Chapter 3 - Dendritic remodeling but not sub-dendritic
GABAergic synapsetargeting is affected by
blocking chloride channels during postembryonic
motoneuron development

3.1 Abstract

Assembling neurons appropriately into neuronalutiscrequires specific changes in
neuronal geometry, membrane properties and synapticectivity. In holometabolous

insects the postembryonic acquisition of novel bedral functions is accompanied by
well described changes in dendritic architecturel ghysiological properties of

identified motoneurons. We have recently demoredrétiat postembryonic remodeling
of dendritic shape is accompanied by stereotypkas fior sub-dendritic distribution of

GABAergic synapses. Here we ask whether GABKe receptor mediated chloride

influx affects dendritic architecture and sub-déndisynapse targeting. PTX induced
blockade of chloride ion influx causes dendriticemyrowth, affects the amount of
GABAergic terminals impinging on the dendritic treehereas the distribution pattern
of these terminals remains unaltered. Behaviorsting reveals that these neuronal
changes modify the animal’s ability to fly.

3.2 Introduction

Dendritic architecture of central neurons is crud@ ensure connections with the
correct synaptic partners, and it affects synapgct integration of individual neurons
(Connors and Regehr, 1996; Hausser et al., 200@eVet. al, 2001). Therefore,
dendritic shape is important for adequate neuraor function. During development,
dendritic shape is regulated by innate genetiofagiMontague and Friedlander, 1989;
1991; Spatkowski and Schilling, 2003; Gao and Bhg2d03; Mizrahi et al., 2000;
Scott et al., 2002; Scott et al., 2003), externaletular cues (Kim and Chiba, 2004;
Landgraf and Thor, 2006) humoral cues such as ¢rdadtors and hormones (Torran-
Allerand et al., 1999; Weeks and Levine, 1995; &oakd Wooley, 2005) and by
neuronal activity (Hofer et al., 2006; Duch and M#£n2004; Libersat and Duch, 2004;
Wong and Gosh, 2002). This study addresses theofo®ABA mediated inhibition,
causing chloride influx, for the development of detic architecture of an identified
motoneuron during the metamorphosis of the midmduca sexta.
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Insect metamorphosis offers a useful model to studgchanisms underlying
behaviorally relevant modifications of dendriticchitecture during postembryonic
development, because individually identified negraoquire their behavioral function,
their geometry and their physiology during the sfanmation from the larval into the
adult stage (Consoulas et al., 2000). Dendritic amttional remodeling has been
described in particular detail for the motoneurgnvBN5S, in Manduca sexta. During
metamorphosis MN5 develops from a slow larval ciagvmotoneuron into a fast adult
flight motoneuron. To accommodate this functionlahrrge, MN5 is remodeled with
respect to its physiological properties, its syrapartners and its dendritic architecture.
Dendritic architecture changes, synapse disassearyre-assembly, synaptogenesis
on dendritic filopodia and postembryonic ionic @mtr modifications have been
analyzed quantitatively by means of 3-D reconstonst novel co-localization analysis
tools, in situ voltage clamp and imaging experiments (Duch andnss 2000; 2002;
Libersat and Duch, 2002; Mentel and Duch, 2004;r&\e al., 2005; 2006). Multi-
compartment modeling analysis suggests that déndrithitecture remodeling causes
dendritic shape changes that underlie behavioralgvant computational properties of
the dendritic tree (Meseke et al., unpublished)réduer, a recent study demonstrates
that postembryonic dendritic remodeling of MN5 c@mpanied distinct changes in
sub-dendritic targeting of putative GABAergic inputhroughout the dendritic tree
(Meseke et al., unpublished). While MN5 is transfed into a fast flight motoneuron,
the distal dendrites receive a higher density ¢afpee GABAergic inputs, and the roots
of dendritic sub-trees are contacted by GABAergroinals with a significantly higher
likelihood than all other dendritic branches, wiaer¢he larval crawling MN5 does not
exhibit these sub-dendritic input synapse distrdyutharacteristics.

Steroid hormones play a major role in postembryateadritic property regulation
(Weeks and Levine, 1990; Levine and Weeks, 19961s@alas et al., 2000; Weeks,
2003), but activity has also been demonstratedffiectadendritic architecture and
steroid induced synapse disassembly (Duch and NMe2@®4; Burkert and Duch,
2006). Therefore, this study tested by systemiectnpns of the chloride channel
blocker picrotoxin (PTX) whether GABA receptor mediated inhibition affects the
maturation of adult dendritic shape and sub-decd@ABAergic synapse targeting.
Site-specific targeting of synapses within dendritees is likely an intermediate step
between genetically encoded axon guidance and iexger dependent circuit

refinement, and it is not clear whether GABAergiansmission is needed as an
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instructive mechanism. Experience guided sub-aellslynapse elimination has been
reported to confine inhibitory glycinergic inputs the somata of auditory interneurons
in rodents (Kapfer et al. 2002). By contrast, sfiecsub-cellular targeting of two

different types of major GABAergic synapses alohg perisomatic and the dendritic
domains of pyramidal neurons in visual cortex (lRckand Buzsaki, 1996) does not rely
on experience dependent thalamic input (Di Crisdtalge 2004). Here we demonstrate
that PTX induced blockade of chloride influx affeadistinct features of dendritic

geometry, causes dendritic overgrowth, but doesaffett the sub-dendritic targeting,
but the amount of GABAergic terminals impinging tve dendritic tree of MN5. These

neuronal alterations impair the animal’s abilityflsoonly mildly.

3.3 Methods

3.3.1 Animals

Manduca sexta were obtained from our laboratory culture. Animalere reared on
artificial diet (Bell and Joachim, 1976) under adeday photoperiod regime (18/6 h
light/dark cycle) at ~26°C. Both chronological amdrphological criteria were used for
staging of animals (Bell and Joachim, 1976; Reirestkal., 1980; Tolbert et al., 1983).
Dissection and intracellular recording were perfednas described in Duch and Levine
(2000).

