODWLRQ 1F
clinical research of hypoxic VFKHPLF GDPDJH LQ SHULQDWDO DQC
KK01.1.1.01.007 funded by the European Union through the European Regional Development
Fund)

Mentors: ODULR 9MD, &hh
Professor of Neuroscience,

University of Zagreb, School of Medicine

Thomas DellerMD
Professor of Anatomy
Institute for ClinicalNeuroanatomy

Goethe University Frankfurt am Main, NeuroScience Center



CHAPTERS

1. INTRODUCTION AND BACKGROUND ....cociiiiiiiiiccee e eeemm e e e 1

1.1. The hippocampal formation and the dentate gyrus of the rodent.brain................. 3
1.1.1. Anatomical description and projections of the dentate gyrus...................... 6
1.1.2. Dentate gyrus granule CellS...........cooveuuiiiiiiiiiiii e 8

1.2. Dendrites and dendritiC BIBS.......uuuiieiieeiiiiie et e e ee et e et e e e e 10
1.2.1. Morphology and function of dendrites............ccccoeeiiiiiiiiiiii e, 11
1.2.2. Morphology and function of dendritiC SPINES...........ccoveeiiiiiiiiiiiiiiiiiiiieee, 12
1.2.3. Homeostatic mechanisms Of SPINES..........uuuiiiiiiiiiiie e 16
1.2.4. Dendritic spines and brain pathology...........ccovvuiiiiieiiiiiii e, 18

1.3. TumMOr NECrosis TA0r +. « € € € € € K K K LK K K KKK K K K KKK
1.3.1. Biochemistry of TNF. DQ G L W V«ld K & kS Rdddk « «
1.3.2. TNF-. LQ V\QD SWL F«Wd&kx@ ¥ £ & & §&dR@ « « «

1.4. Synaptopodin< AR SO COR GO GO GO CER GO GO GO GO GO GO GO GO GO GO GO GO GO GO (O GO GO G
1.4.1. Biochemistry of Synaptopodif « « « « « « « « & « € € € € € K«

1.4.2. Synaptopodinn synaptic transSmiSSioN « « « « « « « € € € € « & «

2. HYPOTHESIS ... e et e e e e e e et e e e et e e eaa e e eaa e e eannns 30

3. AIMS AND PURPOSE OF THE RESEARCH. ..o e 31
TN R €T 1T = L= 11 31
3.2 SPECITIC @IMS....eeieeiiiiiiii et e e e e e e e e e e 31

4. MATERIALS AND METHODS ....ooiiiiiiiiiiiiiiee ettt e e e e e e e e ennnes 32
A1 ANIMALS .. e e e e e e e e e e r et r 32
4.2.Perfusion and slice preparatiQn............ccooeoiiiiiiiii e 33

4.3. Organotypic slice culture preparation and transection of entorhinal afferents...34

4.4. Intracellular filling of flUOreSCENt AYES.........cevvvviiiiicicci e 36
4.5. IMMUNONISTOCREMISTLY.....eeiiiiiieiee e e 37
I [0 F=To [T PP PPPPPPPPPPPPN 38
4.7. Analysis of dendritic arbOrS. ..o 40
4.8. Analysis Of dendritiC SPINES........cccoiiiiiiie e e e e e e e e 42
e TS = 11 1105 SO SUOPPPPPPPPPPRPPPPIN 45

0. RESULTS . e e e e e e e r e e 46



5.1. Analysis of dendritic trees of granule cells in organotypic hippocampal cultures after

L@ I IR 1 (o TP 46
5.1.1. Dendritic remoding after entorhinal denervation is partially independent of
TNF-. H[SUHMVMLRQ. e 3B
5.1.2. Shollanalysis reveals the resistance of FalphaKO cellsto EQ................. 50
5.2.Results from the TNHIPha analysSiS...........coooiiiiiiiiiiii s 52

5.2.1. Granule cell dendrites of TNKO mice exhibit a reduced spinermsity.......... 52
5.2.2. TNF-KO mice show an increase in the fraction and area of large spines.54

5.2.3. Synaptopodirpositive spines are larger in TNEO mice compared to

171013 = PP PR PP PPPPPPPPPPPPPPR 56
5.2.4. Large SP+ spines are selectively enlarged in-KRIFMICE............cccvvvvvernnnens 58
5.2.5. SP cluster size is increased in spines of I¢kcient granule cells.............. 60

5.3. Results from the TNfeceptor knockout angis « « « « « « « « « « « « «

5.3.1. The presence of either TNF receptor is enough for normal spine density and

5.3.2. Knockout of both TNF receptorsdds to a drastic reduction in spine head size
in granule Cells OF the DG........ooiiiiiiiiii e 68
5.3.3. Morphological changes in TNR1-KO mice closely follow the changes seen
N TNFKO MUCE.. ..ttt e e e e e e e e e e eeeeeseenernnnnes 70
5.3.4. Large SP+ spines are enlarged, while smallspihes are reduced in TN¥1-
(SO 1 ] o RSP 72
5.3.5. TNF-receptor knockout mice show a reduction of the medium spine population
in favour of small or large spines depending on the genotype..................... 74
5.3.6. TNF-R2 knockout mice have mild dendritic spine charthas are independent
of synaptopodin presence in dendritiC SPINES.......cccccevvviiiiieeeiiiiiiie e, 75
5.3.7. The mechanism of spine head reduction in TREH2DKO mice is
independent of synaptopodin EXPreSSION...... ... 79
5.3.8. Synaptopodin clusters are predominantly located in the base of spine.l&&ds.
5.3.9. Spine head size correlates with SP cluster size in all analyzed groups...84
6. DISCUSSION. ... cuiiiitimiiieieee e eaete e e e e e ettt ee e e e e st aaeeeeeasanstbaeeeeeesaasssseeeaeeaaassbeeeeaeessannees 87
6.1. Morphological deficits in the dendritic tree in mice lacking Falpha are milder
compared to Wildtype CONLIOIS........ccuuuiiiiiiie e 88
6.2. Structural alterations of spines in TNIeficient mice follow closely the changes seen

IN ENLOTNINAL HENEBIVALION. ... et st e e e e e e e e e e e e e e e eeenen 89



6.3. SP positive spines are highly affected by the removal of Tk « « « «  « «
6.4. Dendritic spines of mice lacking TNR1 undergo comparable changes to those seen

in mice lacking TNF . « « « « « « € « & € € € € € € € € €K KKK KK

6.5. Dendritic ines of mice lacking both TNF receptors havewaese reduction in average

6.6. All investigated genotypes exhibit a reductiorthe size of small SBpines compared

£O CONMIOIS. ... e e e e e e e e e e e e e e e b e e b s 91
6.7. Importance of obtained data and future research directions..............cceuueeeeeeenn. 92
A O © 1 L O 0 1 [ 94
8. ABSTRACT IN ENGLISH ....oiiiiiiiiieiiiiiiiie ettt a e e e e ennnees 95
9. ABSTRACT IN CROATIAN ottt e et e e e e e e e et e e e e e aaanaeaes 96
10, BIBLIOG R A PHY o e aaa 97

L11.BIOGRAPHY i 121



LIST OF SYMBOLS AND ABBREVIATIONS:

CA
CNS
DG
DIV
EC
ECL
GC
GCL
GFP
HF
HPF
IML
KO
MEPSC
MML
OML
oTC
PSD
SA
SER
SP
TNF- .
TNF-KO
WT

Cornu ammonis

Central nervous system

Dentate gyrus

Daysin vitro

Entorhinal cortex

Entorhinal cortex lesion

Granule cell

Granule cell layer

Green fluorescent protein
Hippocampal fisure

Hippocampal formation

Inner molecular layer

Knockout mice

Miniature excitatory possynaptic current
Middle molecular layer

Outer molecular layer
Organotypic hippocampal cultures
Postsynaptic density

Spine apparatus

Smooth endoplasmic reticulum
Synaptopodin

Tumor necrosis factot-alpha

Mice lacking the tumonecrosis factortalphagene

Wildtype mice



1. INTRODUCTION AND BACKGROUND

The morphology of neuroras a discipline existsincethe seminal works of Ramon J @hj

(1). More than a century ago, he had the intuition tovkigust how important this discipline

will be for understanding the inner workings of the brain. This is best captured by his quote:
A7KH IXWXUH ZLOO SURYH WKH JUHDW SK\VLRORJLFDO URO
into the secrets that thesstructures contain, so has our methodology improved.
Neuromorphology as a disciplimevestigates what rules, conclusions and new insights might

be gained fronstudying the shape, form and structuréhefcells in the central nervous system

).

The hipp@ampal formation(HPF)is a structure located deep in the temporal lobe and has a
clearly defined thredéayered architecture. Its function gsimarily that oflearning, memory,
particularlyspatial memory that enables navigation through space. It consistsr @farts to
enable its functionThe entorhinal cortex (EClentate gyrus (DG), Cornu Ammonis areas 1

3 (CA1, CA2, CA3) and subiculum (SA). The DG is thmin afferent strcture of the
hippocampus, receng a vast network of afferents from the entorhinal cortex (EC) through
the perforant patf3). In the dentate gws, the granule cells (GC) regeithis input and any
disruptions in the network, either by extringctors or by genetic modifications, will present

with changes in the morphology of G(k.

In this regard, dendrites, deetpart of the neuron that reees exdatory input, are well studied.
Dendrites are extensions of the cell body that branch in a specific manner and transfer
molecules from and back to the soma. They also allow the transfer of currents towards the soma
and axon hillock. Their branched stru@us indicative of the extent of innervation the cell is
receiving, and any changes in the length of its arbor or its complexity is suggestive of
significant changes in the neurons receptive pr¢fi)e On these structures we find dendritic
spines, small extemons emaating laterally from the dendrite. They serve as {3gagptic

sites where most excitatory, glutamatergic synapses are made. Thegeryamynamic
structures, with most spines in adult animals being transient, while a very select few remain
stable for extended periods of time. Their structure changes with regards to their function, with
small spines having less excitatory function coragato their larger counterparts). It is
therefore possible to iaf certain functional properties of affected neurons through the

investigations into the shape and size of its dendritic tree and its spines.



Tumor necrosis factaalpha TNF+. LV D F\W R MNtt@eHin \thé& iniunig&sponse.

While its function in the context dfie immune system has beenrthgghly studied, it has also

been shown that it has a prominent role in the central nervous system (CNS). The serkinal wor

of Beattie and Stellwagen hasown thaifTNF *. controlssynaptic strength by influencirtge

surface expression of AMPA receptdi®d. Throughout the last 20 years, it has been shown

that TNF+. KDV PXOWLSOH UROHV LQ V\QDSWLF SODVWLFLW\
detrimental and homeostatic for the function of neur@sWith this in mind, we aimed to

illuminate its influence in the context of vitro andex vivoexperiments.

Synaptopodin (SP) is an aci@ssociated protein that has a critical function in a subset of
dendritic spines. Thre it interacts with gpecializd structure called the spine apparatus (SA)

which is a form of a smooth endoplasmic reticulum (SER), allowing it to influence the
dynamics of calcium concentrations inside the dendritic spfBesThis protein is also

important in synaptic plasticity, and recent investigations have shown it to influence dendritic
spine stability(10). The functions of SP antiNF+. DUH FRQQHFWHG DQG WKLV G

aimed to bring further information concerning their interactions.



1.1. The hippocampal formation and the dentate gyrusof the rodent brain

The hippocampus has been one of the most idiessudied regions of the brain. This is
partially due to the structudeaving a clear relatively simple organization of its cell layers
coupled with a highly defined anatomy of its many inputs, many of which come from a single
source. These inputs, unlike most of the other cortical areas, are predominantly unidirectional,
which allows the study and manipulations of upstream targets with high preciden.
hippocampl formationconsists of the following structures: tleatorhinal cortex dentate
gyrus cornuammonisand thesuliculum Unlike other parts of theerebral cortexvhich have

a clearly defined sitayeredorganizationthe structure of the entorhinal cortex is considered
to betransitional(11). It is further divided into the medial entorhinal cortex (MEC) and lateral
entorhinal cortex (LEC). This is a functional divisjarot a layered one. The function of the
MEC is to enable the representation of irdirally generated signals for perceived and planned
movements in stable, already familiar contexts. The function of the LEC is to provide a
mechanism for the understangiof new information in novel environmer{fi?). The principal
neurons of the EC are pyramidal callsdstellate cells located in layel | and 11 (13) which

use glutamate as an excitatory neurotransmiktezdentate gyrugs comprised of three layers
themolecular layeygranule cell layeand thepolymorphic layerin the rodent brain, isione

of the rare brain structures known to have a significant rate of adult neurogdd@sikhe
granule cell layer houses the principal neurons of the DG, the greslide Their dendritic
trees are located in the molecular layer, where thegie inputs from the EC. The cornu
ammonis area of the hippocampus is further divided into areas CA1, CA2 and CA3. These
areasalso havea clearly defined layered structure s@mting of thestratum oriensstratum

pyramidale stratum radiatunandstratum lacunosurmoleculare

The principal neurons of the CA area are pyramidal cells located strétem pyramidale

The subiculum area is comprised of the parasubiculum, presubi, postsubiculunil5). It

is the main output area of the hippocampus, sending projections towards the entorhinal cortex
and multiple different areas of the brain, including the nucleus accumbens, septal nuclei,
prefrontal cortex, hypothalamus, mammillary nuclei and the amggidihk organisation of
axonal projectionsof the hippocampal formatiostarts at theentorhinal cortex. The EC
receves inputs from all parts of the neocortex and then relays that information to the dentate
gyrus through the cells in its superficial layefsie DG receives its dominant input from the
entorhinal corteXayer Il neuronsvia the perforant pathwafdl6). The projections from the



MEC terminate onto the proximal dendriticear of the molecular laygmedial perforant
pathway (MPP)while the projections of the LEC end on the distal dendritic degaral
perforant path (LPP){17). The principal cells of the dentate gywuthe granule cells, that
receve the perforant pathway give rise to axons that, again unidirectionally, project to the
pyramidal cells of the CA3 field of the hippocampus. This pathway is known as mossy fibers.
The pyranmidal cells of the CA3 area prafeto the CA1 hippocampal field through the
Schaffer collaterals pathwayhe perforant pathway, mossy fibers and Shaffer collaterals
together form what is called the trisynagtathway/loop(18). From the CA1 pyramidal cells,

the axons leaveitherfor the subiculum, and then for the EC, or directly back towards the
entorhinal cortex. Through these connections the @daand the subiculum close the
hippocampal loopending their projections in the deep layers of the(EQ. Although this
simplified view of the anatomy of the hippocampal formation leaves out a myriad of different
cell types and regulatory and sgexinnervations, it still serves to show that this unidirecl
characteristitcs somewhat unique in the central nervous system, which has allowed researchers
to investigate specifaty defined monosynaptic circuits with clear understanding of the
presynaptic and postsynaptic cellular targetfie anatomical localaion of therodent
hippocampusstarts at the midline of the brain near the septal nuclei, which marks its
rostrodorsal border, and extends laterally in the caudoventral direction oveelhind the
talamus, ending in the deep temporal lobe. This gives it the appearancesbépédd structure.

The entorhinal cortex, the structure that provides major injouwtards the hippocampus
located caudoventrallgnd unlike the HP, is locatenh the surface exterior of the rodent brain.
(20).
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Figure 1. Basic anatomy of the hippocampusThe wiring diagram of the hippocampus is
traditionally presented as adynaptic loop. Information arrives in the datet gyrus through

the axons othe perforant path. They make excitatory syr@aptntact with the dendrites
located in the molecular layer belonging to the granule cells, where the lateral entorhinal cortex
innervates the outer molecular layer while the medial entorhinal cortex innervates the middle
molecular layer. Axons of granule cells innervate the proximal apical dendrites of the CA3
pyramidal cells through the mossy fibers pathway. The circle is fystbpagated through the
Schaffer collaterals pathway, connecting the CA3 with the CA1 pyramidal cells. It is important
to note that CA1 pyramidal cells also project to contralateral CA3 and CA1 pyramidal cells
through commissural connections. CA3 pyramidalls are also innervated by a direct
projection from layer Il cells of the entorhinal corteshile CA1 pyramidal cells are innervated

by layer Il cells of the entorhinal cortex. The axons of CA1 pyramidal cells then return to the
entorhinal cortex ang@roject to layer V cells. The hippocampus is also home to a wealth of
different inhibitory and regulatory neurons not shown in the figure. Taken f2dmnwith

adaptations.



1.1.1. Anatomical description and projections of the dentate gyrus

Similar to other parts of the hippocampus, the DG consists of three layers. The understanding
of the aforementioned thrdayered architecture is crucial in understanding any changes in the
system. They are from outer in: the molecular layer (ML), which fuithdivided into the

outer molecular layer (OML), middle molecular layer (MML) and inner molecular layer (IML);
the granule cell layer (GCL) and the hilus (HChe molecular layer is a relatively célee

layer closest to the hippocampabktise and itontains the dendritic trees of granule céilsers

of local inhibitory neuronsand the fibers of the perforant path from stellate cells ofayer

Il of the EC (22). However, here isa differencebetween the fibers originating from the medial
compared to lateral parts of the EC. Hj8itmonsen and Jeur{23) have reported that fibers
originating in the LEC terminate in the OML while fibers originating in the MEC terminate in
the MML. Besides thgranule cells, which will be explained in detail in the next chapter, there
is a multitude of cells in the D@nd their cell bodies are located in the GCL or in the HL
Radial glial cells are locatdabthin the HL and the GCL. They are GFAP positive, &nd
believed that they provide the scaffimlg needed for the apical dendrite of the newborn GCs
to grow into the molecular lay¢24). Basket cells are also located in the HL and GCL and are
either GABA or parvalbumin positiv€5). They form symmetric synapses with the somata
and dendrites of granule cellschited in the IML, and they res@ afferents from thgranule
cells, commissural axons of the contralateral DG and perforant path. These connections suggest
that they work as a feddrward inhibitory circuit for granule cell§6). Mossy cells are
numerous neurons that populate the HL area. Their proximal dendritesncoamaplex
dendritic spinescalled thorny excrescenceshile the rest of their dendritic tree has typical
spines. The predominant afferent projection comes from mossy fibers of GCstherabeons

of mossy cells contain glutamate, and terminate on ®hBA&rgic interneurons of the hilar
region andon dendrites of GCs in the IML. Therefore, the hypothesis is that mossy cells
provide excitatory feedback to granule cells and activate local inhibitory eleplagisg a
crucial role in lamellar organizatioof the hippocampal formatio(27). Fusiform cells are
located in the HL area, and they are further divided intoyspnd aspiny forms. They revei
axons from the granule cells and send projections towards the OML, making symmetric
synapses on the dendrites of the GCs. They are predominantly GABAergic n@&piise
chandelier cells are inhibitory interneurow#h a unique set of features: their axons form
highly-organized rows of boutons and they send their inhibitory projections exclusively on
axon initial segments. They are loahia the GCL, and more rarely in the HL. They dayns
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innervate the GCs, while their dendrites extend radially all the way to the HF. This allows them
to provide a spatially based inhibition of granule cé&8). Taking all of these cell types into
account, their cumulative function is to provide support gmdvide a selective
inhibition/excitationpatternto the granule cells of the DG, thereby allowing a higher degree of

accuracy and information contentthis principal cell.