3.3.2 Injections of pharmacological reagents

Overall neuronal excitability was altered duringsgnbryonic development by
systemic injections of either the sodium channetkér tetrodotoxin (TTX, Sigma) or
the chloride channel blocker picrotoxin (PTX, Sigrnaa pupal stage P2. Both reagents
were injected with a Hamilton syringe through thegvanlagen which can clearly be
visualized on the outside pupal cuticle. Injectammcentrations were ¥0or 10° M in
saline, and injection volumes were adjusted byl tbtady weight to reach a final
concentration of I® M with respect to animal weight. This resulted ifijection
volumes of approximately 20 pl. To test for unspeceffects of the injection
procedure, two types of control experiments wenedoated. First, animals were not
injected at all, and developmental time as weltedlex responsiveness was compared
to injected animals. Second, animals were injeatid the same volumes of saline and

dendritic structure as well as synapse distribgtiorere compared to PTX injected
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animals. Following the injection at stage P2, nothfer injection injections were
conducted. To avoid bleeding the wound was covevdd bee wax and animals
developed and molted to an adult moth.

To induce prolonged flight in behavioral experingenthe octopamine agonist
chlordimeform (CDM, Sigma) was injected into thedaimen of adult moths at
concentration of I M and a volume of 20 pl. CDM is known to induciglit motor
pattern and it has also been assigned to incrdaserdsponsiveness to sensory
stimulation (Kinnamon et al., 1984). This pharmagotal manipulation was used to
induce maximum flight motor output in animals ofrieas different experimental

groups.

3.3.3 Behavioral testing

To monitor the effectiveness of neurotoxin injentiexperiments to induce changes in
neuronal excitability, all animals included in ths&sudy were tested for the well
described pupal gin-trap reflex. The gin-trap refie a strong abdominal deflection in
response to mechanical stimulation of the gin-tragion located between adjacent
abdominal segments (Lemon and Levine, 1997a; 19Ba@te, 1973). PTX, TTX and
control animals were tested daily for the presesrcabsence of the gin-trap reflex. The
number of abdominal movements that was induced single mechanical stimulation
was counted and averaged over 5 five stimuli penalper day.

To test whether injections of PTX at pupal stageh@d8 any effect on adult flight
performance, the following flight parameters wereasured in behavioral tests: (i) the
percentage of animals which showed flight behaiog, total flight duration and wing
beat frequency. All animals subjected to flight é@bral experiments were one day
old. They were immobilized by chilling on ice fo® Zninutes. Scales were shaved off
their ventral thorax and the shaved part of thécleutvas carefully cleaned with 50 %
ethanol to create a clean surface that allowedhglanimals to a wooden stick with
UHU (Two component gluten, UHU GmbH; Buhl, Germammimals were allowed to
recover from cold anesthesia for 45 minutes at 22€ afterwards softly stimulated to
induce a warm up phase — the time the moths ordiestheir wings inappropriately to
fly but to warm up their muscles for flight. Theamimals were fixed in a flight-like
position in a stand with their wings free to mokkght was induced by applying a wind
stimulus with a cold hair dryer fixed to a stand distance of 40 cm (Phillips

professional 1600 cool). Wind stimulation was shétd-off as soon as the moth started
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flying. Brief wind stimuli were re-applied as so@as an animal stopped flying. The
experiment was terminated as soon as three comgeeguihd stimuli did not induce any
flight motor behavior. Flight was filmed with a i high speed camera (1000 pictures
per second; Motion Scope; Redlake Imaging; Morgdh 6A) placed in front of the
animal in approximately 30-40 cm distance. Thi®wéld a detailed analysis of the
flight behaviour by determining the wing beat freqay as well as the flight duration.
Flying moths were filmed for 3 seconds each afterfirst, the 15th and the 30Data
files were stored on a personal computer for amalydl behavioral experiments were
conducted as blind tests, i.e. the experimenterumasgvare of the treatment group of the

animals.

3.3.4 Intracedlular labelling and immuncytochemistry

Intracellular staining of MN5 and subsequent samgieparation was achieved as
described in Duch and Levine (2000) and Evers .et28106). Briefly, for intracellular
labeling of MN5 a thin walled glass microelectrd@8-35 M tip resistance) was filled
with a mixture of 7 % Neurobiotin (Linaris GmbH, Weeim-Bettingen, Germany) and
Rhodamin-Dextran (Invitrogen, Carlsbad, CA, USA)2iM potassium acetate. An air
bubble was left between the dye filled tip and siaft filled with 2 M potassium
acetate to avoid dye dilution. Following intrac&lupenetration of MN5 (identified by
antidromic spike initiation via extracellular nergestimulation) the dyes were injected
ionophoretically by a constant depolarizing curreh8 nA for 45 to 60 minutes. Then
the electrode was removed, the ganglia were fixed4% paraformaldehyde in
phosphate-buffer solution (PBS, 0.1M) for 2 h abmotemperature. Ganglia were
washed in PBS (0.1M) six times for 15 minutes eddmen tissue was treated in a
conventional microwave at 750 W for 5 times at 4foGnhance antibody penetration
and binding. This was followed by additional 2 weshn 0.1 M PBS for 15 minutes
each and dehydration in an ethanol-series (509@0and 2 times 100 %, 15 minutes
each). Preparations were treated in a 1:1 mixtbipuce ethanol and methyl salicylate
for 5 minutes and cleared in methylsalicylate. Mgs followed by 5 minutes treatment
in a 1:1 mixture of pure ethanol and methyl salty] rehydration in a descending
ethanol series, 4 washes in PBS-triton x (0.5 %rtrin 0.1 M PBS). Primary antibody
incubation with anti-Synapsinl (SynOrfl, kindly prded by Prof. Buchner, University
Wirzburg; 1:100) and anti-GABA (Sigma-Aldrich ChemiGmbH, Schnelldorf,
Germany; 1:400) were conducted for 36 hours in BB& x (0.3 %). This was
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followed by 6 washes in PBS (15 minutes each) ammibation with secondary
antibodies. Neurobiotin was visualized with CyZptavidin (Invitrogen, Karlsruhe,
Germany; 1:750); GABAergic processes were visudliby incubation with Cy3-
coupled mouse anti-Rabbit (Jackson Immunochemioals Suffolk, UK; 1:200), and
synaptic terminals were visualized by incubationhwCy5-coupled rabbit anti-Mouse
antibody (Jackson Immunochemicals Inc.; 1:200)sTwas followed by 6 washes in
PBS (0.1 M), dehydration in an ethanol series @®®/e), 5 minutes treatment in a 1:1
mixture of pure ethanol and methyl salicylate atehigng and mounting in methyl

salicylate.