Outer (OML)
Molecular :
|ayer S Middle (MML)
Inner (IML)
Granule cell
layer
Subgranular
zone (SG2)
Hilus —
Deep hilus

Figure 2. The layers of the dentate gyrusThe illustration shows the laminar organization of

the DG, with a single granule cell. The dendritic tree of the granule cell extends towards all
parts of the molecular layer, while tla&on extends into the opposite direction, called the
mossy fiber. The molecular layer is tied into three zones of approximately the same width:
the outer molecular layer (light red), middle molecular layer (light blue) and the inner
molecular layer (fjht brown). The granule cell layer (dark gray) contains multiple levels of
very densely organized granule cell bodies. The subgranular zone (light green) contains a
multitude of hilar neurons described in the text above. The deep hilus is the area shait end
the border of the CA3 area (light gray). Taken fr@®) with adaptations



1.1.2. Dentate gyrus granule cells

The most numerous and crucial cell type of the dentate gg/the granule cell. The celése
dengly packed in the GCL with little to n@nglial sheth between them,ra the thickness of

the GCL is large mough foraround 78 cellnuclei (31). They are also the only cells to have
axons that leave the DG, and they innervate the CA3 field of the hippocampus, as #heart of
trisynaptic circuit The axons of neurons located in layeofithe entorhinal cortex end strictly

in the OML and MML of the dentate gyrus, on dendritic spines of granule(28)ldHere they

form asymmetrical synapses that account for nearly 85% of total synaptic connections in the
DG (32). Glutamatergic input to the IML comes from the axons of mossy cell axons of the
commissural/associational collater§&3). Their dendritic tree is shaped in a cone with the
direction towards the hippocampal fissure through the With the distal dendrite tips ending

at the fissurg34). The dendrites contain more dendritic spines in the MML and OML due to
the perforant path innervatipwith around 25% oflendriticspines being located in the IML,
42% of spines in the MML and3%6 of spines located in the OMB5).

The perforant path lesion has been used as a brain injury model of denervation since it interrupts
the main input to the granule cells of the dentate g{#lisDue to the highly stable and
laminated structure of these cells, it allows precise tracking of changes in dendritic and spine
morphology. Likewise, since the site of the lesion is distant from the dentate gyrus, local
inflammatoryor degenerative effects indlentorhinal cortex do not influence the plesion

circuit reorganization in the dentate gyr(36). Following entorhinal denervatian micein

vivo, it has been shown that dendrites react with a loss of predominantly distal dendritic
segments (with a reduction of total dendritic length~50%) and with a reduction gpine
density to ~65% of original values. Dendritic spines recover quite fast, with densities reaching
original values in 30 days, while dendrites partially recover to ~70% of initial length after six
months. However, thipartial recuperation is due to the extension of existing dendrites, as
opposed to the formation of new branc(®g). After the denervation, there is an expansion of

the nondenervated IML that is due to the ingrowth of commissural fibers erd@odcounteract

the heavy loss of afferen{88 #1), while inhibitory projections remain stable and relatively
unchanged. In fact, even with pharmacological inhibition of excitatory neurotransmission,
there is no dowsscaling of GABAergic synapses granule dés after ECL(42). Granule cells

are also unique whtregards to their ability tohstand pathological conditions such as stress,
anoxia, transient cerebral ischeragcompared to CA1 pyramidal neuro@s3). It is important



to note that mammaliadentde gyrus granule cells have the ability to proliferate throughout
the adult life of the animal(14). The morphology of these cells stays distinct from
developmentally born granule cells and they are prone to alterations in their dearbotis
while maturating44). The role of adutborn neurons is believed to be novel memory encoding

and distinct pattern separati(4b).



1.2. Dendrites and dendritic spines

Dendrites are branched extensions of a neuron tlogiagate electrochemical signals from
other neurons via synapséde morphology of dendrites, such as total lengtimber of
branches, and arboation is highly correlated with neuronal functi¢f6). While highly

mobile during development, they retain a modest form of plasticity intamhdt Dendritic

spines are the primary recipients of synaptic inpand are the smallestultifunctional
integrative uniof the nervous syste(d7). This is in larg part due to their ability to detect the
temporal coincidence of pre and postsynaptic activity, the coupling of synaptic activity and
local, isolated calcium release from their compartments and multiple mechanisms of change in
resporse to this activity2). After undergoing a period of maturation, every fully formed spine
has an excitatory synapse, while many contain both excitatorynhaiitory synapse (48).

They emerge from dendritic shafts, and contain a spine neck, the narrow substructure
connecting and isolating trstructurefrom the dendrite, and a spine head, the structure that is
part of the synapse, specifically the postsynaptic tedmireeir length from the dendrite to the
synapic surfaceis from 0.5 +3 pum, while the head is roughly spherical with a diameter
between (b £1.5 um.The density of spines is betweeilQ spines per micrometer of dendritic

length, meaning that some neurons contain thousands of $p@)es

Electran microscopicastudies have shown that not all spines have a synaptic contact and that
those that lack a synapse4fo) have a distinct morphology, being very slender, elongated,
small and without a clearly defined hg&@). These thin, long protrusions withoutlear head

are called filopodia. It is believed that they are transient structures inrthation of adult
stable spinesA significantnumber of spines also contain the smooth endoplasmic reticulum
(SER) mostly involved with intracellular traffickingnd calcium storage and dynamics. The
SER is usually organizdd the form of aspine apparatu$SA), with stacked dense plates and
SER cisternae between thgil). Dendritic spines are structures that do not contain any
microtubules, rather relying on actin for stability and formation. Due to the predominantly
filamentausactin-basedstructural composition, they are quite plastic structurbe.dominant
function of dendritic spines is to compartmentalize the transmission of information through the

synapse to a single point and to reduce the diffusion of postsynapécutes(52).
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1.2.1. Morp hology and function of dendrites

The shape and volume of the dendréitor of neural cellsetermine the maximum amount

and localiation of synaptic contacts itan make with efferent structure63). During
development, dendrites are highly plastic structures, dynamically extending and retracting
individual branches during maturati@d4). It is in development that dendrite structure and
synapse formation mechanics are unequivocally connected, where their emergence promotes
dendritic stabilizatior{55). The developmental patterning of dendrites conditions the function

of the future, mature neuron. In this regard, the most itapbparameters to study are dendrite
shape wit its branching patterns, dendritic arlsize, the local&tion of dendrites to specific

innervation sites and the subdivision of dendrites into electrically isolated compar{s@nts

More than 20 years ago, classical experiments demonstrated a correlation between tie dendri
arborization within the Wernicke's areglated to language and the @mt of education of an
individual (57). However, successive experiments fouhdt dendrites in adlt subjects are

very stable, and this is due to the precisely controlled turnover of cytoskeletal elements, in
particular of microtubule&8). Besides micratbules, a myriad of Factin based siictures has

been discovered inside dendritic shafts that contribute to its struaiate as actin patches,
longitudinal fibers and ring$59). Although dendritic spine turnover rate was found to be
drastically changed in loss of function experiments, such as focal lesions of th¢a@}ewad
removal of vibrissal input to the barrel cortex of the(4f), there were no significant changes

to the arboration of cendrites in these animalBhis postdevelopmental stability in dendrites

is largely due to a packed network of microtubules, also serving as a highway for anterograde

and retrograde transport of structural proteins and orgarié2¢33)
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1.2.2. Morphology and fundion of dendritic spines

Dendritic spines are tiny actiich protrusions that emerge from dendrites and are postsynaptic
sites of excitatory synapsé48). Although small, canges in size and morphology of spines
have been shown to have functional differences at the level of the sy6468), and this

has been confirmed in vivoexperiments as we69). For exampleexperiments showed that

the size of spine remodeling correlates with improved learning and that novel sensory
experiences lead to spine formation. A small fraction of new spines, induced by novel
experiencescan be preserved throughout the entire life of the ar(ifBlThis outgrowth and
subsequent enlargement of nascent spines is very closely connected to the formation of new
excitatory synapse@l). The actin network of the spines is highly dynamic, with changes in
the amount of Factin propagatinglterations in spine size asdbsequently, synaptic efficacy
(72,73)

AMPA and NMDA receptors located on the psghaptic density are the primary culprits
responsible fosynaptic transmission and plasticity. AMPA receptors bind glutamate and allow
sodiumand pdassium to pass inside the dendritic spitieereby depolarising the spiti&). In

a study by Matsuzaki et a(/5) the researche showed thahe anount of functional AMPA
receptors is correlated with spine geometrny aszolume In this regard, AMPA receptor
activation serves to maintain the shape and activity of spines. They couple the release of
glutamate fronthe presynapse to the depolatian of the postsynapse, and their activation is
sufficient to maintain thetsicture and function of dendritic spin@$%). NMDA receptors also

bind glutamate, but this is not enough for the opening of the ion channel. Due to a magnesium
or zinc ion lodged in the ion channel it is also voltage dependent. tbaakendritic spine is
sufficiently depolarised through the activation of AMPA receptors, these ions areg#idiod

and the channel ihenopened Unlike the majority of AMPA receptsr NMDA receptors are

also permable to calcium(77). This influx of calcium is a critical component of enabling
synaptic plasticity, allowing the spirte eithergrow, expressigg more AMPA receptors, or to
shrink, expressing less AMPA receptors on its postsynaptic def¥8ty9) The process of
lasting strengtening of synapses is called letgym potentiation (LTP) while lasting
weakening of synapses is called letegm depression (LTD)80). Frequentactivity of
synapses, caused by hifflequencyLTP inducing stimulation protocols, promotes actin
polymerization inside the spine, theyebnlarging it(81), and this increases the number of
AMPA receptors on the postsynaptic deng®p). Likewise, long-term depressionL{TD)
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inducing stimulation protocols result in actin loss and dendritic spine shrir(88jyewith
endocytosis of AMPA receptors at the postsyndp4¢

Although the primary effetor on the postsynaptic memhgais the axon end segment with the
release of neurotransmitters, there is also an another important partinipheatactivity of
synapses. Glial cells, most commonly astrocytes, play an active role in the integration of
synaptic information by the release of gliotransmitters and selective uptake of
neurotransmitrs in the synaptic cleft. This has caused the acknowledgemethéhatnapse

is composed of three parts: the presymaptembrane, postsynaptic mentaand
surrounding glia; the tripartite synapé®5). Astrocytes produce transient changes in their
intracellular calcium concentrations througte releaseof calciumfrom the endoplasmic
reticulum (86), and they use this mechanism to detect neurotransmitters in the synaptic cleft,
causiy a release of their gliotransmitters or neurotmatiers to change the
electrophwiological excitability of neuron@7). Thesechanges in calcium concentratgaue

to neurotransmitter stimulation are not linear, providmdjrectproof of synaptic information
processing by astrocyt¢88). The exocytosis of glutamate from astrocytes has been shown to
enhancesynaptic strength atxcitatory synapsdsetween the perforant path and granule cells.
This mechanism is activated by neuronal actidépenént stimulation of purinergic P2Y1
receptors on astrocytes during normal functioning of these syn@®els is important to note

that this pathway is mediated, in part, by FNEO).
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Figure 3. The molecular composition of a dendritic spineéSpines protrude from the dendrite

where they form synapses with the presynaptic terminals of axons. gaskgynaptic density,
AMPA and NMDA subtypes of glutamate receptors bind the excitatory neurotransmitter
glutamate, which is reased from synaptic vesicles from the presynapse. On the membrane,
outside of the areas of tpestsynaptic density, ar@ prdein-coupled glutamate receps and
endocytic zones for recling of membrane proteins. AMPA and NMDA receptors bind to
scaffolding molecules such as PSB, which recruit multiple signaling complexssch as
regulators of RhoGTPases and protein kina8esin filaments provide the main structural

basis for spine shape. Through this network of protein interactions, actin filaments link up with
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Eph receptors, cadherins and neuroligins to regulate spine development and piasdiety
changes in morpholgg Profilin, debrin, cofilin, amongst others, control the extent and rate of
actin polymerization, and they are in turn regulated by signaling cascades through the

engagement of the transmembrane receptors. Taken&Dwith adjustmers.
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1.2.3. Homeostatic mechanisms of spines

Hebbian plasticity, which is associated with baseline mechanisms of learning and memory is
derived from Hebb's rujavhichissumm& L]HG DV A1HXURQV ZLUH WRJHWKHL
(92). We have already mentioned classical Hebbian mechanisms, such as LTP and LTD.
Homeostatic plasticity refers the ability of neurons to change their excitability (specifically

in their dendritic arbors) in regard to lotgym changes in network activi93). In order to do

that, homeostatic plasticity requires protein synthesis, which happens on a scale of hours or
days, and it controls crucial physiological parameters like the numbestrangth of synaptic

inputs to neurms and changes in the levels of intrinsic excitability of fsysiaptic
compartment$94). Therefore, it can be said that this form of plasticity stabilizes the activity

of adult, stableneurons around a clearly defined va{@8). In this regard several mechanisms
have been found to follow these ruldse activitydependent regulation of intrinsic firir{§6),
synaptic scaling97), the balancing oéxcitation and inhibition within neural network38)

and homeosta regulation of intrinsic excitability99).

Synaptic scaling is a key homeostatic mechanism that allows the neuhamtgedhe strengsh
of all of its spinesequallyin response to a prominent change in activity levels. Although it was
believed that this happens on a ¢eitle level (100), recent vark has shown that synaptic
scding is branchspecific, and is correlated with the degree of recent local spine loss within the
branch (101) Experiments that selectively block postsynaptic firing, usually through the
aplication of tetradotoxin, have shown that the scaling up of synaptic strengths leads to an
accumulation of AMPAtype glutamate receptotisat contain th&luA2 subunit(102). In this
regard, it has been found that BDNED3), the immediate early gene A(t04), the immune
molecule MHC1(105), the scaffold proteins PS86 and PSE®3(106)and importantly, TNF

F R QW U raptivsealMgROA/108)
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Figure 4. Homeostasis of neuronal firing through the mechanism of homeostatic
plasticity. (A) Dissociated neocortical networks show that a cgdo or increase in the
frequency of action potential generation results in the homeostatic regulation of intrinsic
properties so that the initial, stable firing rates are restgB)d-ere shown ismincrease of
activity and subsequent LTP induction at the right dendritic spine, which then triggers synaptic
scaling, producing a proportional reduction in strergfthll synapses by the same@mt in

order to return the firing rate tweseline levels. Since this mechanisgales synaptic strength
proportionally, the relative difference in synaptic strength is maintained. TakerfF&)mith

adjustments.
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1.2.4. Dendritic spines andbrain pathology

A wealth of literature exists connecting different diseases to dendritic spine morphology
alterations and loss of dendrite arbor complexityAlzheimer's disease, the most common
dementia in humangxtensive spine loss and atrophy of dendritic treesas(109). The loss

of spines is very strongly correlated with disease intensity, specifically wiemory
impairment in patient§110,111) Down syndrome, the genetic disease caused by trisomy of
the chromosome 21, is the most commanse of mental retardation. At birth, patients have a
reduced brain size, and this is in part due to reductions of dendritic branching, average dendritic
length and spine densi{§12) The pathological chang@&s neuronal morphologin children

with Down syndrome start developing after 2.5 months of postnatal(Eg®. Major
depressive disorder, which affeet$7% of the populationf the world has also been shown

to affect synapse functiorRathological examinations of brain tissue in patients showed
anatomical abnormalities in the prefrontal and limbic cortical struct(k&4) This was
followed by the identification of reduced dendritic tree sizes of neurons in thosg ht&as

In a landmark study by Kang et al. (2012), they showed ghaénts stiering from major
depressive syndromigave a decreased expression of synaptic funcétaied genes and a
corresponding ragttion in the number of synapsé€kl6) In autism spectrum disorders,
conversely, it was found that patients suffering from this disease have an enlargement of the
hippocampus and amygdalal7). Comparative studies also found that patients with autism
spectrum disorders have encreasan dendritic sjne densities of cortical pyramidal neurons

in frontal, temporal and parietal lobegl18) Fragile X sydrome, an inherited
neurodevelpmental diseaghat is the most common single gene cause of autism, also includes
a myriad of spine and dendrite alterations. Specifically, there is a higher dengéagpdfitic
spines in the cingulate and temporal cerebral cortex, and the spines were more often thin and
tortuous(119,120) In schizophrenia, the cause of the reduction of cerebral cortex volume was
a mystery since there was no lagsieurons or axons in the brains of pati€ttl). This was

later attributed to the reduction of dendritic arbor size and dendritic spine density of patients
(122). Chronic stress is marked by a consistent elevation of the levels of glucocorticoids in the
blood. It has been found thalugocorticoids can induce atrophy of dendritic arbors due to
glutamate excitotoxicity. This again results in reduced apical dendrite branching, total dendritic
lengths and dendritic spine densit{@23) Stroke is oneof theleading causeof death and
disability. Although the primary affected area experiences extreme neuronal loss, the
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surrounding area and any connected structures are also highly affected by it. The advent of
vivo imaging allowed us to track chargy® different parts of the brain that were previously
though to baunaffected by thetmoke. In mice, stroke causes degradation of dendrite stability,
particularly in the first 2 weeks. Apical dendrites of pyramidal neurons in the somatosensory
cortex had intengeeriods ofgrowth and retraction. However, the net length of arbors remained
unchanged as dendritic extensions away from the stroke counteractetrdhgore near it
(124). Therefore, major pathologicalents in the brain can caustable dendrites to @it

highly plasic behavia.
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1.3. Tumor necrosis factor+.