3.3.5 Data acquisition

Images were acquired with a Leica TCS SP2 conftasgr scanning microscope
(Bensheim, Germany) using a Leica HCX PL APO CS dbxmmersion objective
(numerical aperture 1.25). To prevent crosstalkwbeh overlapping fluorescent
emission wavelength sequential scanning mode wed. @y2 and Cy5 were scanned
simultaneously by using excitation wavelengths 88 4m (argon laser) and 633 nm
(helium neon laser). Cy2 emission was detected dmtwi95 and 530 nm, and Cy5
emission was detected between 640 and 670 nm. d&s-talk between the channels
was detected. Cy3 was excited with a green neoer las 543 nm and detection
wavelength was between 550 and 590 nm. Switchingvd®n Cy3 scanning and
Cy2/Cy5 scanning was conducted after every frame.

By optimizing the sample preparation procedure escdbed previously (Evers et al.,
2005), we can discriminate structures with a di@met below the emitting wavelength,
approaching the theoretical limit of half the emdtwavelength (300 nm), at least in
XY (Evers et al., 2005; 2006). The smallest denddtameters we find in MN5 are
above 400 nm diameter. Electron microscopy of Maadhoracic motor neuropil at the
developmental stages relevant for this study detrates that synapsin |
immunolabeled synaptic terminals appear as dispinotta of 300 to 3000 nm diameter
(Hohensee et al., 2007). Therefore, precise 3-déinaal reconstructions of dendritic
surface (see below) can be used to map the disbtbwf immunolabled synaptic

terminals onto the dendrites of identified motoroes:

3.3.6 Image analysis
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Confocal image stacks were further processed wittir&3.1.1 software (TGS). For 3-
dimensional reconstruction of dendritic segment$tweoe plugins as published
previously (Schmitt et al., 2004; Evers et al., 20@ere used. These deliver precise
quantification of midline and diameter as well agiangulated surface definition fully
exploiting optical resolution. To address the disition of putative input synapses into
the dendritic tree of MN5, immunolabeled synapticofiies were used. For
quantification of the distribution of immunolabelgutofiles along dendrites, the
generated surface description was used to calcthiatstaining density within 300 nm
from each surface element, a triangle. The positbrthe triangle was determined
perpendicular to the midline of the correspondiecpnstructed segment (for details see
Evers et al., 2005). A recent electron microscdpyysdemonstrated that this procedure
accounted for all synaptic terminals located inttieacic motor neuropils of Manduca,
but that it produced approximately 20 percent fgiesitive synapses if only one
immunolabel was used (Hohensee et al., 2007).ignstludy this procedure was done
for two immunolabels, anti-synapsin-l1 and anti-GABFhe correlation of both was
used to indicate sites of putative GABAergic inmynapses. Snhapshots of scenes
rendered in Amira-3.1.1 are arranged into figurdgh wAdobe lllustrator CS and
Photoshop CS (Adobe Systems Incorporated).

3.3.7 Statistical analysis

For statistical analysis, morphological data shegfsorted as CSV-tables generated in
Amira 3.1.1 software (TGS) were imported into R[IBvelopment Core Team, 2004),
Microsoft Exel software and Statistica (StatSofntarg, Germany). ANOVA with
Duncan post hoc comparison are used to test fostatal differences between multiple
groups, for example morphometric values as ocagrim different Sholl spheres.
Overall morphometric parameters were compared letweanipulated and control
adult motoneurons with Student’s t-test.

Statistical analysis for flight time values and wibeat frequency was done with
Kruskall-Wallis ANOVA and if significant differeneebetween multiple groups were
detected, Mann-Whitney U-Test’'s were performeddst two groups individually to
each other. Box plots were chosen to display measemts with median and 25 to 75%

guartile but no outliers with extreme values wdreven.
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3.4 Results

Time of pupal development is not altered by thedhpns procedure or by PTX action,
because the developmental time course throughqual gifie is similar between non-

injected, saline injected and PTX injected aninflg 1A). In addition injected animals

showed a normal sequential appearance of extetagihg criteria throughout all stages
of postembryonic development, and careful dissectib adults does not reveal any
major differences with regard to major internalisture. All animals showed the full

repertoire of motor behaviors. Therefore, injeci@o not have a major overall effect
on development. Furthermore, reflex responsivet@gsechanical stimulation is not
altered by the injection procedure because sahected and non-injected animals
show similar gin trap reflex responses throughdlustages of pupal development (Fig
1B). Injection of PTX at pupal stage P2 increaseitex responsiveness significantly
(Fig 1B). Increased responsiveness upon systendcifjéction is observed throughout
all stages of pupal development (Fig 1B), clearlgmdnstrating that neuronal
excitability is increased, and that this effect dsolfor up to three weeks of pupal

A days per stage of development B induced movement per gin trap stimulus
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Figure 1. Inluences of drug injection on developmental time during metamorphosis and
neuronal excitability by stimulation of the gin trap reflex
(A) shows the mean number of days needed for pigatlopment at a given stage for animals
without injection (C1, black triangle), with injéoh of saline (C2, black squares) and PTX
injected animals (PTX, grey square). Time of pugmtelopment is not altered by any of these
manipulations. (B) shows the responsiveness to amechl stimulation of the gin trap region, a
reflex. Postembryonic development was divided thtee phases, an early, an intermediate and
a late developmental stage. At every time withitam®rphosis PTX injected animals show a
higher reflex responsiveness as compared to neateg and saline-injected animals. White
lines represent median and black boxes the 25 &ngercentile for PTX, C1 , C2 Mann-
Whitney U-Test ** indicate p < 0.01.
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development. Consequently, PTX injections can legl tis determine whether increased
overall neuronal excitability affects dendriticugtture of identified motoneurons in the
CNS. Representative examples of the dendritic strawmf the adult MN5 from control
and from PTX injected animals are depicted in feg@r Projection views of all confocal
optical sections into one image plane are showa lsydside for a representative control
injected (Fig 2A) and a representative PTX injec{&ly 2B) animal. Note that
injections were conducted at pupal stage P2 (sdkau€). Geometric reconstructions
of dendritic architecture from 3 different viewsatepicted for the control motoneuron
shown in A (Figs 2C, E, G) and for the PTX subjdateotoneuron (Figs 2D, F, H). To
allow a visual comparison of the constancy of d#iedshape under control conditions,
geometric reconstructions of MN5 from 3 differenimaals are shown in figures 211 to
213. To further demonstrate visually that overadhdritic shape remains unaltered in
animals with increased excitability, figures 214dakl5 show two examples of MN5
from PTX injected animals. In all control and irl alanipulated animals the overall
shape of MN5 remains unchanged. The neuropil aceapsed by the dendritic tree of
MN5 is always approximately 400-450 um wide, apprately 400 pm long and
approximately 80 pum deep. The mean maximum deaddtih length is 370 £ 49 um in
the control dendritic trees and 358 + 14 um in MiBn PTX injected animals. These
data demonstrate that overall targeting and spegstriction of dendrites within the
neuropil are not affected by increased excitabilty contrast, careful visual inspection
of the image stacks suggests an increase in thalbdensity of dendrites within the
neuropil area occupied by MN5. Therefore, the data subjected to quantitative
morphometric analysis (Fig 3).

Increased excitability throughout postembryonicelepment increases total dendritic
length (TDL) by 58 % (Fig 3A, control 37798 + 18mpPTX injected 59651 + 3104
um). Accordingly, PTX injections cause a significancrease of MN5’s dendritic
surface of about 53 % (Fig 3B, from 1203687203 urfito 184897 + 17401 umThe
mean radius of all dendritic segments shows noifgignt difference between control
(0.45 £ 0.1um) and PTX injected animals (0.46 50u0m; Fig. 3C). However, this
analysis averages over all dendrites, independ@fthyow thick they are, and is thus
dominated by dendrite thicknesses that occur gelaumbers within the dendritic tree.
Breaking down the analysis by dendrite order magakspecific effects of excitability

on dendritic diameters (see below). The strongease in TDL as observed in PTX
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Figure 2. Morphometric comparison of control and picrotoxin manipulated adult MN5S
Representative confocal images of control (A) amaopoxin injected adult (B) MN5. Both
images are projections views of all optical sediorto one focal plane to visualize all central
projections in one overview image. The cell body) (s located contralateral to the axon, and
both are connected by a primary neurite which gises rise to all major dendritic branches.
Representative images of 3-dimensional reconstmgtare depicted in xy-view in (C) for the
control MN5 and in (D) for the picrotoxin injectadiult MN5. Zx- orientations are shown in (E)
for control and (F) for PTX injected MN5 reconsttioas and in zy-view in (G) for the control
and in (H) for PTX injected animals. To allow aua$ assessment of variability further 3-
dimensional reconstructions are shown for contrddaV(I11- 13) and PTX manipulated MN5
(14- 15).

injected animals (Fig 3A) is caused by extra braaddition. The total number of
branches is significantly increased in PTX injecéaimals (Fig 3D), whereas the mean
length of the individual dendritic branches is ewstreased as compared to controls
(Fig 3E). This demonstrates that hyper-excitabitiéyises MN5 dendrites to show less
lengths growth before forming new branches and lhahches are added at a much
higher frequency.

To test for potential effects of altered excitdlililuring postembryonic development on
specific parts of the dendritic tree, two typesantlysis were conducted. First, branch
order analysis was used to test whether morphamnpaairameters were affected in
specific parts of the dendritic tree structure offjg 4). Second, Sholl analysis was
conducted to test whether effects on metric pararselike dendritic lengths or
diameters were spatially restricted (Fig 5). Foanoh order analysis, a first order
branch is defined as any dendrite branching offpiti@ary neurite, which connects the
cell body and the axon in MN5 (Libersat and DucB0£ Fig 4A). A second order
branch is defined as any dendrite branching offst érder branch, and any dendrite
branching off an n-order dendrite is defined ashorder dendrite (Fig 4A). The spike
generating zone is located close to the axo-deogiiction (Fig 4A ADJ; Duch,
unpublished data). Analyzing the total number afdiges as a function of the branch
order reveals that hyper-excitability as inducedRlX injections causes significant
overgrowth of high order branches (Fig 4B). MN5nfrdboth groups, PTX injected and
control injected animals, show similar numbers e@hdfites in all branch orders
between 1 and 30, indicating that early dendritignbhing and the formation of all
major dendrites is not affected by increased eliditg. In MN5 from control animals
the number of dendrites in branch orders highet B@adecreases steeply with any

further increase in branch order (Fig 4B), and highest branch orders observed in
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Figure 3. Quantitative morphometric comparison of control and picrotoxin manipulated adult
MN5

Quantitative morphometric parameters as averaged # representative control (black bars)
and 3 representative PTX manipulated adult (greg)b@constructions. Total dendritic length
(A) and total dendritic surface (B) are signifidgnincreased in the manipulated adult MN5 .
Mean dendritic radius (C) remains unchanged betweeairol and manipulated animals. Total
number of dendrites (D) is significantly increasdtean dendritic length is reduced by PTX
manipulation (E) but this difference is not statisily significant. Statistical significance was
tested with unpaired student’s t-test, ** indicpte 0.01; * indicate p < 0.05.

controls range between 65 and 70 (69 = 17). Byrashtin MN5 from PTX injected
animals the number of branches in orders betweean8070 does not decrease with
increasing branch order but stays relatively cariséh approximately 150 dendrites in
all branch orders between 30 and 60 (Fig 4B). Téssilts in the addition of many high
order branches so that the maximum branch orde¥#NB from PTX injected animals
range from 85 to 100 (93 + 13; Fig 4B). These daonstrate that hyper-excitability
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counteracts a decrease in new dendritic branchiiaddit branch orders higher than 30
as occurring during normal development.

Averaging the mean denritic radius over all derdritloes not reveal any differences
between control and PTX injected animals (Fig 3Epwever, analyzing mean
dendritic radius as a function of branch order aéwvehat dendritic diameters are
increased by approximately 30 % in all branch adegtween 10 and 50 (Fig 4C).
Higher order dendrites show no differences in radietween control and PTX injected
animals (Fig 4C). Consequently, the basic scaffuidhe dendritic tree (all major
branches within the first 10 orders) is unaffected; a massive increase in diameter
occurs under conditions of hyper-excitability in latanch orders between 10 and 50.
Furthermore, the diameters of high order branchesrder 50) located at the perimeter
of the dendritic field are not affected by hypeciablity. Finally, radius is altered
mostly in dendrites which exist in control and imXPinjected animals, whereas most
newly added high order branches, which exist onlf?TX injected animals, show the
same mean radius as typical for their branch ardeontrol animals (Figs 4B, C). As
shown in figure 3E the mean length of the individdandritic branches (MDL) is
decreased in PTX injected animals. Branch orderlyaisademonstrates that this
decrease is caused by a decrease in the lengthrathes in all orders below 45 but not
in higher branch orders (Fig 4D). In summary, deadritic trees of MN5 from PTX
injected animals show increased numbers of higleroodanches, increased lengths of
all individual branches in all orders below 45, andincreased diameter in all branch
orders between 10 and 50.