TNF+. LV DBinfabmiRatory cytokineactivein the innate immune respongeexists in two

forms, as a transmembrane protein (MTNF) and, more abundantly as a soluble protein (STNF).
Its activity is vital in host defense and inflammatory responses while also causing cell death
and degeneration indgh enough concentrationghis activity is achieved through the influence

of 2 receptors: TNfeceptor 1 (TNFR1) and TNFreceptor 2 (TNFR2) (125). In the central
nervous system, it is amimportant regulatory cytokine thatas both homeostatic and
pathophysiological roles that are concentratd@pendent(8). Its beneficial roles include
synapse formation and regulation, neurogenesis, regeneration of glial cells, pgomoti
HIFLWDWLRQ DQG(®RB\EEJY SODVWLFLW\

By contrast, elevated levels®NF+t. DUH LQYROYHG LQ D QXPEHU RI SDWK
in closed brain injury, where a study has shown that inhibitidiNéf+. ZLWK SKDUPDFRORJ
agents facilitates recovery of motor function and lessens the extent of the developing edema
(127). Animal experimentshowed that werexpression ofiNF+. LQFUHDVHYVY WKH VHY
autoimmune encephalomyelitis, causing chronic microglial activity and demyelir{aéi@p

W LV DOVR LQYROYHG LQ GRSDPLQHUJLF QHXUBOYRI[LFLW\ Z
DP\ORLG EHWD JHQHUDW L RT30L Thefatheléylca irble PYNFEL \KHDD/V H

been investigated in human patients as well. Specifically, it has been found to be relevant in
multiple sclerosig131), HIV encephalopath§132), bacterial meningiti§133), ceebral stroke

(134)and head injury135). The multitude of beneficial and pathological effect3NF +. are

shown in Figure 5
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Figure 5. Physiological and pathological processes®NF+. DFFRUGLQJ WR LWV OHY
CNS. In the healthy brain, constitutive, low levelsTaiF+. H{HUW D SHUPLVVLYH DQC
function on several physiological processes, such as learning and mdauahand water

intake, sleep, synaptic plasticity and astrogpthuced synaptic strengthening through its

control of glial transmissianAlthough the concentrations of TNF DUH ORZ VPDOO Ol
isolated changes in its levels introduce highly functionedlated changes. Pathologically
elevatedevels ofTINF£. DUH VHHQ LQ D QXPEHU RI EUDLQ SDWKROR.
mechanism of the disease and the activation of differdit+. UHFHSWRUV LW SURG X
bereficial or detrimental effectand its role in disease pathology has not been elucidated yet

Taken from(136)with adjustments.
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1.3.1. Biochemistry of TNF-. DQG LWV UHFHSWRUYV

TNF +. is a part of the TNF ligand family, sharing it with LT /7 DQG /, *Fhé&se
proteinsform trimers, organizing as homotrimers (exceptilfér (125) First formed as a 26
kDa transmembrane protein (mTNKhich acts by celto-cell contactit is then proteolytially
cleaved to the soluble, 17 kDa sized cytokine (STNF) that is constitutively more active. Both
the mTNF and sTNF are active as ligantid.NF mediates subset of protective, beneék
effects while lacking the systemic inflammatory effects of STNF7). They bind to TNFR1
and TNFR2 with different affinities, with sTNFRactivating primarily TNFR1 and mTNF
activating TNFR2 but also TNFR1, although in a much lesser extent compared to 1B}
TNF-R1 is ubiquiously expressed on all cells , and its activation leads to multiplilyhig
complex signaling pathways. Firstly, it recruits TNF&Isociated deathodhain protein
(TRADD), which can have two paradoxibadifferent outcomes: either cell survival or cell
death. Cell death is achieved by recruitment of&sociated death domain protein (FADD)
and caspase 8 to TRADD through the homotypic death domanaationg139). Cell survival

is achieved through primflammatory signaling througthe transcription factors NkB and
AP-1. NF-kB then induces transcription of genes for the production of cytgkthesnokines
and factors against apoptog&l=l0). Apoptosis, in particular, is achieved through the activation
of TNF-R1 by sTNF(141)

In the human body, TNE. is primarily produced by macrbpges(142). Unlike TNFR1,
TNF-R2 is expressed only on immune cells, endothelial cells and a couple of neuronal/glial
cell types. TNFR2 achieves is effects by activation of TRAF2, and downstrearkB\&nd
PKB/AKT pathways(143) TNF+. ZKLOH LQ LWV PHPEUDQH IRUP P71)
ligand, can also act as a receptor. This inverted way of functioning is caliede signaling.
Through this effect, mTNF can be stimulated TYyF-R2 expressing cells or by afiNF
antibodies, further complicating the already convoluted landscape of possible interactions
(144). This suggestthat TNFR2 plays a specialized, homeostatic role in the [{aif). TNF £

FDQ FURV YordihkoatrierhBwWeer this is not the primary source of the protein in the
brain. It is produced by some types of neurd@@k6), microglia with regards to noxious stimuli
(147)and, being its biggest souroéproductionin the CNS, astrocytg448).

In a number of experimental studies, strong activatianty TNFR1 (due to TNFR2 being

genetically silenced or removed) has caused neuronal damage and pathological circuit
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alterations, while activation of only TNR2 was found to be protective for the environment of
the CNS(136). TNFR1-KO mice were found to have a higher threshold of seizure resistance
in the hippocampus wie TNFR2-KO mice had a lower threshold, being more susceptible to
convulsiong149). A similarly designed study found that TNREEL-KO animals were protected
against the devepment of experimental autoimmune encephalomyelitis, which is used as an
animal model of multiple sclerosis. TNR2-KO mice actually developed a more severe form

of the encephalomyelitis, with the onset happening on a fastesstiale(150). Studies done

in cell cultures show that elevated concentrationsNF+. FDXVH D SURQRXQFHG DS
hippocampal neurons. This effect is mediated by ‘RIF(as it wasabolished in a losef-
function experiment, genetically removing the TRE from the animal), and is prevented by
TNF-R2 (due to the effect being amplified in TNR2-KO animals)(151).
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132, TNF-. LQ V\QDSWLF WUDQVPLVVLRQ

At the start of the 21'st century, multiple groups staneestigating the role of TNE in

synaptic communication and plasticity. One of the first discoveries was that the continual
presence of low levels GiNF-. LV UHTXLUHG IRU WKH SUHVHUYDWLRQ F
due toTNF-. SURPRWLQJ $0 3¢%fddeHaxpteSHI0R at the pesghaptic density of

excitatory synapse&’). Further investigation showed that the AMPA receptor clustering is
mediated by TNFR1, because genetic deletion of RE, but not TNFR2, decreases AMPA

surface expression even with short or long term exposufélks .. In contrast, in TNFAR2-

KO animals,TNF-. DSSOLFDWLRQ SURPRWHV $03% dymhpdd aWiRU WU
increases miniature excitatory postsynaptic currdreguency (152) This effect is not
indiscriminate, as only GluAfacking AMPA receptors join the synapse undeF- .

stimulation, and are then slowly repkd as the synapse stays stébi3) Besides acting on

AMPA, TNF-. LV UHVSRQVLEOH sikRdi GABAH reEeQt@RRdens€dqiently
decreasing inhibitory synaptic strendftb4,155)

Experiments done on acute brain slices showed a tightly regulated concetiiestah
dichotomy of effects on the ability of neurons to express LABplication of low
concentrations ofNF-. HQKDQFHG V\QDSWLF SODVWLFLW\WwEle PDNLQJ
high concentrations had the opposite effect, impairing synaptic plasiibity.mechanism is
dependent on intracellular calcium stores and synapto8diSynaptic scaling, the negative

feedbak process of changing all synaptic strengths by a set multthikeeby preserving the

relative differences in synaptic strengi{ti%6), is very closely mediated byNF- . (107). It

does not acas an instructivaeignal for the initiation of scaling, but is critical in maintaining
synapss in a plastic state that would allow them to express synaptic scaling once the

mechanism is initiate(L08).

Denervation experiments done on organotypical entorhippocampal cultureis vitro show

that the compensatory increase (synaptecafpng) of the remaining dendritic spines is due to
elevatediNF-. OHYHOV DQG WKDW DVWURF\WHV DUH WKH SULPD
(157). For this effect, it seems that both TIRE and TNFR2 play an important rolE58).

Besides its effects on TNR1 and TNFR2, TNF-. LV DOVR FULWLFDOO\ LF
gliotransmission. Atrocytes detect activity at the synapse through purinergic P2Y1 receptors

and in responseduce calcium dependent glutamate release lo@dly This can then in turn
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enhance synaptic transmission psoviding an external source of glutamate, besides the
vesicles of the presynaptic termindlis important to note thaniTNFKO or TNFR1-KO

animals, this mechanism was block€&D). The glutamatergic gliotransmission causes a
presynaptic NMDA receptedependent synaptic potentiation. While TP preparations

had similarcalcium elevations in astrocytes due to P2Y1 receptor activation, the release of
glutamate was severelyosted down due to altered vesicle docking, and was rescued by
external application offNF-. ,Q WKLVTNFHIJDMGDOVR D SHUPLVVLYH

gliotransmissior{(159).

Behavioral analysis afenetically modifiednice lacking TNF. 7 1-KO), TNF-R1 (TNF-

R1-KO) or TNF-R2 (TNF-R2-KO) showed multiple deficits. In a study by Baugteal., they
investigated learning and retention, spatial learning, cognitive flexibility and learning
effectivenesan these mice mutantAll mice were successful iexploration and learning
processes, while they differed in specific cogniie tess. TNF-KO mice performed
significantly worse than wildtype (WT), TNR1-KO and TNFR2-KO mice in the novel

object test. They also performed worse in spatial learning and learning effectiveness compared
to WT mice. This shows that the absence T™dF-. L VseHtMl for normal cognitive
functioning, while knockout of either receptor can be somewhat compensated by the other one
(160).
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1.4. Synaptopodin

Synaptopodin (SP) is an actssociated protein that is located on renal podocytes and in a
subpopulation of dendritic spines in the C{81) In the brain, its function islasely tied to

the SA an organelle located at the base of a spine (E&2i164) The SA is comprised of
stacked endoplasmic reticulum plates which allow it to interact with and alter the dynamics of
calcium transients inside the dendritic spiii®5). It has been found that SP is a critical
component of th&A due to it being essential for its formati(®). A modeling study has show

that the organization of dendritic spines with flattened and small heads would lead to a very
small or abserBA (and its function as the smooth endoplasmic reticulum) which would ensure
rapid signal propagation towards the dendritic shaft. On the bémat, the growth of a bigger

and spheroidathaped spine head and thereby a bigger endoplasmic reticulum would ensure
that calcium, as a vital second messenger, stays active for a long time in the dendritic spine,

promoting synaptic plasticitf166).

SP wasalsofound to associate with bothdetin and alphactinin, positioning the protein as

a possible intermediary between the release of intracellular calcium fro®Attend the
dynamics of actin with regards to spine morphology and mof{ili67,168) This was later
confirmed by Vlachos et al., where they showed thap&sttive spnes have a higher degree

of plasticity directly mediated by the activation of intraspinal calcium st(i@8). It was
recently found that SP interacts with adbased motor proteins myosin V and VI, and through
this connection it can directly influence actin dynamics inside the ¢pif@®. SP mediated
release of calcium from the SA cdube mediated by the steoperated calcium entry channel
Oraill. Oraill is activated by the STIM1, the intracellular sensor of calcium levels. The high
degree of colocalization of both Oraill and STIM1 with SP indicates their close association
(171).

26



1.4.1. Biochemistry of synaptopodin

SP is a prolingich actinassociated protein. In the kidney, it is located in differentiated
podocytes, where it is part of the contractile apparatus in the foot proCE&2gsvhile in the

brain it is found near the postsynaptic density, and its expression is also tied to differentiated
neurors (161) It exists in two variants, a shorter, 100 kDa isoform, in telencephalic neurons
and a longer, 110 kDa isoform, in renal podocyl€d,173) It is has a high content of proline,
making it very susceptible to proteolytic degradation ginés itlineaity in shapg161). SP
interacts with RhoA, an important smallTBase protein associated withtaskeleton
regulation. Specifically, SP acts as a competitive inhibitor of Srmddiated ubiquitination

of RhoA, regulating its signalg duing the formation and reorgamizon of the actin
cytoskeleton(174,175) In the development of the rat hippocampus, SP mMRNA expressi

first found only in CA3 pyramidal neurons at birth. This is changed at postnatal day 6, where
SP mRNA can also be found in CAl pyramidal neurons and granule cells. This expression
gradually rises until postnatal day 12, where the adult patterndha@él76) In the adult
dentate gyrusSP is located predominantly inside dendritic spir€5%), with the biggest
density of SP located in spines located on the outer molecular(1&4@r SP is formed inside
dendritic spines, as there is no evidence of active microtdiaded transport of SP from the
soma of the neurofiL70) On a genetic level, the combination of heterozygosity of SP and
Cd2ap enhances suscéyity to general glomerular damage and the onset of focal segmental

glomerulosclerosign humang178).
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1.4.2. Synaptopodin in synaptic transmission

Ryanodine receptors are large ion channels responsible for the release of calcium from the
endoplasmic reticulum. In dendritic spines the primary ligand for the opening of their channels
is calcium that entereat the postsynaptic densitiyrough open NMDAeceptorg179). In a

study by Korkotian and Segal, the authors found that the presence of SP in dendritic spines
significantly slows down the decay time of the calcium transient, therebyirmsisrpivotal

role as a second messend&65) Through this effect, ryanodine receptors facilitate the
expression of LTP. Lossf-function experiments linked SP with this effect, where SP mediates
the effects of ryanodine on LTPL65,180) This effect is also seen in the developing
hippocampus, where the researchers were unable to elicit protein kirtkeggeAdent LTP in
SPRdeficient micg181). SRdeficient mice have an impairment of thétarst stimulation based

LTP with an additional effect of reduced paupalse inhibition showcasing local network
inhibition deficits(182).

After the induction of synaptic strengthening, such as with the activation of synaptic NMDA
receptors, t overexpression of SP did not induce a significantly higher enlargement of
dendritic spine volumes compared to controls. Instead, it ensured that the increase was
persistent over a longer period of tiifi83). In our previous work, the role of SP was further
elucidated, proving that SP ¢sucial for dendritic spine stabtly. In this regard, spines that
contain SP follow a much slower tvgbageexponentiatiecay, surviving for a longer period of

time (10). In the context of ECLinduced plasticity, the densities of SP and the SA follow the
reduction in dendritic spine densities in the OML and M{B4).
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Figure 6. Signaling pathways of SP associated with LTP in the dendritic spin&P is
necessary for the formation of tBé, the local calcium stor&hrough its connection with the
SA, it modulates calcium transients inside the spine. SP also stabHasFn spines, via

the cCAMRPKA signaling pathway. Another possible mode of influencing actin dynamics is
through its effects on RhoA and Cdc42 PEEes. Experimentally observed SP effects in
neuronal spinegéd arrowg. Hypothetical SP interactions based on experiments in podocytes

(green arrow}. Taken from(185)with adjustments.
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2. HYPOTHESIS

Gyrus dentatus granule cells in mice that do not exprdss. KDYH VPDOOHU VSLQH

synaptopodin cluster levels when compared to wildtype controls.
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3. AIMS AND PURPOSE OF THE RESEARCH
3.1.General aim
The aim of this research is to investigate the influenceTMF-. RQ QHXURQDO
morphology in mice, with a special emphasis on the study of dendritic spine density and
shape.
3.2. Specific aims
3.2.1. Investigate the morphology of granule cells dendritic tree in wikltyce and
TNF-. NQRFNRXW PLFH
3.2.2. Investigate the shape of granule cell dendritic spines in wildtype micENiad
NQRFNRXW PLFH
3.2.3. Investigate the granule cell dendritic spine density in wildtype micd hifd .
knockout mice.
3.2.4. Investigate the influence of sgptopodin presence in spines to the size of those
spines in wildtype mice aniNF-. NQRFNRXW PLFH
3.2.5. Investigate the correlation of synaptopodin presence in spines to morphology in
wildtype mice andiNF-. NQRFNRXW PLFH
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4. MATERIALS AND METHODS

Throughout this doctorate thesis, the hypothesis was testagamotypic slice culturg®©TC)
prepared from ThyeGFP newbornP=0) mice line lacking TNF. 7 1-KO) andex vivo
mouse brain slices from mice lines lacking TNF 7 1-KO), TNF-R1 (TNFR1-KO), TNF

R2 (TNFR2-KO) andamice lire lacking both TNFR1 and R2 (TNFR1+2DKO). We used

an entorhinal cortex lesion model for the slice cultures and intracellular filling of fluorescent
dyes with immunofluorescence staining for mouse slices, imaging wees wlith confocal
microscopy, and the dendritic amsoand dendritic spines of granule cells in the hippocampus

were manuallyanalyzd in ImageJ/Fij{(186).