Sholl analysis (Sholl, 1953) is a topological meament that analyses the spatial
distribution of dendritic trees. Concentric sphei®@soll spheres) of equal diameters are
created around a point of origin. Geometric paranseare then calculated within each
sphere to allow comparison between different spdistances from the point of origin.
In this study, the entire length of the primary meuthat houses dendritic branches was
defined as the origin of the dendritic tree, anccadlapsed into one point in space
mathematically (Fig 5A, see green outline). Conseeuhree dimensional concentric
spheres of 40 um radius were placed around thgsnoaf the dendritic tree (Fig 5A,
white circles). To visualize all dendrites belorgito specific Sholl spheres they are
depicted in different colors (blue, Sholl spheretd®0; red, 120 to 160; green, 240 to
280; purple, 360 to 400um) for a control MN5 (FiB)%and a reconstruction from a

PTX injected animal (Fig 5C). Hyper-excitabilityused an increase in dendritic length
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Figure 4. Analysis of the control and manipulated dendritic tree of MN5 as a function of
branch order
(A) For branch order analysis the entire lengtlthef primary neurite that connects the axon and
the cell body and houses dendritic branches isdedaas the origin of the dendritic tree, and it
is virtually collapsed into one point in space (seethods). All dendritic branches originating
from the primary neurite are defined dsatder braches, eliminating the link segments (&or
branches) between cell body and axon, and therefoliapsing the reconstruction onto one
virtual origin. Every ¥ order branch branches off §drder branch and every following branch
is an + 1 order branch. (B) Branch order analghisws that the number of dendrites of the
manipulated MN5 is higher in the branch orders 8Q@cand in all higher orders larger than 30
as compared to the control MN5. In the manipul&ti®b mean dendritic radius (C) is higher in
all branch orders from 10 to 50 as compared tatimrol MN5, whereas mean dendritic length
(D) is decreased in the manipulated MN5 in the thaorders up to 45.

in every Sholl sphere except the one that encorepat®e first 40 um around the
primary neurite (Fig 5D). Most significant increasa dendritic length are observed in

the higher Sholl spheres between 280 and 360 ptandes form the origin, which
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represents the areas where many high-order desmditePTX injected animals.
Statistical significant increases in dendritic lBdngare marked with an asterisk
(compared are mean values; ANOVA p=0.003, postBhucan-Test ** p < 0.01 and *
p < 0.05). Accordingly, dendritic surface is ined significantly throughout almost all
Sholl spheres (Fig 5E; ANOVA p=0.007, post-hoc Damdest ** p < 0.01 and * p <
0.05). However, the increase in surface area irdistal part of the dendritic tree is less
significant (Fig 5E) than the increase in dendrigéicgth (Fig 5D) mainly because high
order dendrites have a small diameter, so thaeasas in length do not cause large
differences in total surface. The mean length & thdividual dendritic branches
showed no statistical significant difference in &lyoll sphere between controls and
manipulated animals (Fig. 5F; ANOVA, p = 0.31). 38 in agreement with the results
from branch order analysis, where mean dendritigtle is slightly longer through the
branch orders in control animals, but the diffeemnare not statistically significant (Fig
4D). Mean dendritic radius is increased in interraedSholl spheres in PTX injected
animals (Fig 5G), but these differences are ndissitzally significant (ANOVA, p =
0.39). However, increased radii in Sholl spheressveen 80 to 280 um sholl spheres
reflects the results from branch order analysisvéig increased radii in the branching
orders 10 to 50 (Fig 4C).

In summary, these morphometric data clearly dematestthat hyper-excitability as
induced by systemic injections of PTX during podteyonic dendritic growth clearly
cause overgrowth of the dendritic tree, mainly hg tddition of many high order
branches. In addition the radii of the individuahdritic branches are slightly increased
in all the branch orders 10 to 50. Consequentlg, diendritic tree comprises more
surface area and thus clearly more space for patatinaptic contacts. But is dendritic
overgrowth accompanied by an increase in synappiat? And in the specific case of
inducing hyper-excitability by blocking chloride atmnels associated with GABA
receptors, is the number of GAGAergic inputs onbe tdendritic tree of MN5
increased?

We have recently demonstrated that the number oBAEAgic input synapses
impinging on the dendritic tree of an indentifiecbtoneuron can be estimated by
evaluating high resolution confocal laser scanmingges (Schmitt et al., 2004; Evers et
al., 2005; 2006; Duch and Mentel, 2004; Hohenseal.gt2007). To localize and
quantify the juxtaposition of presynaptic siteshe dendritic arbor, the cell surface of

the neuronal arborization is reconstructed from fecel image stacks, and the
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Figure5. Scholl analysis of morphometric parameters

For Sholl analysis the entire length of the primagurite that connects the axon and the cell
body and houses dendritic branches is regardeldeasrigin of the dendritic tree (A, see green
outline, see also methods and Fig 4A), and itrim&lly collapsed into one point in space (black
dot). Sholl spheres are defined as consecutiveernc spheres of 40 um radius (white circles
in A) around the origin (black dot). For visualizet different colors signify different Sholl
spheres (blue, Sholl sphere 40 to 80; red, 12®@ dreen, 240 to 280; purple, 360 to 400pum)
for the control dendritic tree (B) and in the margted dendritic tree of MN5 (C). (D) — (G)
Shown are mean and standard deviation within al Sphbere plotted as a line diagram for each
sphere for the control MN5 (black line and dotsl &or the manipulated MN5 (grey line and
triangles). Mean dendritic length (D) and mean diéicdsurface (E) per sphere are increased in
manipulated animals compared to control. (F) shdwes mean dendritic length per sphere
demonstrating a decrease in segment length for puktéd animals in nearly all spheres
although not significantly different. Mean radius manipulated animals is increased (G) in
every sphere without the first as has been denaiestrin branch order analysis. Significant
differences between different Sholl spheres ardligigted by asterisks (ANOVA, Duncans
post-hoc test, * indicate p < 0.05; ** indicate ©01)

colocalization probability of immunolabeled GABA dnsynapsin-l profiles is
calculated for each surface element within a 30@hstance. Using triple labels for
MN5, GABA and synapsin-l we charted the distribatipattern of GABAergic input
synapses onto the dendritic tree of MN5. As an ¢tamin figure 6A1l a single
reconstructed dendritic branch is superimposed roro@ical section from a whole-
mount immunostained neuropil against GABA (gredfjery surface element of the
dendrite reconstruction is color coded for the mé&ABA-immunolabel staining
intensity within 300 nm distance, with warmer cslandicating higher co-localization.
In figure 6A2 the corresponding optical sectiontié anti-synapsin | immunolabel
(blue) is shown accordingly. To highlight synaggeminals which contain GABA, we
calculated a correlation coefficient of both, thei-&ABA- and anti-synapsin | image
data. We extracted the average correlation valteirw800nm distance to the neuronal
surface in order to restrict the analysis to GABfersynapses only which are in
juxtaposition to the dendritic surface of MN5 (F§3). Applying this procedure to all
optical sections produced a complete map for t&idution of putative GABAergic
input synapses onto the entire dendritic tree émtol injected (Fig 6B1) and for PTX
injected animals (Fig 6B2). We have previously destmated that relative synapse
numbers detected with this method correlate widttebphysiological analysis of the
numbers and amplitudes of postsynaptic potentiBiscli and Mentel, 2004), and
correlative electron- and confocal microscopy stiudther demonstrates the validity of
this procedure for estimating the number of putativABAergic inputs (Hohensee et

al., 2007). In control animals, about 7 percenthef dendritic surface of MN5 receives
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putative GABAergic input (Fig 6C, black bar). Byntmast, in PTX injected animals
only about 2 percent of the dendritic surface istacted by GABAergic terminals (Fig
6C, grey bar). Consequently, the dendritic surfacea contacted by GABAergic
terminals in relation to the total dendritic sudaarea is more than 3 times smaller in
PTX than in control injected animals. Even whenirtgkinto consideration that total
dendritic surface is nearly doubled in PTX injectadimals (Fig 2B), these data
demonstrate that the net number of GABAergic teatsicontracting MN5 is decreased
by PTX injection. Consequently, blocking GABA me@id inhibition during
postembryonic development causes dendritic overgrdawt a decrease in GABAergic
input.

However, in a recent study we have demonstratetl @&BAergic inputs are not
distributed randomly throughout the dendritic tree MN5. By contrast, after
normalizing the surface are of MN5 contacted by @&Bjic terminals by dividing it
by total surface area within each Sholl spherejais apparent that GABAergic inputs
occur with a much higher likelihood in high Shopheres at the perimeter of the
dendritic tree than in lower Sholl spheres clos¢hto origin of the tree. Interestingly,
such synapse distribution rules occur in a stageip manner during postembryonic
development and can be related to behavioral foncfMeseke et al., unpublished).
Opening of chloride channels as mediated by GAB&ceptor activation is not required
for the development of such adult specific synagis&ibution patterns, because PTX
injected animals show similar distribution pattenfsGABAergic inputs through the
Sholl as compared to controls (Fig 6D1). As thaltoumber of GABAergic terminals
contacting MN5 is lower but the total surface aredarger than in controls, PTX
injected animals show less relative surface coethby GABAergic terminals in every
single Sholl sphere (Fig 6D1). However, the faatthigher Sholl spheres receive
significantly more relative GABAergic input per arsurface holds for control and for
PTX injected animals (Fig 6D1). The radii of Sheflheres can be calculated using
linear distances from the point of origin (Fig 6D&d arrow 1, air distance). However,
the run of dendrites is rarely straight, but curwednost cases, and electrical signal
attenuate as a function of distance along the bainaof dendrites. Therefore, using the
distance along the run of the dendrites (Fig 6E#8, arrow 2, tree distance) is a more
functional measure for defining the radii of Shgfiheres. Using this procedure also

demonstrates a clear preference for GABAergic teaisito contact the dendritic tree of
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Figure 6. Mapping of putative GABAergic inputs onto the dendritic surface of MN5

The surface of MN5 is reconstructed from confocahge stacks, and the co-localization
probability of GABA and synapsin-I is calculated feach surface element within a 300nm
distance. The method is exemplified in (A) withedestive enlargement of one optical section
through a dendritic arbor. First, the surface rstmction is superimposed on a single optical
section of anti-GABA immunostaining (green, Al).cBaelement of the surface reconstruction
is color coded for the mean GABA-immunostainingeidity within 300 nm distance, with
whitish colors (glow-over mode) indicating highamtislGABA staining intensity. The same
procedure is shown for anti-synapsin-l immunostajrfrom the same optical section (A2). The
correlation of both mappings is depicted in (A3hisTmethod is applied for the entire dendritic
tree of the control (B1, black bar) and the maraped MN5 (B2, grey bar), whereby warmer
colors indicate a higher anti-GABA staining inténs{C1) depicts the normalized amount of
GABAergic inputs (GABAergic surface/total dendrisarface) within the whole dendritic tree
of the control (black bar) and the manipulated Miggey bar).In (D1) the Sholl spheres are
defined as the linear distance to the dendritairofD2, air distance, see methods), and in (E1)
Sholl spheres are defined using distance alongnibléne (E2, tree distance) in 3 dimensional
space For normalization the surface area in contact putative GABAergic input synapse is
divided by the total surface area within each Ssphliere and plotted as a bar diagram for each
sphere (D1, E1) for the control MN5 (black barsyl dar the manipulated MN5 (grey bars).
Both types of analyses show non random, predominanthe outer perimeter of the dendritic
field located putative GABAergic synapse distribatifor control and manipulated animals.
However, manipulated animals show a reduced amafuymitative GABAergic synapses within
every sphere. Significant differences between gso{gontrol/ manipulated) are indicated by
asterisks (ANOVA, * indicate p < 0.05%cale is 5 um (A) and 100um (B).

MNS5 in higher Sholl spheres (Fig 6E1). Therefanah-dendritic site specific targeting
of putative GABAergic synapse does not rely onabivation of chloride channels.