4.1. Animals

We have used a ThydGFP mouse lin€C57BL/6J Jackson Laboratory, Bar Harbor, Maine,
RRID: IMSR_JAX:007788and a ThyleGFP mouséine lacking TNF . (TNF-KO) for the
preparation of organotypic entorhinohippocampal tissue cul{@&€s) Thyl-eGFRTNF-
KO mice were obtained by crossbreeding THeyaFPtransgenic mice with TNHeeficient mice
(TNF-KO, C57BL/6J Jackson Laboratory, Bar Har, Maine, RRID: IMSR_JAX:00300830
that neurons in the cuite would be fluorescently lateel, while devoid of endogenoudNF-

) R U eXWietanalysis of granule cell spines in fixed hippocampal slices, we used adult
male mice (126 weeks) lackingTNF-. 7 1-KO, C57BL/6J background187)), TNF
Receptor 1 (TNFR1-KO, C56BL/6J background137)), TNFReceptor 2 (TNFR2-KO,
C56BL/6J background(137), TNFReceptor 1 and 2 (TNR1+2DKO, C56BL/6J
background137)) and wildype mice (WT, C57BL/6J backgroun@nly male mice were used
because the density of spines and synapses varies with the estrus cycle in female mice
dependent on local estrogen concentrat{@88). Adult mice used for fixed brain slices were
housed and bred at MfD Diagnostics GmbH, Wendelsheing after delivery to the
NeuroScience Center, Goethe University, were kept in dnouse scantainer forminimum
of 24 h to reduce stresand facilitate @aptation to the new environment.idd used for
organotypic tissue cultures were housed and bred at the animal facility of Goethe University
Hospital Frankfurt. All animals were maintained on a ligtht/dark cycle with food andiater
availablead libitum Experimental procedas and animal care were performed in accordance
with the German animal welfare legislation, Croatian animal welfare legislation and approved
by the ethical commiteeof the University of Zagreb, School of Medicine, and by the animal
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welfare officer of Goethe University Frankfurt, Faculty of Medicine. Every effort was made to

minimize the distress and pain of animals.

4.2.Perfusion and slice preparation

Animals were killed with an overdose of intraperitoneal Pentobarbitdium solution (65

mg/kg) and sisequently intracardially perfused (0.1 M Phosphate Buffer Saline (PBS)

containing 4% paraformaldehyde (PFA)sing the following protocol(189) with

modifications

x Preparing the apparatus

o

o

o

Warm perfusion buffer to air temperature

Place outlet valve in a beaker filled with PBS

Fill a container attached to 50cabove the operational area with PBS and
attach to fixative tubing, then do the same with a second confaieé with

PFA

Clear the lines until all air bubbles are eliminated

Close the outlet port with the needle end and enable the flow from the buffer

valve

x Perfusion surgery

o

After the animal has reached a surgical plane of anesthesia, place it in the
operating area. Test depth of anesthesia using the toeneisigbnse method.
Make a 5 cm lateral incision through the abdominal wall just beneath the rib
cage.

Make a small incision in the diaphragmeing curved scissors, continue to
expose the pleural cavity.

Carefully cut through the rib cage up to the collarbone in the aragiiiar

line in both sides.

Lifting the sternum, trim any tissue connectintpithe heart, themmobilize

the sternum tohe rightcollarbone so that the left ventricle is more exposed.
Using a 24gauge needle connected to the outlet port, enter the left ventricle
and pass it 0.5cm inside.

Make an incision to the animal's rigatrium using iris scissors, taking care

not to damage the aorta or pulmonary blood vessels.
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x Perfusion

o Open the outlet port and allow the flow of the buffer. Keep the flow of the
buffer until the liver colochanges to from red to white and the liquidtiex
the right atrium is clear.

o Switch the buffer valve to the fixative valve and perfuse for 4 minutes. Note
the signs of a good perfusion (twitching of arms and legs, flexion of the tail).

o Close the outlet port and remove the needle.

x Dissection

o Removethe head using a pair of scissors.

o Make a midline ingion along the integument from the neck to the nose and
expose the skull.

o0 Place the sharp end of iris scissors into fltvamen magnum and make an
incision 0.5 cm deept the midline, then make intss laterally 2.5 cm deep
following the line connecting the foramen magnum and ears.

o Using the sharp end of iris scissamske a hole between the olfactory bulbs
of the skull.

0 Make incigons laterally 2.5 cm deep following the line connecting the ol
the ears, then make a ismn in the middline from the hole caudally, taking
extreme care that the itiend is ventrally placednd that you do not touch
the brain tissue.

o Using rongeur forceps peel the dorsal surface of the skull away from the brain.

o Using a spatula, sever the olfactory bulbs and nervous connections along the
ventral surface of the brain.

o0 Remove the brain and place it in a vial filled with PFA so that the brain is fully
submerged.

Tail biopsies were obtained after death t@oafirm thegenotype. Braigwere taken out with

care after perfusion, pefiked overnight (18 h, 4% PFA in 0.1 M PBS, 4° C) and washed three
times inicecold 0.1 M PBS. Afterwards, mouse brains were sectioned in 250 um thick coronal
slices on a vibratome (Leica VT 1000 S) andeslicontaining the dorsal hippocampus were

stored at 4° C until use.

4.3. Organotypic slice culture preparationand transection of entorhinal afferents
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Organotypic entorhintnippocampal tissue cultures 300 um thick were prepiosa postnatal
4-5 days old Thl-eGFP and ThyeGFRTNF-KO mice as previously describ€t90), and as

shown in the schemati€ig. 7).

Figure 7. Schematic showing the preparation of mouse entorhirbippocampal slice
cultures followed by an entorhinal cortex legon. 300 um thick organotypic slice cutes

were prepared from P8 mice pups and placed on filter membranes. After maturation, a subset
of OTCs were transected of entorhinal afferents. DG: Dentate gyrus; CA3: Cornongnm
area 3; CAl: Cornu ammonis area 1; EC: Entorhinal cortex; OML: Outer molecular layer; IML:

Inner molecular layer.

Culture incubation medm contained 42% MEM, 25% &al Medium Eagle, 25% heat
inactivated normal horse serum, 25 mM HEPES, 0.15% solicanbonate, 0.65% glucose,

0.1 mg/ml steptomycin, 100 U/ml penidin, 2 mM glutamax, adjusted to pH 7.30. The
cultivation medium was refreshed every 2 to 3 days. All tissue cultures were allowed to mature
in vitro for 20 days (DIV 20) in a humidified aubator (5% CO2, at 35° C). A subset of tissue
cultures was completely transected from the rhinal fissure to the hippocampal fissure using a
sterile scalpel blade after imaging the dentate gyrus granule cells at DIV 20. The entorhinal
cortex was removed dm the culture dish to ensure perreah separation from the

hippocampugFig. 8A.)
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Figure 8. Thyl-eGFP expressing granule cells in the hippocampal dentate gyrus after
transection of afferent fibers.(A) Horizontal section showing the pattern of G&kpressing
neuronggreen)in the hippocampus, counterstained for Ndudd). OTCs show the classical
anatomical organization of the hippocampus, with the site of the lesion qdotted line)

(B) GFP expresion is sufficient fordetailed analysis of dendritic arbors, with the zone of
denervation presentdtietween dotted linespG: Dentate gyrus; CA3: Cornu ammonis area

3: CAl: Cornu ammonis area 1.

Both control cultures from Thy&@GFP and ThyeGFRTNF-KO mice and transected cultures
from Thyl-eGFP and Thy:EGFRTNF-KO mice weregeturned to the incubator ancre kept

for 14 days. Afterwarghe previously imaged granule cells in all described cultures were found
and reimageat DIV34.

4.4. Intracellular fill ing of fluorescent dyes

Intracellular injections of granule cells in fixedippocampalslices were performed as
previously describe@191,192)with the following modifications: Hippocampal slices were
placed in a custorbuilt, transparent, and grounded recording chamber filled wititode

0.1M PBS. The chamber was attached to an epifluorescent microscope (Olympus BX51WiI;
10x objective LMPlanFLN10x, NA 0.25, WD12mm) mounted on a-x antivibration table
(Science Products, VT xy Microscope Translator). Shagpartzglass microelectrodeSharp
guartzglass microelectrodes (Sutter Instruments, QFA@QO0, with filament) were pulled
using a P2000 laser pullerSutter Instruments). Microelectrodes wereltipded with 0.75

mM Alexa 568iHydrazide (Invitrogen) in HPL@rade water (VWR Chemicals,
HiPerSOICHROMANORM) and subsequently bddled with 0.1 M LiCl in HPLCgrade
water. Microelectrodes were attached tof®@ HFWURSKRUHWLF VHWXS YLD D V
resistance. The tip of the microelectrode was navigated into the granule cell layer of the
hippocampus under visual control under the microscope using a micromanipulator
(Méarzhauser Wetzlar, Manipulator@3K). A squarewave voltage (1mV, 1 Hz) was applied
using a voltage generator (Gwinstek SET2). Granule cells were filled under visual control

for 10 min If the fluorescent dye reached the tips of the dendrites in the outer molecular layer
of the denite gyrus, the filling was considered successful (849. Injected sections were
fixed (4% PFA in PBS, overnight, 4° C, in darkness) and subsequently washed in 0.1 M PBS.
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Figure 9. Intracellular injections of fluorescent dyes (A) Schematic representation of
intracellular filling of dentate gyrus granule cells in a coronal 250 um section of the
hippocampal formation in mice. The cells are impaled by a quartz glass electrode loaded with
1 mM Alexa Fluor 568 dye anfilled for 10 mirutes. DGupra Suprapyramidal blade of the
dentate gyrus. Df#a: Infrapyramidal blade of the dentate gyrus. CA1, CA2, CA3: Cornu
ammonis areas 1, 2 and 3. Scale bar = 500(BnAn overview imagdaken on the filling

setup (10x magnification). Shown dtdly filled granule cells in the suprapyramidal blade of

the dentate gyrus layer. Scale bar = 100 pm.

4.5. Immunohistochemistry

Filled and fixed injected sections 250 um thick were embedded in 5% agar and resliced to
smaller sections of 40 um thickness avibratome (Leica VT 1000 S). The following protocol
was used for staining of slices for synaptopodin:

X Wash feefloating sections 3 timefor 5 minutes in 50 mM Tris bédred saline
(TBS) containing 0.1% Triton X.00.

X Incubate in a blocking buffer (0.5%riton X-100, 5% bovine serum albumin
(BSA)) for 30 minutes at room temperature (RT)

X Incubate with primary antibody (ardynaptopodin, guinea pig polycloneR,
Synaptic Systems, RRID: AB_10549414ilution 1:2000, dissolved in TBS
containing 0.5% Tran X-100, 1% BSA) for 3 days at RT on a shaker (180
spins/min).

X Wash 3 times for 5 minutes in 50 mM TBS containing 0.1% Tritel O
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X Incubate with secondary antibodyglohkey antiguinea pig Alexa Fluor 488
(Dianova), dilution 1:2000, dissolved in TBS ¢aiming 0.5% Triton X100, 1%
BSA) for 4 hours at RT.

X Wash 3 times for 5 minutes in 50 mM TBS

X Mount the slices in DAKO fluorescence mounting medium (Dako North America

Inc.).

4.6.1maging

Live imaging of eGFP labeled neurons (ThgGFP) was done using an upright Zeiss LSM
Pascal confocalmicroscope, equipped with a 40x water immersion objectiyBlan
Apochromat, NA 1.0, Zeiss)The membrane insert with tl20 days oldOTCs(DIV20) was
placa in a dish containing warm imaging buffer (129 mM NaCl, 4 mM KCI, 1 mM MgCl2, 2
mM CaCCl2, 4.2 mM glucose, 10 mM HEPES buffer solution, 0.1 mM Trolox, 0.1 mg/ml
streptomycin, 100 U/ml penidin), and pH was buffered to 7.4. Complete granule cells with
all dendrites visible were imaged (2@ images per-stack, 0.5 um axis step size) at a
resolution of 1024 x 1024 pixels, i.e. 0.32 pm x 0.32 jpnthe focal plan€Fig. 104). The
positions of identified and imaged granule cells were noted. After a sabsétes were
transected from afferents, the same granule cells were imaged in transected-tadssmted
cultures at DIV34; 14 days after the first imaging sesgkig. 10B). Imaging time was

minimized to reduce the risk of phototoxic damage.
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Figure 10. Max z-projections of confocally imaged zstacks in OTCs.eGFP tagged dentate
gyrus granule cellégreen)were imaged at DIV 2QA), and then were identified at DIV 34

(B), and imaged again to allow the analysis of changes in dendritic arboremttheninal

cortex transection. Images were taken with an upright Zeiss LSM Pascal confocal microscope,

40x water immersion objective lens.

Confocal imaging oflendritic spines ifixed dendritic segments from identified, Alexa 568
labeled dentate gyrus amule cells(Fig. 11A) in the outer molecular layer (OML) of the
suprapyramidal blade was done with an upright Olympus FV1000 microscope and a 60x oil
immersion objective (UPlanSApo, NA 1.35, Olympus). 3D imagsgtazks of dendritic
segments~40pum length, 3890 images per-gtack, 0.15 um-axis step sizeyere taken using
FV10-ASW software with 5x scan zoom at a resolution of 1024 x 1024 pixels, i.epu@84

0.04 um in the focal plane. Crossing dendritic segments or branch points were atmided
facilitate spine attribution to a given segment. Imaging parameters were set as to capture the
dendritic segment as bright as possible, while not oversaturating any dendritic spines. This was
needed due to the uneven strength of signal from cells dhe bionitations of the intracellular

filling method. Imaging of synaptopm was done by having all imaging parégers the same
across all imagesF{g. 11B). The images obtained were deconvolved with Huygens

Professional Version 17.10 (Scientific Volunmedging, The Netherlands).
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Figure 11. Intracellularly filled granule cell and its dendrite, immunostained for
synaptopodin (A) Dentate gyrus granule cell located in the suprapyramidal blade is shown
with its dendrites reaching the hippocampal fisgpteple). Only segments located in the outer
molecular layer (OML) were used for analysis. Synaptopodin (SP) clusters are predominantly
located in the molecular layégreen)MML: middle molecular layer; IML: inner molecular
layer; GCL: granule cell layetdF: hippocampal fissure. Scale bar 20 ) Dendritic
segment of a filled cell in the OML shown at a higher magnificathomows point to SP
clusters in Shhositive (SP+) spine®rrowhead mark SPnegative (SBH spines. Scale bar =

1pm.

4.7.Analysis d dendritic arbors

Dendrites of identified dentate gyrus granule cells imaged in OTCs at DIV20 and DIV34 were
manually traced using the Simple Neurite Tracer plugin for ImageJ/Fiji (NIH, Bethesda,
MD,USA) (193). After identifying the cell body, each primary dendrite was traced and
branching points were noted untiterminated. Images of pairs of ceiisaged at DIV20 and
DIV34 were analyed by the experimenterho was blinded to the genotype of the animal and

to the experimental procedure (with or without the entorhinal cortex transectio) Z&kid).
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Figure 12. Representative image of maxprojections showing individually traced eGFP
expressing granule cellgreen) The tracing(red) was done manually in sjte zslices of
imaged zstacks, and pairs of cells were arzaly at DIV 20 (A) and DIV 34 (B). Images vee

taken with an upright Zeiss LSM Pascal confocal microscope, 40x water immersion objective

lens.

The Simple Neurite Tracer plugin allowed for detailed analysis of total dendritic letm#is,
dendritic lengths per branching order of dendrites| numbeiof dendritesaverage dendrd
lengthand Sholl analysi§l94). A total of 6 neurons, 1 neurgrer mouse (imaged at DIV20
and DIV34) were anaied for each group and experimental condit{@hyl-eGFP non
transected: n = 6; Thy@GFP transected: n = 6; ThRgGFRTNF-KO nontransected: n = 6;
Thyl-eGFRTNF-KO transected: n = 6).
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4.8. Analysis of dendritic spines

Image processing and data analysis were manually performed using Fiji versiorf1B6Ph
with spine analysis adapted from published critétb). All measurements were made blind
to the genotype of the animaBendritic spines of all shapes were assessed manually on z
stacks of dendritic segments in the OML. Only protrusions emanating laterally inythe x
directions, not above or below the dendréied exceeding the dendrite for at least 5 pixels (0.2
pm) were included for analys{$0,195,196)The length of each segment was determined (Fig.
13A).

Figure 13. Manual analysis oflendritic spine head sizes and dendritic len{®).A max-z
projection of & analyzed segment. The outer borders of the segment represent the application
of the Holtmaat criteria. ROI's of identified spines are shown. 60x magnification, 5x digital
zoom, scale bar = 5 ur{B) A schematic showcasing the method to reliably countcarahtify
dendritic spines in confocal imagtacks. A spine threshold of 0.2 um was applied in
maximum zprojection and used as an inclusion criterion. All counting and quantification of
spine sizes were performed manually in singleisnages while scralhg through the stack,

permitting a detailed quantification ofdmensional dendritic spines.
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For spine head area and SP cluster area measurements, the largest maximeetctooss

area of the spine head or SP cluster in one of 4helanes withinthe zstack was manually
measured using a predefined grafue as a cudff for the border of the spine head or SP
cluster (Fig. 14A). A spine was considered SP+ if the SP cluster overlapped with the spine
head, neck, and/or base in both the and yz directions when scrolling through thestacks

(Fig. 14B). The subcellular location of SP clusters in the spine head, spine neck, spine base, or
dendritic segment was noted. SP clusters were considered within the spine head, if most (>
80%) of the SRluster was located within the identified area of the spine headtlBkers

were considered within the spine neck, if most (> 80%) of the cluster was located outside the
dendritic shaft border, between the identified area of the spine head and the sha&ftawher
fluorescently filled, visible, spine neck was marked. SP clusters were considered associated
with the spine base, if they were found within 0.2um of the intersection between the dendritic
spine and the dendritic shaft border. SP clusters were coridside dendritic shafts if they

did not meet any of the aforementioned criteria but were still localized within the investigated

dendritic segment.
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Figure 14. Quantification of dendritic spine head size and synaptopodin (SP) cluster size.

(A) Only spnes with heads protruding at least Q2 from the parent dendrite (parallel white
lines) were analyzed. Spines colocalizing with an SP cluster inyhe-x, y-z directions when
scrolling through the-stack were considered to be Sp+ (arrow). Scale 05 um.(B) Spine

head size and SP cluster size were defined as the largesbgsectional area obtained in-a z
stack. Xy image containing the largest area of spine head (middle column, orange outline of

spine head, asterisk) is highlighted. Scale bar = 0.5 pum.

4 .9. Statistics

Statistical tests and-values are indicated in figure captions. Statistical comparisons were
perfaomed using the pairedtést (when comparing the difference between two variables for
the same subject, in this case comparing variables of itlertdees of neurons at DIV20 and
DIV34), MannWhitney Utest (when comparing two independent groups), Kolmogorov
Smirnov test (when comparing cumulative distributions of two independent graVifz)xon
signedranktest (when comparing two paired groygdsruskalWallis test (when comparing
more than two independent groups) and correlation analysis (comparing all linked values in a
single genotype)Sholl analysis data were compared usitvgo-way repeated measures
ANOVA with days in vitro (DIV)as the beveen group factor and distance from soma in 20
pm increments as the repeategasure factor. Bonferroni multiple comparison test was used
to compare means of a defined distanalaéosomaetween DIV 20 and DIV 34 granule cells.
Since dendritic spine sizes do not follow a normal distribution, but-adogal distribution
(197), all statistical tests concerning spine sizes were done witkpa@metric tests. All
statistical tests werperformed using GraphPad Prismlf7p values were less than 0.05, the
null hypothesis was rejected. Statistical values were expressed a% staadard error of the
mean (SEM) unless otherwise statga<*0.05, **p < 0.01, ***p < 0.001.
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5. RESULTS
5.1. Analysis of dendritic trees of granule cells in organotypic hippocampatultures
after ECL in vitro

The perforant path projection is the main excitatory input to the dentate gyrus of the
hippocampu$32,36,198200). Ample studies have shown that deafferentiation of grasalie

by entorhinal cortex lesion leads to a reduction in dewdaitbor sizes early on aftersien,
promotes contrallateral axonal sprouting and causes neuronal (deatt201203). In our
study, we hypothesized that the grde cells in TNFKO OTCs wouldexhibit different
morphological parameters as a responsant&CL when compared to wildtypes. Therefore,
we prepared OTCs at postnatal dap 4P45), let them maturate until DIV20 and then
performed an ECL om subst of DIV 20 cultures and analgd dendritic arbor and length
parameters of granule cells at DIV 20 and at DIV 34. In total, we had four gkvTpsontrols
(withouttransection of the entorhinal cortex), WT ECL, TKP controls and TNFKO ECL,
with all groups anabed at DIV20 and DIV 34.

5.1.1. Dendritic remodeling after entorhinal denervation is partially
independent ofTINF-. H{SUHVVLRQ

We used &hyl-eGFP mousenodelas controlfWT-CT) and a ThyleGFRTNF-KO mouse
mutant model (TNFCT) to investigate how the lack of TNF influences normal dendritic
maturation in organotipical hippocamatorhinal cultureg vitro. This was combined with

an ECLin wildtypes (WFECL) and mutants (TNHECL) to see how these cells react to
deafferentiation After manually analging the dendritic arbors of neurons that were fully
imagedat DIV20 and subsequently at DIV34, we compared how total dendritic lengths
changedn regards to being deafferentiated in the wildtype and mutant groups. As expected,
there were no significant differences between DIV20 and3I%r both the WACT (n.s. p =
0.156) and TNFCT (n.s. p = 0.438) groups, and there was a pronounced, sighifezhiction

in both WT-ECL (~18% reduction¥p = 0.031) and TNFECL (~14% reduction¥p = 0.031)
groups(Fig. 19A, Wilcoxon matcheepairs signed rank test). We then compared the change in
dendritic length between DIV20 and DIV34 and subsequently complaegdsults between
groups (Fig. 1B). The reduction of total dendritic length was most pronounced IRBET
group, followed by the TNHECL group and this change was highly significant compared to
the relatively preserved dendrites of the control groufys€*0.004, KruskaWallis test). The
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first differences between the deafferentiated groups became visible aftezirapahe total
number of dendrites. There was-22% reduction in the WFECL group (*p = 0.031), while
surprisingly the TNFECL group did mt show any significant reductions (n.s. p = 0.500). Both
control groups were also uretinged in this parameter (Fig.@m.s.,Wilcoxon matcheepairs
signed rank test). Comparing the change of dendritic length between groups showed that this
reduction iNWT-ECL mice was significantly differeérfrom all other groups (Fig. I5 *p =
0.029, Kruskalallis test). Average length of individual dendrites was highly variable
between different cells, and there were no different®de groupsKig. 15E n.s., Wiloxon
matchedpairs signed rank test). This was also reflected when complagitngeendifferent
groups, where the change in average dendritic length stayed similar in all gfmud$E n.s.
KruskalWallis test). As there was a discrepancy between theB @I and TNFECL group

in the reduction ofhetotal number otlendrites, we decided to anatydendritic complexity

using Sholl analysis.
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Figure 15. Analysis of dendritic parameters of ThyteGFP granule cells in organotypic
hippocampo-entorhinal cultures. (A) Total length of dendrites remains unchanged between
DIV20 and DIV34 for norransected cultures: ThydGFP (WT CT): n.s. = non significant; p

= 0.1563 Thyl-eGFRTNF-KO (KO CT) n.s. = non significant; p = 4B75 Length of
dendrites was drastically reduced between DIV20 and DIV34 for cultures that had the
entorhinal cortex transected@hyl-eGFP entorhinal cortexden (WT ECL), *p = 0.813
Thy1l-eGFRTNF-KO-ECL (KO ECL), *p = 0.033, Wilcoxon matcheepairs signed rank test

(B) Comparing thalelta ofdifferences between total dendritic length at DIV20 and DIV34
showsthatthe effects of the ECL af@onounced in both WWECL and TNFKO-ECL group.

**p = 0.0018, H(3) =12.93 KruskalWallis test by ranks(C) The number of dendritesas
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reducedin the WT ECL group (WT ECL: *p = 0313, but not in the KO ECL groupAs
expected, there was no change in both control graups= non significant; (WT CT: p =
0.1250 KO CT: p> 0.9999 KO ECL: p = 05000),Wilcoxon matcheepairs signed rank test
(D) Comparing thelelta ofdifferences betweetotal number of dendritic segmergsDIV20
and DIV34 shows the pronounced effect WT ECL group. *p = 0.297, H(3) = 8.971]
KruskatWallis test by ranks(E) Average lengths ofndividual dendritic segments were
unchanged in all groups (WT CT: p 5625 WT ECL: p = 0.875 KO CT: p = 08438 KO
ECL: p = 01563), Wilcoxon matcheepairs signed rank tes{F) Comparing thedelta of
differences betweeaverage lengths of dendritic segmeatDIV20 and DIV34showed no
differencesn.s.p = 0438Q H(3) =2.713 KruskalWallis test by ranks

49



5.1.2. Sholl analysis revealghe resistance of TNFalpha-KO cells to ECL

In order to perform the morphometric Sholl analysis, we plotted the number of intersections
with circles centered on the soma of the investigated neatr@iV20, against the distance
from the cell body, in 2@um incrementsand then analyzed the same neurons at DI\¥3#

16A, B). This was followed by measurements of tatkahdritic complexity (Fig. 16) and the
change in tal dendritic complexity (Fig. 1B) with analysis of the complete dendritic arbors

of all investigated paired neuron&/e saw significant changes bboth the WFECL group (Fig.

156, F (5, 95) = 5.965; ***p < 0.001) @hin the TNFECL group (Fig. 16DF (5, 95) = 9.324;

**p = 0.002). The cultured neurons of the VEICL group behaved as expected, with neurons

at DIV34, 14 days after lesion, having a tendency for less complex dendritic arbors at all
measured increments. In the TIEL group however, wesaw a songtendency for higher
complexity of dendritic arbors at 40 and 60 um distance from soma, with subsequent distances
having less complexity. Total dendritic complexity was significantly reduced by ~17% in the
WT-ECL group (*p = 0.031), while in i TNFECL group, the total dendrticomplexity was

not significantly changed (Fig. . This was also réected when comparing between these
two groups, where the reduction of dendritic complexity in‘&CL grouphad a tendency of
larger reduction compad to the TNFECL group(Fig. 16, n.s. p = 0.119 In this regard,
cultured neurons made from mouse mutants lacking TNF respond to ECL with fewer
morphological deficits and retain their dendritic complexity with a bimodal change paradigm,
with lower denditic complexities at the deafferentiated areas of the MML/OML and a reactive
higher dendritic complexity at the naleafferentiated area of the IML.
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Figure 16. Sholl analysis of granule cellsafter entorhinal denervation. (A) Cultures of
lesioned wildtype cultures (WAECL) show a significantly reduced branching pattern after 14
daysin vitro. ***p < 0.001, Repeated measures emay ANOVA test. n = 6(B) Cultures of
lesionedwildtype cultures (TNFECL) also show a significantly reduced branching pattern
after 14 daysn vitro. **p = 0.0, Repeated measures emay ANOVA test. n = 6(C) Total
number of intersections as a measure of dendritic complexity shgmiBcant reductionsn
lesiored wildtypes (WTECL, *p = 0.031), but not inesoned mouse mutant§NF-ECL, n.s.

p = 0.219. Wilcoxon matcheepairs signed rank test.= 6 in all genotypes at DIV 20 and DIV
34. (F) Comparing thechangeat DIV20 and DIV34 betweefesioned groups showcase a
tendency foabigger change in thWT-ECL group. n.s. p = 0.098annWhitney ranked test
n=6.

51



5.2.Results from the TNFalpha analysis
5.2.1. Granule cell dendrites of TNFKO mice exhibit a reduced spine density

Previous work showed that TNE an important factor in the control of synaptic strength
(7,154,155,159)Since synaptic strength and spine geometry are tightly li(6€65,67,204)

we speculated that getic knockout of TNFn vivomay have a structural correlate at the level

of spines. To address this question we first studied dendritic segments offifdekgranule

cells (Fig. A, B) in the outer molecular layer of the DG of TNEficient andagematched
C57BL/6J control mice. TNHKO mice exhibited a significant reduction in spine density (Fig.
17C): whereas wildtype mice had 2.03 spines / um, I mice had 1.62 spines / um, i.e.
~20% fewer spines. Next, we analyzed spine head area, simeehsg@ad area correlates well

with synaptic strength and the density of AMHRA. Average spine head area was not
significantly different between genotypes (FigD), although a trend towards higher values

was seen in TNHKO segments. Finally, we calculattatal spine head area per segment (Fig.
17E), which illustrates how changes in spine density and head area affect the available spine
head area for neurotransmission. This parameter takes the number of spines into account and

shows that the total spinedtkarea per segment decreases in the-KRQFmice.
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Figure 17. Granule cell dendrites of TNFKO mice exhibit a reduced spine density(A, B)

Single confocal sections of granule cell dendrites in the OML of-WNIF(A) and TNFKO

(B) mice. Scale bar = 2 urharge (thick arrow), medium (thin arrow), and small (arrowhead)
spines are indicatedC) Density of dendritic spines on TNKO segments is significantly
reduced (~1.62 1/um) compared to controls (~2.03 1/um). Analysis based on 7 WT and 7 KO
mice; 1 segment per cell; 3 dendritic segments per animal (n=21 segments); 1638TTNF
1306 TNFKO spnes. *p = 0.0166, MankiVhitney U-test.(D) Average spine head areas per
segment of TNFWT (~0.18 un3) and TNFKO (~0.20 un) mice are not significantly (n.s.)
different; p = 0.999; MamWhitney Utest; n = 21 segments per gro(i) Total spine head

area dvided by the length of the analyzed segment shows a ~14% reduction in spine area per
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um of the segment for TNKO (~0.31 pni/um) compared to TNFVT (~0.36 pni/um), *p
= 0.044; ManAWhitney Utest. n = 21 segments per group.

5.2.2. TNF-KO mice show an increasen the fraction and area oflarge spines

After analyzing dendritic segments, we shifted our attention to the entire population of spines
and compared their spine head attisdributions (Fig. 18). This revealed a highly significant
difference between thevo distributions, with differences most prominent at the beginning of
the curve, i.e. small spine heads, and at the end of the curve, i.e. large spine heads. To
investigate this further, we distinguishedd# categories of spines (Fig.B)8 small (<0.5

um?), medium (0.15+0.30 un¥), and large (>0.30 pfh sized spines and compared average
spine head area between control and FK@-spines. Although average spine head areas were
not different for medium sized spines, large spines were ~19% biggemneaidspines were

~8% smaller in TNFdeficient granule cells (Fig. §. These changes in spine head areas
significantly shifted the fraction of spines belonging to eadhethree categories (Fig. DB
TNF-deficient granule cells mice had more smai4{% compared to ~49%) and large (~17%
compared to ~13%) sized spines than controls, whereasWNIgranule cells had more
medium sized spines (38% compared to 29%) compared tedefi¢ient cells.
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Figure 18. TNF-KO mice show an increase in the fractin and area of large spines(A)
Cumulative frequency plot of spine head areas of -KKlIFand TNFWT mice. **p = 0.0023;
KolmogorovSmirnov test; TNFWT spines n = 1633; TNKO spines n = 1306B) Spines
were divided into three classes: small (<0.15)tmedium (0.15+0.30 un¥), and large (>0.30
um?) spines. Scale bar = 0.5 p(€) Large spines were ~19% bigger in TI© mice (~0.52
um?) compared to TNFVT mice (~0.43 ur); ***p = 0.00035; while small sized TNKO
spines (~0.0815 pf were ~8% smaller copared to TNPWT spines (~0.0885 pfit **p =
0.0014. Medium sized spines were not significantly (n.s.) different. p = Q& Whitney
U-test; TNFWT n = 800, 625, 207; TNKKO n = 704; 386; 215 (small/medium/larg€lR)
Fraction of spine classes per ggme: TNFKO mice had more large (~17% compared to
~13%) and small (~54% compared to ~49%) spines and fewer medium spines (~29% compared
to ~38%) compared to WT.
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5.2.3. Synaptopodinpositive spines arelarger in TNF-KO mice compared to

wildtype

Because of the&onspicuous increase in the area of large spines, we wondered about the
distribution of the actiimodulating and plasticityelated protein SP, which is primarily
associated with this subgroup of spin@sl0,205,206)Using a doubldabeling approach,
Alexa-568 injected granule cells were also immunolabeled for SP. As previously described, SP
clusters were abundant in the molecular layer of the(D&3,177) Using single identified
granule cell segments, the presence or absdr&R within spines was noted and the maximum
spine head area as wedls the maximum crossectional area of SP clusters were measured
(Fig. 14A, B). In both genotypes, the majority of spines were(ER. 19A; TNF-WT, 13.8%

SP+; 86.2% SP TNF-KO, 15.3%SP+; 84.7% SP***p < 0.001, MannWhitney U-tes) and

SP+ spines were significantly larger than Spines in both genotypeBi¢. 19B; TNF-WT

~0.35 untSP+; ~0.15 uASR; TNF-KO ~0.45 uniSP+, ~0.15 purhSP; ***p < 0.001, Mann
Whitney Utest). Testinghe cumulative distributions between genotypes, there was a small
but highly significant lefshift of SR spine headreas in TNFKO animals (Fig. 1€; ***p <

0.001; KolmogorovSmirnov test) and a pronounced and highly significant +siiift of SP+
spinehead areas in TNKO animals(Fig. 1D; ***p < 0.001; KolmogorovSmirnov tesk

Since the overall density of spines is lower in Ftiéficient granule cells (Fig.7) and the
fraction of SP+ spines is constant, the absolute number of SP+ spines is, hoaderd by

~14% in the TNFKO.
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Figure 19. Synaptopodin+ spines are larger in TNFKO mice compared to wildtype.(A)
Fraction of SP(~86.2%) and SP+ (~13.8%) spines in TMH and fraction of SP(~84.7%)
and SP+ (~15.3%) spines in TNKO animals. ***p < 0.001, MariWhitney U-test. Number
of segments per genotype n = PB) Mean head area of SP+ and Spines (TNFWT ~0.35
um? SP+; ~0.15 uriSP; TNF-KO ~0.45 uni SP+, ~0.15 urhSR). SP+ spines have larger
spine head areas compared te §ftnes in both genotypes. ***p < 0.001; MaWhitney U
test. Number of segments per genotype n =(€).Cumulative frequency plotfdhe spine
head area of SBpines. ***p = 0.0002; Kolmogore®mirnov test; TNFWT n = 1423; TNF
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KO n = 1120.(D) Cumulative frequency plot of the spine head area of SP+ spines. ***p =
0.0002; Kolmogorossmirnov test; TNFWT n = 209; TNFKO n = 183.

5.2.4. Large SP+ spinesre selectively enlarged in TNFKO mice

We now divided SP+ and SBpines into the tiee size categories (Fig.BB Most SP+ spines
were found belonging to the large spine categbiy.(20A, TNF-WT ~53.1%; Fig. 20BTNF-

KO ~69.49%, wheras onlyafew SP spines were in this categotyig. 20A, TNF-WT ~6.7%

Fig. 20B,TNF-KO ~7.9%). In the subgroup of large spines, SP+ spines were ~23% bigger in
TNF-KO mice compared to controlsi¢f- 20C3) whereas large SBpines were not different
betwea genotypes (Fig. 2D3). In the subgroup of small spines, SP+ spines were Fage (
20A, TNF-WT ~12.0% Fig. 20B,TNF-KO ~8.2%), whereas SPspines were abundarfig.