In summary PTX injections during postembryonic depment influence the geometry
of the dendritic tree of MN5 as well as the densityputative GABAergic inputs, but

not the distribution of GABAergic inputs throughethdendritic tree. One obvious

question is whether the observed morphological gbsrand the decreased inhibitory
input do alter behavioral output? As a first stegvards answering this question we
simply assayed whether adult animals from differerperimental groups showed
normal likelihoods to engage into stationary flighotor behavior. Figure 7A shows
that 87.5 percent of all animals that were notadtgd at all (n = 20) responded to a wind
stimulus with stationary flight when restrained &ostick (see methods). Control
injections at pupal stage 2 with saline did notucsdthe percentage of flyers (n = 25;
Fig 7A). However, PTX injections at pupal stagerB@uced the percentage of flyers to
75 percent (n = 45; Fig 7A). This shows that ddrdavergrowth or a reduction in the

number of GABAergic synapses, or a combination othbactually reduces the

likelihood to take-off. To control whether all PTiKjected animals were in principle

able to take-off, we forced take-off by systemigeations of the octopamine agonist
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Figure 7. Comparison of gtationary flight ability of control and PTX injected adult animals

(A) depicts the percentage of flying animals in elggence to drug treatment. For a better
overview the different methods of treatment aretisn (D) as well as the number of animals
per group investigated. (B) shows the time of fligheasured in minutes for the differently
treated groups. Note the different scale on y-aitkin (B) for CDM injected animals (right
panel). (C) shows the wing beat frequency duriagatary flight measured in heart (ht) for the
differently treated groups. White lines indicatedia® and black boxes 25 and 75 percentile.
Significant differences are marked with asteridkaugkall-Wallis ANOVA, Mann-Whitney U-
Test * indicate p < 0.05; ** indicate p < 0.01).

chlordimeform (CDM, see methods) into adult mot@9M injections into control
animals yielded 100 percent flyers (n = 11, Fig .78imilarly, CDM injections into
animals which were injected with PTX at pupal stBgeyielded 100 percent flyers (n =
14 , Fig 7A), demonstrating that the structuraérations caused by PTX injections did
not hinder the ability to take-off. Total in fligkiuration was unaltered when comparing
non-injected controls saline injected controls &@tX injected animals (Fig 7B),
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demonstrating that structural changes as occuupan PTX injections during early
pupal life do not affect the duration of flight agesponse to consecutive wind stimuli
(see methods). However, if flight was forced pharohagically by CMD injections,
flight duration was significantly increased in theanimals but only half as much
increased in animals that had been injected witiX RT stage P2 (Fig 7B). This
demonstrates that maximum motor endurance wasfisgmtly decreased in animals
that had seen PTX injections during early pupal M/ing beat frequencies as occurring
during stationary flight are significantly differeon the one hand between PTX injected
and on the other hand no-injected and control iapge@nimals (Fig 7C). However,
CDM injection increases wing beat frequencies $iggmtly in control animals but not
in previously PTX injected animals (Fig 7C). Thisrther suggests that maximum
performance might be impaired in animals with PTduced structural alterations in
the nervous system, i.e. motoneuron dendritic oegrth and a reduction in putative
GABAergic inputs to motoneurons.

3.5 Discussion

This study demonstrates that pharmacological blkbekaf chloride channels by
systemic injections of PTX induce increased exditgkihroughout adult development.
This, in turn, causes increased branching of higterodendrites, a decrease in the
density of GABAergic inputs impinging on the denidritree, and it affects motor
performance of the adult. In various systems, milgtiroles for GABA receptor
activated chloride channels have been reporteahglutifferent phases of development,
such as promoting synaptogenesis, sculpting terhjamich spatial aspects of synaptic
integration and controlling excitation / inhibitioatios (Ben-Ari, 2002; Akerman and
Cline, 2007). However, during vertebrate brain deyment GABA\, receptor
signalling changes from being excitatory to beimdpilbitory because the resting
intracellular chloride concentration is controlldy developmental and activity-
dependent regulation of chloride transporters (feilimnd Woodin, 2007). In addition
GABA, receptor conductance becomes increasingly fastengl development. By
contrast, by using insect metamorphosis as a nmbdehnalysis is most likely reduced
to and focused on GABAreceptor mediated inhibition with a constant cartdnce
time throughout metamorphosis, because no develoganeegulation of the chloride
resting potential or of GABA receptor conductance has been found during

metamorphosis.
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3.5.1 Increased excitability causes dendritic overgrowth

The most prominent morphological alteration causgdTX injections is overgrowth
of the dendritic tree, due to an increased bramgcinate. Accordingly, in the visual
system, enhanced activity driven by light promateadritic growth of tectal cells in a
NMDA receptor dependent manner (Sin et al., 2002¢ultured olfactory bulb neurons
blockade of GABA channels increases dendritic branching (MatswaadiYamamoto,
1998), and in cultured rat hippocampal neurons Ridced increases in neural
activity increase dendritic spine density (Papa &egdal, 1996). Despite a marked
increase in the number of dendritic branches, trexadl morphology of the dendritic
tree and its perimeter remain unaltered. This agwei¢h findings on altered central
circuit excitability during Drosophila embryonic \ddopment, where genetic knock-
down of sensory synaptic transmission does notiingasic locomotor circuit assembly
but alters the actual patterns of locomotion dutatgr stages (Suster and Bate, 2002).
Similarly, imposed changes of motoneuron intrinsativity during late larval life of
Manduca does not stop steroid induced dendritices=ion, but alters the number of
high order dendritic branches (Duch and Mentel 4200

However, the effects of neural activity on devehgpdendrites vary between different
species, different types of neurons and differeexetbpmental times (Libersat and
Duch, 2004; Lohmann and Wong, 2005). In generag bas to distinguish between
experience-dependent activity transmitted synalpfiday afferent neurons (Zhang et
al., 2000), and endogenous activity in developimgirans and circuits that occurs
independently of sensory feedback (Weliky and Ka@99; Feller, 1999). Furthermore,
within individual neurons action potential mediatdebolarisations may lead to global
increases in intracellular calcium concentrationat tcontrol dendritic properties by
regulating transcription (West et al., 2002), wisraletailed branching patterns of
dendritic arbors may be regulated by local calcinoreases triggered by strictly local
synaptic input (Lohmann et al., 2002; Niell at aD04). At current the mechanisms by
which systemic PTX injections mediate increasedndinang remain speculative,
because it is not clear whether global blockadehtride channels affects mainly local
synaptic transmission, or whether the resultingnsic spiking activity of the neurons
under investigation is altered, or whether ovesplking level and patterns of the entire
developing circuitry is altered.
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3.5.2 Increased excitability affectsinhibitory input synapse density and dendritic
diameter
The dendritic tree of MN5 from PTX injected animatamprises more surface area and
thus clearly more space for putative synaptic amstaHowever, following PTX
injections we find a significantly reduced densdl putative GABAergic synapses
impinging on the dendritic tree of MN5, even befarermalizing to total dendritic
surface. This clearly indicates a net loss of GAB#®inputs into the dendritic tree of
MNS5. This seems counter-intuitive, because numestudies have demonstrated the
existence of compensatory homeostatic control nresites opposing manipulations of
synaptic activity or membrane excitability duringumal circuit development (Spitzer,
1999; Turrigiano, 1999; Marder and Prinz, 2002, déarand Goaillard, 2006). By
contrast, we find a reduced number of inhibitoryri@als impinging on a dendritic tree
in response to hyper-excitability. This seems tpage the idea of synaptic homeostatic
plasticity because the system appears to reabieiisame direction to what has created
the disturbance in the first place. However, singe simply counted putative
GABAergic terminals we can not exclude scaling loé texisting synaptic contacts.
Although most of what is known about synaptic hostatic mechanisms comes from
studies on excitatory synapses (Turrigiano et 298; 2000), recent work has also
revealed bidirectional scaling of GABAreceptor mediated inhibition (Modi, 2005).
Synaptic scaling can be achieved postsynapticgllghanging the numbers of GABA
receptors (Kilman et al., 2002) and presynaptichifyaltering the number of vesicular
GABA transporters (De Gois et al., 2005). Our stddgs not account for any of these
two mechanisms, and thus, we can not conclude whethnot synaptic scaling takes
place as a homeostatic response to reduced GARReptor mediated inhibition.
Nevertheless, we can state that PTX injectionsncaibe fully compensated for because
the animals are clearly hyper-excitable through@astembryonic development
following the time point of injection. Furthermortie number of GABAergic terminals
impinging on the dendritic tree of MN5 is strongigduced upon chloride channel
block, which clearly reduced the investment intogéa numbers of GABAergic
terminals which are not functionally effective. Rethg the number of synapses in a
circuit significantly reduces the energy costs gf@ke, and spikes expenses are high so
that they require the brain to use representationdes that rely on the activity of a

limited number of neurons (Lennie, 2003).
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However, we found a morphological change which mditely opposes
pharmacologically induced hyper-excitability. Deitidr diameters are increased by
approximately 30 % in dendrites of the orders 105@0 Increasing dendritic radii
requires a higher investment into new membrane,itsopposes housekeeping
considerations. By contrast, propagation of electignals within a dendritic tree
depends on dendritic morphology (Gwilliam and Bwrsp 1980; Koch and Segev,
2000; Vetter et al., 2001) and an increase in diameduces axoplasmatic resistance
and enhances PSP propagation distance. This coalda bpossible mechanism
compensating for reduced GARAeceptor mediated inhibition. Therefore, it midpet
that dendritic architecture has to be consideredegslatory factor involved in the

delicate balance of homeostatic plasticity.

353 Sub-dendrit_ic_targeting of inhibitory synapses does not depend on GABAA
receptor activity
We have recently demonstrated that putative GABKeigput synapses are not
randomly distributed throughout the dendritic tedeMN5. By contrast sub-dendritic
synapse targeting causes a significantly highesitenof GABAergic inputs in distal
dendrites towards the perimeter of the dendrigtdfin proximal dendrites close to the
tree origin. Furthermore, sub-dendritic synapsegetiang is not a function of neuropil
structure but must rely on specific sub-dendrigicagnition mechanisms (Meseke et al.,
unpublished). This study clearly demonstrates tlsab-dendritic targeting of
GABAergic synapses occurs independent of the dafivaof GABAa receptors.
Therefore, different parts of the dendritic treestnzontain specific molecular addresses
for precise sub-cellular target recognition. Expece or activity dependent site specific
pruning following a genetically determined axondarice process (Tessier-Lavigne and
Goodman, 1996) can be ruled out. Similarly, targetof two different types of
GABAergic inputs along the perisomatic and dencldibmains of pyramidal neurons in
visual cortex (Freund and Buzsaki, 1996) does miy pn experience dependent
thalamic input (Di Cristo et al., 2004). Molecukmcoding of a proximal to distal axis
within neurons is further supported by sub-neuraaagjeting of Kv 2.1 potassium
channels (Lim et al.,, 2000), and AMPA receptorgpymamidal neurons (Magee and
Cook, 2000; Andrasfalvy and Magee, 2001).
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3.5.4 Functional consequences of PTX induced overgrowth and decreased

GABAergic input synapse density
The behavioral function of MN5 in the adult mothtasproduce part of the flight motor
output (Casadey and Camhi, 1976; Duch et al., 200®knsure adequate contractions
of the DLM flight muscle MN5 must fire one actioltential at the correct time point
within each wing-beat cycle. At a wing beat frequemf approximately 25 Hz and
massive sensory feedback during flight, this meéhasmultiple synaptic inputs must be
computed by the dendritic tree of MN5 to generghékes with a high temporal
precision, probably within a time window of few fgeconds. Blocking GABA
receptor mediated chloride current during postemntry circuit development does not
impair flight motor output, but endurance and maximwing beat frequencies are
reduced. This suggests that hyperpolarizing GABf&engput might serve to narrow
temporal synaptic integration windows during cita@finement and thereby decrease
maximum flight performance. This is in line withnéiings in hippocampus, where
developmental shifts in the induction rules for Ld&end on maturational changes in
hyperpolarizing GABAergic activity (Meredith et aR003). Furthermore, preventing
the development of hyperpolarizing GABAergic adinin cortical layer 1V neurons by
ablation subplate neurons in visual cortex impas formation of precise neural
circuits underlying orientation selectivity (Kanodahd Shatz, 2006). A role of GABA
mediated inhibition for circuit refinement as aroknionary conserved principle also
occurring in invertebrates is an attractive hypstheHowever, this study is lacking
conclusive evidence for this hypothesis becausmdlyzed dendritic architecture and
synapse distribution of a single motor neuron omlyd not the properties of flight
motor circuitry. Consequently, the observed behaVialifferences after reduced
GABAA mediated inhibition during postembryonic developmmight also be caused
by the observed increase in dendritic length, osbme other features of the nervous
system that were affected but not sampled.
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