20A, TNF-WT ~54.5% Fig. 20B, TNF-KO ~61.49). SP+ spines belonging to the small
categoy did not differ significantly between TNé&eficient ad TNFWT granule cells (Fig.
20C1). In contrast, SPspines showed a significant reduction of ~10% in spine head area in
TNF-KO mice (Fg. 2(D1). There was no significant difference between genotyrespines
belonging to the medium sized subgroup (B@2). The cumulative distribution of SP+ large
sized spines was rigishifted for TNFKO mice (Fig.20C4) and the cumulative distribution

of SR smallsized spines was leshifted for TNFKO mice (Fg. 2(D4). We conclude from
these findings, that (i) the increase in spine head area of large spines olserMEdKO
granule cells (Fig. 18) is the result of an enlargemeritarge SP+ spines (Fig. 23,4), and,

(i) the reduction in spine head aresmall spines (Fig. X8) is the result of a diminutioof

small SP spines (Fig. 2D1,4).
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Figure 20. Large SP+ spines are selectively enlarged in TNKO mice. (A, B) Fractions of

SR (blue) and SP+ (red) spines for VWA) and TNFKO (B) mice. SP and SP+ spines were
subdivided into the three spine classes. In both genotypes, the majority spiB&s were
small spines and the majority of SP+ spines were large spines. Of note, the fraction of large
SP+ spines was higher in TNGO mice. TNF-WT: SR spines n = 1423 total; n = 775/552/96
small/medium/large SPspines; SP+ spines n = 209 total; n = 25/73/111 small/medium/large
SP+ spines; TNHKO: SR spines n = 1120 total; 688/344/88 small/medium/largespines;

SP+ spines n = 183 total; 15/41/127 small/medium/large SP+ spin€S). Comparison of
SP+ spine classes between genotypes.-KRFMice have bigger large sized (C3) SP+ spines
(~0.58 un?) compared to WT (~0.46 ) *p = 0.010. Small (C1; n.s. p = 0.584) and medium
(C2; n.s. p #.639 sized spines @re not significantly differenlCumulative frequency plot of

the spine head area of SP+ large sized spines (C4). *p = 0.01; Kolmggmiowv test; TNF

WT n=111; TNFKO n =127(D) Comparision of SPspine classes between gen@&ypTNF

KO mice have smaller small sized (D1)-Spines (~0.08 uf) compared to WT (~0.09 &)
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**p = 0.002; Medium (D2; n.s. p = 0.986) and large (D3; n.s. p = 0 £86d spines were not
significantly different. Cumulative frequency plot of the spimadh area of SPspines (C4).
**p = 0.002; KolmogorovSmirnov test; TNFWT n = 775; TNFKO n = 688.

5.2.5. SP cluster size is increased in spines of TNFeficient granule cells

The fact that SP+ spines of Theficient granule cells have larger heads made us wonder
whether this increase is matched by a corresponding increase in SP clusters, since these two
parameters are highly correlatéid,206) Indeed, average SP cluster areas were ~25% bigger

in TNF-deficient granule cell segments (FidAd. Similarly, the cumulative distribution of SP

cluster areas was rigshifted in the mwtnt compared to control (Fig. BL SRclusters were
preferentidly found in the spine head of both genotypes, with a shift towardpihe Isase in

the mutant (Fig. 2T, D). Finally, we analyzed the relationship betweerchBter area and

spine head area. Both genotypes showed a strong positive correlation betee®vo th
parametes (Fig. 2E). However, WT clusters showed a significantly stronger correlation than

clusters from the TNdutants.
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Figure 21 SP cluster size is increased in spines of TN#eficient granule cells. (a)Area of

SP clusters was compared betweTNFWT (~0.10 pund) and TNFKO mice (~0.13 urd).
TNF-KO had ~33% bigger SP clusters. **p = 0.0037; Madhitney Utest. TNFWT mice =
209; TNFKO mice = 183 clustergb) Cumulative frequency plot of SP cluster areas for both
genotypes. **p = 0.002, KolmogoreSmirnov test. TNFWT mice = 209; TNFKO mice =
183 clusters.(c) Higher magnifications of dendritic segments of a TWH mouse
immunolabeled for SP. SP clusters wéyend in the head, neck or base of spines (arrows).
Scale bars = 1 unfd) Localization of SP clusters in TN®WT and TNFKO mice. TNFWT:
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56/26/18%, head/neck/base; TIKIO: 52/23/25%, head/neck/base. TIMF n = 209; TNF
KO = 183 clusters(e) Correlationbetween spine head area and SP cluster area for the two

genotypes. **p < 0.001. TNRVT: r = 0.5344; TNFKO: r = 0.344. TNFWT, n = 209; TNF
KO, n = 183 clusters.
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5.3. Results from the TNFreceptor knockout analysis

TNF-alphasignaling is mediated by twagknds (STNF and mTNF) which bind to two different
receptorsTNF-receptorl (TNFR1) and TNFreceptor 2 (TNFR2)(138). mTNF binds to both
TNF-R1 and TNFR2, while sTNF binds selectively to TNR1 (138). Due to this, we wanted
to investigate how does the deletion of FRE (TNFR1-KO), TNFR2 (TNFR2-KO) and
the deletion of both receptors (TNEEL+2-DKO) influencethe dendritic spines of graleucells
and what rolesynaptopodirplays in these mouse mutai(1gl5). The summary of the analysis

is shown in table 1.

Table 1. Summary of all results from TNF-KO, TNF-R1-KO, TNF-R2-KO and TNF-
R1+2-DKO animals compared to their respective wildtypes.Dendritic spine density was
affected only in the TNHKO group. Average spine head size was only reduced inRNE-

DKO animals, which could be due to the similar functions of 9RIFand TNFR2 and the
redundancy of their function wWitregards to spine dynamics. Removal of any actor in the TNF
system caused a pronounced decrease of small spine head sizes (and this was dpa&sSP

since SP+ spines were unchanged). It is likely that the effects ofalpifla on large, SP+
spines a& mediated by the TNR1, since in both cases large spine head size, SP+ spine head
size and SP+ large spine head size were increased when compared to their wildtype littermates.
The reduction of small spine head sizes could be a secondary, compensatoapism as a

response to the increase of SP+ large spines.
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5.3.1. The presenceof either TNF receptor is enough for normal spine density

and size.

Throughout the last 20 years, it has been shown that the diahefifects of TNF. are
mediated by both TNHR1 and TNFR2 and that there seems to be considerable overlap in the
function of those receptors concerning AMPA receptor clustering and synaptic strength
(145,152,158)Therefore, waextanalyedthe density of dendritic spines located in the OML

of TNF-R1-KO, TNFR2-KO mice and the respective wildtypes (Fig. 22 B; Fig. 23A, B).

The analysis has shown that neittige removal of TNFR1 (Fig. 2Z), na the removal of
TNF-R2 (Fig. 2%) chang the density of spines in granule cells of the hippocamparge
changes to spinagere not expecteits the removal of a single receptor, since the other receptor
could partially compensate for the loss of functibhis holds true for spine head sizes a#i,we
since there weren'ng changes in TNHR1-KO (Fig. 22D) and TNFR2-KO (Fig. 23D) mice
compared to their wildtype littermates. Due to both of these results, there was no global
reduction of total spine area per length of dendritic segnkegt 22E, 2E). While there was

no difference in the cumulative distribution of spine head sizes of-RNKO animals
compared to controls (Fig. 23F), the distribution of spine head sizes oRINEO animals

was significantly different (Fig. 22F) and we saw the saatéem as was seen in TNEO

group (Fig. 18A)Wanting to confirm our suspmns, we then focused on the general analysis
of mouse mutants lacking both TNEEL and TNFR2 (TNFR1+2DKO), to see if the changes

mimic those seen in TNKO animals.
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Figure 22 TNF-R1-KO animals show no deficits in spine density and average spine head
size.Single slices of dendritic segmentsadTNFR1-WT (A) and TNFR1-KO (B) granule
cellin the OML showrat higher magnificationScale bar = 2 un{C) The density of dendii
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spines is not significantly (n.s.) different between TREWT (~1.94 1/um) and TNfR1-KO
(~2.01 1/um) mice. p = 0.4282, MaiWhitney U-test. Number of TNFR1-WT and TNFR1-
KO mice = 6; n = 18 segments analyzed in TRIEWT (1391 spines) n = 17 segmest
analyzed in TNFR1-KO (1330 spines)(D) Average spine head sizes of TiARA-WT (~0.18
um?) and TNFR1-KO (~0.18 um?) mice arenot significantly (n.s.) different, p = 0.9351;
Mann-Whitney U-test. n = 18 TNFR1-WT segments; n = 17 TNR1-KO segmentgE) Total
spine head size divided by the length of the analyzed segmeENE-R1-WT (~0.34 pm?/um)
and TNFR1-KO (~0.3 pm?/um) mice are not significantly (n.s.) different, p = 0.46R&Gnn
Whitney Utest.n = 18 TNFR1-WT segments; n = 17 TNR1-KO segmentsF) Cumulative
frequency plot of individual head sizes for TIHRE-WT and TNFR1-KO mice. ***p < 0.0001.
Kolmogorov+Smirnov testTNF-R1-WT spines = 139%pines; TNFR1-KO spines = 1330
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Figure 23 TNF-R2-KO animals show no deficits in spine density and average spine head
size.Single slices of dendritic segmentsadTNFR2-WT (A) and TNFR2-KO (B) granule
cellin the OML showrat higher magnificationScale bar = 2 unfC) The density oflendritic
spines is not significantly (n.s.) different between TREWT (~1.751/um) and TNFR2-KO

67



(~1.77 1/um) mice. p = 00013 MannWhitney Utest. Number of TNIRR2-WT mice = 5;
Number of TNF-R2-KO mice = 6; n = b segments analyzed in TNR2-WT (1021 spines) n

= 18 segments analyzed in TNR2-KO (1186 spines)D) Average spine head sizes of TNF
R2-WT (~0.16 um?) and TNFR2-KO (~0.17um?) mice are not significantly (n.s.) different,
p = 0.3428; MantWhitney Utest. n = 15 TNFR2-WT segments; n = 18 TNR2-KO
segments(E) Total spine head size divided by the length of the analyzed segniedE-R1-
WT (~028 um#um) and TNFR1-KO (~0.30 pm?%um) mice are not significantly (n.s.)
different, p = 0.3293MannWhitney U-test.n = 15 TNFR2-WT segments; n 48 TNFR2-
KO segments. (F) Cumulative frequency plot of individual head sizes for TREWT and
TNF-R2-KO mice n.s. p = 0.219KolmogorovSmirnov test. TNF-R2-WT spines = 1021
spines; TNFR2-KO spines = 1186

5.3.2. Knockout of both TNF receptors leads to alrastic reduction in spine head

size in granule cells of the DG.

We hypothesied that the removal of both TNR1 and TNFR2 would result in similar resis

as we have reported for TNKO mice (Fig. 7). To this end, we generated a HRE+2-DKO
mouse by mssbreeding our TNFR1-KO and TNFR2-KO animals. In order to investigate

the morphology of its dendritic spines, we once again intracellularly filled granule cells and
imaged segments in tl@ML of the hippocampus (Fig. 24 B). To our surprise, analyscs
dendritic spine density showed no differences between the dkobékout animal and
wildtypes (Fig. 24C) However, further investigation revealed a drastic reductior28% in

spine head size in the mutant m{€eg. 24D) This disparity of result§.e. the reduction of
dendritic spine density in TNRKO animals and the reduction of average spine head size in
TNF-R1+2DKO animals)could be explained by the activation of astrocitic P2Y1 receptors
viaTNF-. LQ 7YRL}2DKO animals(159), or by the constitutive activity ofNF- ZKLFK
can activate both TNR1 and TNFR2 in TNFKO animals(207209). Due to the reduction

in spine head size and the consistency of spine densities, we can speculate a significant
reduction in synaptic transmission strength. The morphological correlate of this functional
deficit; total spine area per micrometer of dendriéndth, was also reducéad TNF-R1-2-

DKO animals (Fig. 2&), similarly to TNFKO animals (Fig. IE). The important distinction
between these genotypes is better seen when viewing the entire population ofpmes.
head size distribution iTNF-R1+2-DKO mice wassignificantly shifted to the left for all
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spines, irregardiss of spine head size clas¢eg). 24), while this was true only for small
spines in TNFKO animals, as large spine sizes were shifted to the right (&49. 1

Figure 24. TNF-R1+2-DKO mice show large deficits in spine head siz&ingle slices of
dendritic segments @ TNFR1+2WT (A) and TNFR1+2DKO (B) granule celin the OML
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shownat higher magnification.Scale bar = 2 un{C) The density of dendritic spines is not
significantly (n.s.) different between TNR1+2WT (~185 1/um) and TNFR1+2DKO
(~1.891/um) mice. p = ®859 MannWhitney U-test. Number of TNFR1+2WT mice = 11;
Number of TNF-R1+2DKO mice =5; n = 33 segments analyzed in TNRF1+22WT (2412
spines) n = I55segmentganalyzed in TNFR1+2DKO (1039 spines)D) Average spine head
size is significantly and drastitty reduced in TNFR1+2DKO (~0.12um?) mice compared
to TNFR1+2WT (~0.17um?) , ***p < 0.0001; ManAaWhitney Utest. n = 33 TNFR1+2WT
segments; n = 15 TNR1+2DKO segments(E) Total spine head size divided by the length
of the analyzed segment shows significant differences betweenrRIMEWT (~0.31
um?/um) and TNFR1+2DKO (~0.23 um?/um) segments, which is due to smaller spine sizes,
*p = 0.0285; ManAWhitney Utest. n = 33 TNFR1+2WT segments; n = 15 TNR1+2DKO
segmentgF) Cumulative frequency plot of individual head sizes for TRIEH2WT and TNF
R1+2DKO mice, note the lefshift of spine sizes of the knkout mice. **p < 0.0001.
Kolmogorov+Smirnov testTNF-R1+2WT spines = 24123pines; TNFR1+2DKO spines =
1039

5.3.3. Morphological changes inTNF-R1-KO mice closely follow thechanges
seen inTNF-KO mice.

Since previous work repodea decreased surface expression of AMPAR and frequency of
miniature excitatory postsynaptic current in FRE-KO animals but not in TNHR2-KO
animals(152), we focused on a more detailed analysis of individual dendritic spine sizes in this
mouse mutanDeeper analysis of dendritic spinesliNF-R1-KO animals and their respective
wildtypesrevealeda number of similaritiego TNF-KO animals. After we dividedpine head
sizes into the three aforementioned categories (Big):lsmall (<0.15 pr), medium 0.15+

0.30 un¥), and large (>0.30 pfnsized spines; we investigated differences in those categories
between alkpines SP+spinesand SPspines. The resdiseemed to mimic thegelts of TNF

KO animals,with no difference imaverage spine head sizes for medium sized spines, while
large spines were ~14% bigger and small spines wé&¥e smaller (Fig. 2B). Furthermore,

SP+ spines were largby a factor of >3n both genotypes compared to-SBinegFig. 23).

A notable right shift of SP+ spines was also seen in the cumulative dlistniof all SP+

spines (Fig. 26), while a small but significant left shift of SBpines was seen in the
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cumulative distribubn compared to wildtypes (Fig. 2500)o confirm our suspions, we next
focused on the different spine classes of SP+ ard@fes in TNFKO animals.

Figure 25. SP+ spines are enlarged due to the absence of RE. (A) Largesized spines
are ~14% bigger in TN--R1-KO mice (~0.52 um?) compared to TNRR1-WT mice (0.46
um?) *p = 0.0265 while smaltsized TNF-R1-KO spines(~0.0779um?) were 7% smaller
compared to TNFRI-WT spines £0.0835um?). **p = 0.0040. Medium sized spines were not
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significantly (n.s.)different. p = 6920 MannWhitneyU-test.Number of small TNFR1-WT
spines n = 771; small TNR1-KO spines n = 818; medium TNR1-WT spines n = 423;
medium TNFR1-KO spines n = 321; large TNR1-WT spines n = 197; large TNR1-KO
spines n = 191(B) Mean head size of SP+ and-SBines (TNFR1-WT ~0.30 um?SP+ ~0.14
um? SP; TNF-R1-KO ~052 um? SP+, ~0.8 um? SPR). SP+ spines have larger spine head
sizes compared to SPpines in both genotypes. **p < 0.001, Mawhitney Utest.
Compared to wildtype controls, TNR1-KO mice had ~33% bigger SBpine head sizes. *p
= 0.034, while SR spine head sizes were not (n.s.) significantly different. pA88&Mann
Whitney Utest.n = 18 TNFR1-WT segments; n = 17 TNR1-KO segmentqC) Cumulative
frequency plot of individuaBP+head sizesn these gengpes.**p = 0.0073, Kolmogorov
Smirnov test. SP+ spines and clusters in FIRIFWT n = 164; TNFR1-KO n = 153. (D)
Cumulative frequency plot of individu8P head sizesn these genotypes**p < 0.0Q1,
Kolmogorov+Smirnov test. SPspines and clusters ITNF-R1-WT n =1227; TNFR1-KO n =
1177,

5.3.4. Large SP+ spines are enlarged, while small SBpines are reduced in TNF
R1-KO mice

In TNF-R1-KO animals, when comparing to TNEL-WT animals, we see an increase in the
ratio of small sized SPspines of ~7.4% anan increase in the ratio of largeaizSP+ spines
of ~9.7% (Fig. 26A, B It is important to note that these results are very similar to-KOF
animals, where SP+ large spines were also larger andrs®l spines were smaller in size
compared to their wdtypes (Fig. 20A, B)When Imking at SP+ and SRpine classes, TNF
R1-KO mice hadan increase 0f21% in larg@, SP+ spine head sizes (FigC3band a ~6%
reduction in sm&l SP spine head sizes (Fig. Rg, which once again closely followed the
changes seen in TNHKO mice (Fig. 2@, D). This was further confirmed with cumulative
distributions, where we saw a significant right shift of large SP+ spines IRRINEO mice
(Fig. 26G) and a slight, but significant left shift of small -S§pines comparetb wildtype
controls (Fig. 260). The changes that were seen in large, SP+ spines in these genotypes could
not be replicated in TNHR2-KO mice (see later), therefe it is highly likely that théack of
TNF-R1 drives changes in spine morpholdbgt are absely tied to synaptopodin
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Figure 26. Large SP+ spines are similarly enlarged in TNFR1-KO mice (A, B) Fractions

of SR (blue) and SP+ (red) spines for WA) and TNFR1-KO (B) mice. As was the case
with TNF-KO mice; SP and SP+ spines were subdivided into the three spine classes. In both
genotypes, the majority of SBpines were small spines and the majority of SP+ spines were
large spines. Of note, the fraction of large Spes was higher in TNKO mice. (TNFR1-

WT: SR spines n = 1227 total; n = 747/386/94 small/medium/largesfifes; SP+ spines n

= 164 total; n = 24/37/103 small/medium/large SP+ spines;-RIHKO: SR spines n = 1177
total; 804/293/80 small/medium/largd? spines; SP+ spines n = 153 total; n = 14/28/111
small/medium/large SP+ spine¢) Comparison of SPspine classes between genotypes.
TNF-R1-KO mice had an ~22% enlargement of lasgeed SPspines (0.61pm?) compared

to TNFR1-WT (~0.50um?), C3;*p = 0.02; while small (C1; n.sp = 011) and medium sized
spines (C2; n.s. p = 0.28)ere not significantlydifferent between genotype€£umulative
frequency plot of the spine head area of SP+ large sized spioes significant differences

in these spine populatio&4; *p = 0.02); Kolmogaov-Smirnov test(D) Comparision of SP
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spine classes between genotyp&fe found a ~6% reductionin TNF-R1-KO small sizedSP
spines(~0.077um?) compared to TNfRR1-WT (~0.08um?) D1; *p = 0.0139; while medium

(D2; n.s. p = 0.55) and large (D3; n.s. p = 0.91) sized spines were not significantly different
between genotype€umulative frequency plot of the spine head area ofspiesshows
significant differences in the smalpine populations (B **p = 0.002; Kolmogorow+Smirnov

test

5.3.5. TNF-receptor knockout mice show a reduction of the medium spine

population in favour of small or large spines depending on the genotype.

Since dendritic spine head sizes follow a-fmgymal size distributior(64,210) it is not
surprising that the small spines made up ldrgestratio of spine classes in all investigated
genotypes. TNFR1-KO mice had more small and large sized spines with a smaller fraction of
medium spines (Fig.62), again in line with research in TNKO mice (Fig. BD). TNFR2-

KO mice had minscule clanges compared with their respeetiwildtypes (Fig. ZB). TNF
R1+2-DKO animals had a large expansion of the ratio of small sized spines compared to their
wildtypes, an increase efL7%, which was the highest for any class of spines in all genotypes
(Fig. 27C).

Figure 27. Fractions of subclasses of spines in different genotypes compared to their
respective wildtypes. (A)Spine head sizes classes ratios per genotype:R'INKO mice had
more small (61% compared to55%) and large (~8% compared to 4P6) sized spines, while
TNF-R1-WT mice had more medium sized spinesi@43compared to 24%). (B) TNF-R2-
KO mice had morenedium(~27% compared to 26%) and large (33% compared to ~1Pbo)
sized spines, while TNR2-WT mice had moremallsized spines 63% compared to 60%).
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(C) Spine head sizes classes ratios per genotype:RIN2-DKO mice had moremall(~76%
compared to 59%) sized spinegswhile TNFR1+2WT mice had moremedium (~29%
compared to #6%) and large sized spin€¢s12% compared to 8%).

5.3.6. TNF-R2 knockout mice have mild dendritic spine changes that are

independent ofsynaptopodin presencen dendritic spines.

As we did with TNFKO and TNFR1-KO animals, we wanted to investigate the connection
of the changes in TNR2-KO animask to synaptopodinVe hypothesied that either TNIR1

or TNFR2, not both, would beesponsible for the beneit compensatory changes in SP+
spines that we saw in TNKO animals. We therefore investigated changes in spine sizes
between small, medium and large sized 8P SP+ spines and compared them to spines
analyzed in TNFR2-WT mice. The only change that was nmd was in small sized spines
(Fig. 28Dy). In contrast to TNFR1-KO animals(Fig. 25A; Fig. 26 @), there was no significant
difference between large sized spine deeéFig. 28A). This was also confirmedh the
cumulative distribution of SP+ spiné€sig. 28C) and SPspines (Fig. 280Q)as there was no

difference between the mutant mixed its wildtype
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Figure 28. TNF-R2-KO mice show a reduction of small spines (Apmall-sizedTNF-R2-
KO spineq~0.0797um?) were 8% smallercompared to TNFR2-WT spines £0.0862um?).
**p = 0.0061. Medium sized spines were not significarftlys.)different. p = 03613; Likewise,
large sized spines were also not significantly (n.s.) different. (p4354.MannWhitney U
test Number of smallTNF-R2-WT spines n = 645; small TNR2-KO spines n = 714; medium
TNF-R2-WT spines n = 268; medium TNR2-KO spines n = 324, large TNR2-WT spines
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n = 108; large TNFR2-KO spines n = 148B) Mean head size of SP+ and-3PBines (TNF
R2-WT ~0.36 un? SP+ ~0.12 unf SP; TNF-R2-KO ~0.40 uni SP+, ~0.8 um? SR). SP+
spines have larger spine head sizes compared-teptes in both genotypes. ***p < 0.001,
MannWhitney Utest. SP+ (p = 0.442) and S = 0.270) spine head sizes were not (n.s.)
significanty different between genotypes. Makivhitney Utest. n = 15 TNF-R2-WT
segments; n 48 TNF-R2-KO segments(C) Cumulative frequency plot of individu&P+
head sizesn these genotypes..s. p= 0.2653, KolmogorosSmirnov test. SP+ spines and
clusters in NF-R2-WT n = 162; TNFR2-KO n =176 (D) Cumulative frequency plot of
individual SP head size# these genotypes.s. p= 0.1857, KolmogorosSmirnov test. SP
spines and clusters in TNR2-WT n =859; TNFR2-KO n =101Q

We then focused our attention on SP+ andspihes in TNFR2-KO animalsin TNF-R2-KO
animals, we see an interesting albeit small shift towards a higher ratio of medium (~2.3%) and
large SP spines (~0.9%), and higher ratio of large SP+ spines (~4.1%j)g( 29A, B).
However, these changes were too small to warrant significant morphological chatges.
subclasses of SP+ spines were unchanged betweefRPMIO mice and TNFR2-WT mice

(Fig. 29C). The only change that was noticed was in small sized spige2&D.), whichwas
replicated only in the group of SRand not SP+, small sized spin@sg. 29D,.4). Since the
changs in SR small sized spines wereen in both TNER1-KO animals andfNF-R2-KO
animals, we hypothestr that the removaif both recepirs should have larger effect on this

spine population.
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Figure 29. The removal of TNFR2 does not affect SP+ spines, while reducing small SP
spines.(A) Fraction of SP(~84.1%) and SP+ spinesl(5.9%) in TNFR2-WT mice. Number

of TNF-R2-WT SR spines = 859: small spines = 612, medium spines = 213, large spines = 34;
Number of TNFR2-WT SP+ spines = 162: small spines = 24, medium spines = 58, large spines
= 80.(B) Fraction of SP(~85.2%) and SPs$pines (14.8%) in TNHR2-KO mice. Number of
TNF-R2-KO SR spines =1010: small spines = 687, medium spines = 274, large spines = 49;
Number of TNFR2-KO SP+ spines = 176: small spines = 27, medium spines = 50, large
spines = 99(C) Comparison of SP+ spénclasses between genotypes shows no significant
differences in small (C1; n.s. p = 0.967), medium (C2; n.s. p = 0.&08 large (C3; n.s. p =
0.58]) sized spines. Cumulative frequency plot of the spine head area of SP+ large sized spines
confirms that tkre were no differences in these spine populations (C4; n.s. p =);0.581
Kolmogarov-Smirnov test(D) Comparision of SPspine classes between genotypes shows no
significant differenes in medium (D2; n.s. p = 0.544nd large (D3; n.s. p = 0.6¥8ized

spines, however, the size of smallSpines was significantly reduced compared to wildtypes
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(D1; *p = 0.034. Cumulative frequency plot of the spine head area of spkhes shows
significant differences in the small spine populations (D4; *{pG08); KolmogorovSmirnov

test.

5.3.7. The mechanism of spine head reduction in TNR1+2-DKO mice is

independent of synaptopodin expression.

TNF-R1+2DKO animals had a ~28.1% reduction in spimead size of all spines (Fig. R#

To that engdwe wanted to sed there was a global reduction of spines or if this was due to a
specific subset of spines. Ww showed that TNFR1+2DKO animals have aignificant
~23%reductionin size of only small sized spines (Fig.A90 When looking at SP+ and SP
spines,the same-trifold increase in average spine head sizes was seen in SP+ (§j)ines
30B). Cumulative distribution showed no differences between the genotypes for SP+ spines
(Fig. 30C), howevenve cansee a prominergnd highly significanteft-shift in the cumulative

distribution of SP spines compad to wildtype controls (Fig. 30D
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Figure 30. TNF-R1+2-DKO mice reduction of spine head sizes is due to SBpines. (A)
Small-sizedTNF-R1+2DKO spines(~0.06547um?) were 23% smallercompared to TNF
R1+2WT spines £0.08474um?). **p < 0.0001 Medium sized spines were not significantly
(n.s.) different. p = 03328; Likewise, large sized spines were also not significantly (n.s.)
different. p = 0.6387.MannWhitney U-test. Number of smll TNF-R1+2WT spines n =
1416; small TNFR1+2-DKO spines n = 786; medium TNR1+2WT spines n = 691; medium
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TNF-R1+2DKO spines n = 169; large TNR1+2WT spines n = 305; large TNR1+2DKO
spines n = 84(B) Mean head size of SP+ and-SPines (TNFR1+2-WT ~038 um? SP+
~0.13 pm? SP; TNF-R1+2DKO ~0.£2 um? SP+, ~009 um? SR). SP+ spines have larger
spine head sizes compared to Spines in both genotypes. **p < 0.001, Mawhitney U
test. SP+ (p =.222 spine head sizes were not (n.s.) sigaffity different between genotypes
while SR (p < 0.0001) spines were drastically reduced in. $Vz@nnWhitney Utest.n = 33
TNF-R1+2WT segments; n 245 TNFR1+2DKO segments(C) Cumulative frequency plot
of individual SP+ head sizesn these genotygeshows no significant differenceg.= 0.762
KolmogorovSmirnov test(D) Cumulative frequency plot of individu8IP head sizes these
genotypeswe can notice the same left shift as with all spipes. 0.0001, Kolmogorov

Smirnov test.

The sharp inease in the ratio of small spines population in FRE+2DKO animals
(compared to wildtypes, Fig. 27@& due to SPspines, since they increased by ~18.4%, while
the ratio of SP+ small spineslyg increased by ~3.7% (Fig. 31A):Brhere was also a minute
decrease in the ratio of large SP+ spine population by ~2A%ubclasses of SP+ spines
were unchanged between THL+2DKO mice and TNFR1+2WT mice (Fig. 31¢. Even
though SPmedium and large sized spines had a tendency to be smaller in sizeetkayot
significantly different between the genotypes. Smallsfihes were ~23% smaller, the biggest
difference between mice mutants and their respective genotypes in all investigatediggups (
20D; 26D; 29D; 31D It would seem that both TNR1 andTNF-R2 play an important role in

spine morphology of smadizedspines.
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Fig. 31Small SR spines are the dominant contributor to the reduction of spine head sizes

in TNF-R1+2-DKO mice. (A) Fraction of SP (~86.5%) and SP+ spines13.5%) in TNF
R1+2WT mice. Number of TNFRR1+2WT SP spines = 2086: small spines = 1359, medium
spines = 599, large spines = 128; Number of IF-2WT SP+ spines = 326: small spines =

48, medium spines = 95, large spines = 1&3.Fraction of SP(~88.0%) and SP+ spines
(12.0%) in TNFR1+2DKO mice. The removal of both receptors caused a large increase in
the population of small SPspines £83.5%) compared to TNR1+2WT mice ¢65.1%).
Number of TNFR1+2DKO SR spines = 914: small spines = 763, medium spines = 134, large
spines = 17; Number of TNR1+2DKO SP+ spines = 125: small spines = 23, medium spines
= 35, large spines = 67C) Comparison of SP+ spine classes between genotypes shows no
significant differeres in small (C1; n.s. p = 0.088), medium (C2; n.s0p/24 and large (C3;

n.s. p = 0.790) sized spines. Cumulative frequency plot of the spine head area of SP+ large

sized spines confirms that there were no differences in these spine populations (C4; n.s. p =
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0.89)); Kolmogarov-Smirnov test(D) Comparisionof SR spine classes between genotypes
shows no significant differeles in medium (D2; n.s. p = 0.724nd large (D3; n.s. p = 0.8p1
sized spines, however, the size of smalt §fines was significantly reduced compared to
wildtypes (D1; ***p < 0.0@). Cumulative frequency plot of the spine head area efspihes
shows significant differences in the small spine populations (D4; ***p < (;G@lmogorov

Smirnov test.

5.3.8. Synaptopodin clusters are predominantly located in the base of spine

heads.

Previouswork reported that synaptopodin clusters are most often located at the base of the
spine head, where it forms an essential part obiné9,164,168,177)This was the case for

all investigated gnotypes (Fig. 38-C), howeverin TNF-KO animalswe saw a shift towards

more clusters located at the base of the spine, very close to the dendrii{EighafiD). When
comparing differences between mouse mutants and their respective wildtypes, we saw an
increase 0f~6% in the locakation of SP clusters in spine heads, with spine neck and base
localization being rduced in TNFR1-KO mice (Fig. 3R). In TNF-R2-KO mice, there was a
negligent increase 6f1% in spine head locaktion and 0f~2% in spine base local#on, in

line with previously shown analysis of this receptor's {association vth synapopodin
clusters (Fig. 3B). TNF-R1+2DKO mice had a shift towards more SP clusters in spine necks,
~9% more lhan wildtypes on account of fewBPclusters in spine heads (Fig.GL

Figure 32 Localization of synaptopodin clusters in different TNF receptor genotypes
compared to their respective wildtypes. (A)lhe fraction of SP cluster localizatiomsTNF-
R1 mice Most SP clusters were found to be colocalized inside spine headsRIMFT
~58%; TNFR1-KO ~64%), followed by spine necks (TNRL-WT ~26%; TNFR1-KO
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~23%) and lastly inside the base of the (FREWT ~16%; TNFR1-KO ~13%). Number of
SP clusters in TNHR1-WT = 164: spine head 96, spine neck = 42, spine base = 26; Number
of SP clusters in TNHR1-KO = 153: spine head = 99, spine neck = 35, spine base (B)19.
The fraction of SP cluster localizatiomsTNF-R2 mice Colocalization was most oftemside
spine heads (TNHR2-WT ~50%; TNFR2-KO ~51%), followed by spine necks (TNR2-WT
~25%; TNFR2-KO ~22%) and lastly inside the base of the (FRE-WT ~25%; TNFR2-KO
~27%). Number of SP clusters in TNR2-WT = 162: spine head 81, spine neck = 41, spine
base = 40; Number of SP clusters in FRE-KO = 176: spine head = 89, spineck = 39,
spine base = 4§C) The fraction of SP cluster localizatioms TNF-R1+2 mice SP clusters
wereagainfound to bemost oftercolocalized inside spine heads (THRE+2WT ~55%; TNF
R1+2-DKO ~46%), followed by spine necks (TNR1+2WT ~24%; TNFR1+2-DKO ~33%)
and lastly inside the base of the (HRE+2WT ~21%; TNFR1+2-DKO ~23%). Number of
SP clusters in TNHR1+2WT = 326: spine head 179, spine neck = 78, spine base = 69;
Number of SP clusters in TNR1+2-DKO = 125: spine head = 57, spine neck0, spine base

= 28.

5.3.9. Spine head size correlates with SP cluster size in all analyzed groups.

As we showed before (Fig. B}, in TNFKO and TNF-WT mice, there was a pronoced
positive correlation between Sffuster size and spine head size. Sincecthreelation was
shown to be stronger in wildtype mice, we wanted to see if we can replicate this finding in
receptor knockout mice. Correlation analysis showed a significaniatoorein all genotypes

(Fig. 33A-C). TNFR1-KO and TNFR2-KO mice followedthe same pattern as with TNEO

mice, where we saw a higher correlation (denoted by a higher value of the Spearmad)r and R
in their respective wildtypes (FIig3A, B). In the case of TNHR1+2DKO mice, we saw the
opposite effect. When compared to theilditype mice, TNFR1+2DKO mice had more than
double linear regression analysis values, and these values were the highest in zddanaly

genotypes (Fig. 33).
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Figure 33 Correlation of SP+ spine head size and SP cluster size in different TNF
receptor knockouts and their respective wildtypes. (AXorrelation analysis between spine
head size and SP cluster size folf&NF-R1 genotypes™*p < 0.001. TNFR1-WT: Spearman

r = 0369, Linear regression analysis? R 0.136 TNF-R1-KO: Spearman r = 827, Linear
regression analysis:?R= 0.107. Number of TNFR1-WT SP+ spines and clusters = 164;
Number of TNFR1-KO SP+ spines and clusters = 1@3) Correlation analysis between spine
head size and SP cluster size folf&NF-R2 genotypes™*p < 0.001. TNFR2-WT: Spearman

r = 04856 Linear regression analysis? R02358 TNF-R2-KO: Spearman r = 8278 Linear
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regression analysis:?R= 01075 Number of TNFR2-WT SP+ spines and clusters = 162;
Number of TNFR2-KO SP+ spines and clusters = 1{@®) Correlatbn analysis between spine
head size and SP cluster size forTalF-R1+2 genotypes***p < 0.001. TNFR1+2WT:
Spearman r = @158 Linear regression analysis: R1+2 2129 TNF-R1+2DKO: Spearman

r = 06646 Linear regression analysis: R1+2 44018 Number of TNFR1+2WT SP+ spines
and clusters = 326; Number of TNEEL+2DKO SP+ spines and clusters = 125.
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6. DISCUSSION

The morphology of dendrites and dendrisipines has long been studied. To qu&itepherd

(47) AWKH VS L QieroEdhpatMert Wit a Pange of properties that enable it to operate
DV D PXOWLIXQFWLRQDO LQWHJUDWLYH XQLW:3?® ,Q WKDW Ol
elucidated: depending on their shape, they can serve for learning or memory rég&iitjpn
cognition(210), synaptic taging and capturé12)and symptic strength regulatiai»3,68,79)
Studying the size of spine heads allows us to gain insights int@yaptic densities and their
influence on long term potentiatiof213). AMPA receptor density, which is taken as a
substitute for synaptic strength, is closely correlated with size of the dendritic spines,
allowing us to infer physiological changes in neuronal activity through the analysis of spine
sizes (66,69,214,215)In this regard, ample molecules have been found to influence the
morphdogy of spines and this is done by interactions with the highly shifting actin filaments
located within(91).

This doctoral work focused on tveoichimportant molecules that have structural and plasticity

related functions, i.,e. TNk DQG 63 7KH VHPLQDO ZRUN RI %HDWWL
importance offNF- . in synaptic plasticity(7). It binds to TNFR1, TNFR2 and glial P2Y1

receptors, exerting different, but slightly overlapping eff¢8®,138) Constitutive TNF.

activity promotes the surface expses of AMPA receptors anthe endocytosis of GABA

receptors, thereby changing the exama/inhibition balance in favoof excitation(154,155)

It has concentraticdependent effects on synaptic plasticity, with slightly elevated levels

easing LTP generation, while highly elevated lsVed opposing effects, impairing synaptic

plasticity (8). It is also a critical instructive signal ftie initiation of synaptic s¢iag (108)

and plays an important role in gliotransmission through the binding with purinergic P2Y1
receptorg90). Although many of its molecular and electrophysiological effaotsknown, the

role of TINF. LQ WKH PRUSKRORJLFDO ODQGVFDSH RI GHQGULYV

unanswered question.

The actinmodulating molecule synaptopodin has been linked with the formation of the spine
apparatus organelle that servesramternal calcium store of dendritic spin@s162,164,16%

It is a part of the downstream machinery changing synaptic str¢h§#) and promoting
AMPA receptor accumulation at the pastnaptic density of excitatory synapg&69,171) It

has an important role in regulating Hebb{@80,181) homeostati¢205) and metaplasti¢3)

87



forms of synaptic plasticity. These molecul&dlF-. DQG 63 KDYH UHFHQWO\ EHF
TNF-. UHOLHVY RQ LOQWUDFHOOXODU FDOFLXP VWRUHV DV UH.
plasticity. This doctorate work hoped to shmore light on this connection in the contexerf

vivo morphological investigations.

The main findings can be sumnmed as follows: (aDeafferentiated gnule cells of TNF

deficient mice grownin-vitro exhibit fewer dé&cits in dendritic tree arboraion and
complexitycompared to wildtype controls.Xksranule cells of TNfeeficient mice have20%

fewer spines than wildtype contra@s vivo (¢) TNF-deficient mice have larg&P+ spines and
SRclusters. (JI Dendritic spines of mice lacking TNR1 mimic the changeseen in TNF

deficient mice. (eGenetic knockout of both TNF receptors causes a ~28% reduction in average
spine sizes @mpared to wildtype controls.)(iGenetic removal of TN\ RU DQ\ RI LWV

receptors, has the effect of reducing the size of smal§@Res compared to controls.

6.1. Morphological deficits in the dendritic tree in mice lacking TNF-alpha are milder

compared to wildtype controls

Entorhinal denervation has lohgen studied ama@xpeimental deafferentiation modsince
the majority of excitatory inputs toippocampal granule cells corfrem the entorhinal cortex
via the perforant pathwa$2,198) Granule cells usually respotalthe lesionwith a reduction

of dendritic arbor sizes and dendritic complex{87,202,203) In this doctoral work, we
focused onn-vitro grown granule cells of TNHeficient mice to see if they respond differently
to the lesion when compared to contrd@sir investigations showed that both gerpey have

a pronounced reduction in dendritictgh in comparison with nelesoned cultures. While
the average length of individual dendritgas not significantly altered, we logically expected
a similar reduction in the tdtaumber of dendrites in tHesioned cultures. This was the case
for wildtypes, howevergranule cells of TNFeeficient cultures did not have a significantly

reduced number of dendrites.

In order to elucidate this discrepancy, we employed a Sholl analysis of dendritic trees in the
deafferentiatedjroups. Both genotypes had significantly different dendriéies 14 days after

the lesion with a tendency for lower dendritic complexity at all measured distances from the
cell body. However, in the case of Thleficient mice, there was @ndency for higher

dendritic complexity closer to the cell body and reduced complexity at distant intersections.
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We consider this bimodality in response to denationto be a direct result of the lack of
constitutive TNF in these cells, which byatscauses lesiotike changes in the dendritic arbo

so that these cells have a comparatively smaller reduction in dendritic complexity due to the
lesion. Following this, total dendritic complexity was only changed in wildtype niiée.
concludedthat these effects cannot be explained only in the context of dendrites themselves
and that we needed to see how dendritic spines, the main effectors of the afferent part of the

neuronbehave in TNFdeficient mice.

6.2. Structural alterations of spines in TNF-deficient mice follow closely the changes

seen in entorhinal denervation

After intracellularly filling granule cells of TNfeficient miceex vivo we found a reduced
density of dendritt spines, which indicates reduced entorhinal innervation. We conside
likely that alterations in the balance of network excitation/inhibition due to the constitutive
absence of TNF could have caused this defect as a secondary change. Due to the fact that the
majority of spines in the adult are innerva{@d6), and that excitatory input on adult spiny
neurons terminates nearly always on dendritic spi2&8), this finding could be viewed as a
structural indicator of a reduced glutamatergic innervation of granule cefis dentate gyrus

of TNF-deficient mice. Detailed analysis showed that these neuronslsgeificanincrease

in the size of large spines. These spines are characterized by larg€R3Disigh density of
AMPA receptorg69,71,75,204,215pnd(10) by large SP clusters. In this context large spines
are physiologically strongoringing forth the largest asant of excitation to the neuroiihis
shifted our focus towds SP+ spines, as we hypothesizhat these changes are inherently

connected to synaptopodin presence in spines.

6.3. SP positive spines are highly affected by the removal of TNF

SP, as a F-actin interacting proteirf173), is located primarily in dendritic spines and is
essential for the formation and function of the spine apparatus orgéh#b2,163,168)This
doctoral work showed that in all investigated mouse mutants and wildtypes, SP is
predominantly founeh the base of the spine head, confirming its relative position inside spines.

Previous work has shown a positive correlation between the presence of an SP cluster inside
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spines and spine head size, be it in dissociated hippocampal n€l88hscute hippocampal
brain sliceq181)or organotypic tissue cultur¢$0).

In our investigationswe have confirmed this connection &x vivo preparations, and
furthermore, we have shown that the size of an SP cluster and the size of the dendritic spine in
which it is located are almost linearly positively correlatepines that contain Site few n

number, averaginground 15% of total spines, howeytrey are trifold larger compared to

SP spinesAs we discussed before, spine head &8¢71,75) and the presence of SP clusters

in dendritic spine$169)are positively correlated with AMPfeceptor density, thieacrease in

spine head size of SP+ spines isoaa fidestructural indicator of increased synaptic strength

of these dendritic spine#t would seem that TNfeficient granule cells compensdt a
reduction in spine density by homeostatically increasing the size and SP content of their
remaining spinesThe results of investigations done on dendritic spines of -déficient
granule cells showcase thitese neurons already have similar changeshat is usually
observed under experimental denervation conditions. It is therefore not surprising that the full
extent of these changes was not seen in the context of dendritic tree alterations in the previously
reported denervation experiments, sincesth@eurons were already adapted as if they had

reduced glutamatergic innervation.

6.4. Dendritic spines of mce lacking TNFR1 undergo comparable changes to those

seen in mice lacking TNF.

TNF- . primarily binds to two receptors, TNR1 and TNFR2 (125,138) One of the main
physiological effects oTNF-. W Kckease in the excitation/inhilan ratio of a neuron, is

mediated by the promotion of AMPA regtor surface expressiam excitatory synaps€3).

This effect s achieved through the activation of TIRR, due to the fact that genetic deletion

of TNF-R1, but not TNFR2, decreases AMPA receptor expresgis?). Likewise, the effects

of TINF-. RQ 3 < JOLDO UHFHSWRUV SURYLGH DQ HI[WHUQDO VR

(89), and this mechanism seems to be inherently connected to the activity 4R T{9P).

Our morphological investigations on granaldls of TNFR1-deficient mice show that these
neurons, similarly to TNfeeficient mice, have an increase in the size of large spines, and a
concomitant reduction in the size of small spines. Furthermore, again following closely the

results in TNFdeficiert mice, the increase in large spine sizes is due to SP+ spine population,

90



while small spine sizes of only S&pines are reduced. Shifting our focus to TRI=deficient

mice, we noticed that only the reduction in smaH §#ne head sizes was maintainggvould

seem that the effediNF-. KDV RQ VPDOO VSLQHV LV VLIQRIUIAFAD QWO\ P
TNF-R2. On the other handhe controlTNF-. HIHUWYV R @ aSsvbciat@rGwithViarge

spinesis achieved through the activationTF-R1. Thereappearso be some redundancy in

the function of both receptossncethere was no reduction of dendritic spine densityN-

R1-deficient mice. These results affirm that TIRRE is the dominant effector for plasticity

related changes thatNF-. LQIOXHQFHYV

6.5. Dendritic spines of mice lacking both TNF receptors have a severe reduction in

average size

While we expected similar results in the T and TNFR1+2DKO groups, we were
surprised to see a number of disparities. Firstly, instead of having a rethresty of spines,
TNF-R1+2DKO mice had a large decrease in the average size of all dendritic spines. As we
extended our analysis we noticed that this decrease was only replicated in small sized spines.
This deficit was not due to synaptopodin presencgpines, since there were no differences
between all investigated SP+ spine size classes. As we comparepi®®s, we saw only
smallsized spines to be smaller compared to wildtypes. In this retaronportant difference
between TNFKO and TNFR1+2DKO animals is that in the doubkmockout mice TNF. is

still able to bind to purinergic P2Y1 glial receptorBhis connection waants further

investigation in order to elucidate the driving mechanism for this reduction.

6.6. All investigated genotypesexhibit a reduction in the size of small SPspines

compared to controls

Investigations in the ratio of spine size classes showed that smalbBies are the largest

group of all SP spines, with more than half spines belonging to this spine size biasi.

analyzed genotypes, we saw a reduction in smalsife sizes compared to their respective
wildtypes.A large numberRl VPDOO VSLQHYV ODFN $03% UHFHSWRUYV DC
V S L @A8)3In this regard these spines are physiologically weak, contributing little to the
excitatory drive of the neurofince this reduction was not associated with SP presence inside
spines, we have turned to explatéferent mechanisms to explain thisacige. We plan on
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expanding our experiments on these mice mutangdyiag an entorhinal cortex les in vivo

to study howthese, already changed dendritic spines react to deafferentiation.

6.7.Importance of obtained data and future research directions

Onre of the major findings of this doctoral thesis was a strong reduction in dendritic spine
density in TNFKO mouse mutants. It is established that afferent projections towards the target
neuron are essential for normal development and subsequent preseofatemdrites and
dendritic spinesDenervationwhich occurs in multiplauman diseases such as stroke, trauma
and Parkinson's disease)l have an effecbn the denervated neurons, with changes ranging
from dendritic spine loss and atrophy of detefrto cell death(219221). While much is

known concerning the remodeling of dendritic spines in developrieEninechanisms which

are responsible foreshdrite and dendritic spine degeneratiodult animalsare still largely
unknown. The current hypothesis is that reduced signaling in both NMDA receptors and mGlu
receptors is required for the loss of spin@22,223) Downstream, the calcittependent
activation of calcineurin, mediated by cofilin is in part responsiblehisrioss(83). However,
sincethese studies relied on broad synaptic stimulation, it was not possible to connect these
mechanisms to inptgpecific alterations such as denervation in neurdhsre is also the
function of astrocytes to consider since these glial cells mediate synapse elimination in adults
(224). Dendritic destabilizabn has beerassociatedvith the reduced activity of calcium
calmodulindependent protein kinase Il, which is activated by elevated levels of intracellular
calcium(225). In this regard,tiis important to note that synaptopodin has been identified as a
regulator of the homeostatic changes that occur in dendritic spines after dendB@gjowe
havenow shown that TNF. LV D FDQGLGDWH PROHFXOH IRU WKH UHJX
reorganization fdlowing denervatiorsince its absence has similar effects on these structures.
Our next step is to perform vivo ECL experiments in TNHKO mice, so as ttully determine

the roleTNF-. KDV LQ G Hr@utedyniwkpHoRdical changes in dendritic spines. The
functional properties of neurons are tightly entwined to their morphology. A wealth of literature
exists connectinthefiring properties, plasticity changesndsignal propagatio to detectable
changes in the architecture of dendrites and dendritic spines. Therefore, after the period of
development, it is critical to keep neuronal morphology in optimal conditions in adult animals.
Using different mouse mutants, we can now direstlydy the causal relationship between
potential candidate molecules and their role in dendrite and dendritic spine reorganization
following denervation. The potential of this research is in the development of possilsee fut
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thergeutical approaches for uaftiple human diseases affected by the deafferentation of
neurons. Possibleutcomesof intervention after stroke, central nervous system injory

neurodegenerative diseases includeddeiction or completprevention of dendritic and spine
degeneratioin the affected areas.

93



7. CONCLUSION

Our results highlight the importance ®BNF-. DQG 63 LQ GHQGULWLFIDQG VSLH
vivo in adult animals. The absence ®BNF-. RU LWV UHFHSWRUV ZDV IROOR
alterations in dendritic arborisation,rdkitic spine density and size in affected animatsich

was homeostatically compensated through synaptopudiaiiated mechanism®ue to the

fact that multiple brain pathologies such as stroke, injury, neurodegenerative diseases exhibit
similar morphological deficits in neurons, it is our goal to further elucidate the ralN6f.

in these contexts. This could in turn reveal intapt mechanisms in the pathophysiology of

these disorders, allowing us to target specific molecular targets as a possible therapeutical

approach.
A. Major findings:

1. Dendrites of granule cells imfNF-deficient mice a& partially resistant to
denervation

2. Grarule cells of TNFdeficient mice have a 20% reduction in dendritic spine
density

3. TNF-deficiency causes an increase in size lafge spines and is tightly
connected to the enlargemensghaptopodirpositive spines and synaptopodin
clusters

4. The removal offNF-R1 has a similar effect to TNéeficiency with regards to
dendritic spines.

5. The removal of both TNHR1 and TNFR2 causes 28% reduction in spine head
sizes.

6. The removal offNF-. RU DQ\ RI LWV UHFHSWRUV UHGXF
dendritic spines thalo not contain synaptopodin
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8. ABSTRACT IN ENGLISH

Changes in the morphology of dendrites and dendritic spines are tightly correlated to the
functional properties of neurons. The underlying mechanisms are under strict control by
multiple effectors. One of such proteins, the tumor necrosis factor 1-). has been shown

to influence synaptic transmission and plasticity and is tightly connected to the actin
modulating protein synaptopodin (SP). We performed a detailed analysis of dendritic arbors
and dendritic spines of dentate granule cells in mice mulackehng TNF. RU LWV UHFHSW
Fixed hippocampal sections were doublained for SP, a molecular marker for strong and
stable spines. We have shown that granule cells of-d@fi€ient mice have fewer deficits in
dendritic tree arborization after denefeat Dendritic spine density was reduced by 20% in
these mice, and a compensatory increase in the size of large, SP+ spines was seen. A strikingly
similar pattern of changegas seen in mice lacking TNR1, but not in mice lacking TNR2,
showcasing thatNIF-R1 is the dominant effector for this mechanism. Genetic removal of both
receptors caused a large, 28% reduction in average spine sizes, and the compensatory,

homeostatic increase of large spine sizes and SP content was absent.
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9. ABSTRACT IN CROATIAN

Mor IROR&AND DQDOL]D GHQGULWLpPNRJI VW D-HPGRES XDH UL WX & Bl ¥
proteina synaptopodina u hipokampalnim zrnatim stanicama TNF.-.2 PLaHYD

SURPMHQH X PRUIRORJLML GHQGULWD L GHQGULWLpPNLK W
svojstvima reurona. Osnovni mehanizmi tih promjena su pod strogom kontrolom mnogih
molekula. Pokazalo se da jedan od takvih proteina, faktor tumorske nekroZel-) XWMHpH

QD VLQDSWLPNL SULMHQRV L SODVWLERGERYIW DWH MR SVURR
synap W RSRGLQRP 63 8 RYRP UDGX VPR GHWDOMQR DQDOL]I
WUQRYH JUQDWLK VWDQLFD JLUXVD GHQWDWXVD .XLBLaAHYD
QMHJRYL UHFHSWRUL )LNVLUDQH KLSRNDP SoleeQddSRULANH
PROHNXODUQL PDUNHU VWDELOQLK L VQDAQLK GHQGULWL]
PLAHYD NRMLPD QHGRVWDWMX BBEQMB 3URPMHQD X JUDQDQM
QDNRQ GHQHUYDFLMH *XVWRUD GHQGRIGNW b K LKL WHNIR YID AR
QDGRPMHVQL SRUDVW YHOLPLQH YHOLNLK 63 GHQGULWL|
SURPMHQD YLYHQ MH NRG PLAHYDSNRDQERDQQHGRKN @ PNV &HJXHX
nedostajegenzaTNBE XND]XMXUL QBP5WRG®X WMXHM X1LIL. pLPEHQLN X QI
SURPMHQD *HQHWVNR XNODQMDQMH RED UHFHSWRUD SUR>
YHOLpLQD GHQGULWLPpNLK WUQRYD WH MH X WLP PLAHYLPD
YHOLNLK GHQG WIDRLIp NIDKG W &MNRLY B 3
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