
Copyright © 2020 the authors

Research Articles: Cellular/Molecular

The VGF-derived peptide TLQP21 impairs
purinergic control of chemotaxis and
phagocytosis in mouse microglia

https://doi.org/10.1523/JNEUROSCI.1458-19.2020

Cite as: J. Neurosci 2020; 10.1523/JNEUROSCI.1458-19.2020

Received: 21 June 2019
Revised: 20 December 2019
Accepted: 23 January 2020

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 1 

The VGF-derived peptide TLQP21 impairs purinergic control of chemotaxis and phagocytosis in 1 

mouse  microglia 2 
Nirmeen Elmadany1,2*and Felipe de Almeida Sassi1*, Stefan Wendt1,3, Francesca Logiacco1, Josien Visser1, Verena 3 
Haage1, Dolores Hambardzumyan4, Susanne Wolf1,5, Helmut Kettenmann1# and Marcus Semtner1# 4 
 5 
1Cellular Neurosciences, Max-Delbrück-Center for Molecular Medicine in the Helmholtz Association, 13125 Berlin, 6 
Germany 7 
2 Department of Biology, Chemistry, and Pharmacy, Institute of Pharmacy, Freie Universität Berlin, 12169, Berlin, 8 
Germany. 9 
3present address: Djavad Mowafaghian Centre for Brain Health, University of British Columbia, Vancouver BC Canada 10 
V6T 1Z3, Canada 11 
4 Department of Oncological Sciences, The Tisch Cancer Institute and Department of Neurosurgery, Mount Sinai Icahn 12 
School of Medicine, New York, NY, USA 13 
5present address: Department of Ophthalmology, Charité, 13353 Berlin, Germany 14 
*shared first authors 15 
# shared last authors 16 
 17 
Corresponding author: 18 
Dr. Marcus Semtner 19 
Cellular Neuroscience  20 
Max-Delbrück-Center for Molecular Medicine in the Helmholtz Association,  21 
Robert Rössle Str. 10 , 13125 Berlin, Germany 22 
E-mail: marcus.semtner@mdc-berlin.de 23 
 24 
Abbreviated title: TLQP21 impairs purinergic control of microglia 25 
Key words: Microglia, VGF, TLQP21, Purinergic Signaling, Complement Receptors 26 
The number of pages: 39           The number of figures: 7       The number of extended figures: 3                                                              27 
The number of words for: 28 
1. Abstract is 237                     2. Introduction is 616       3. Discussion is 810 29 

Conflict of interest:  30 
The authors declare that they have no conflicts of interest with the contents of the article. 31 
 32 
Acknowledgements 33 

This work was supported by Deutsche Forschungsgemeinschaft (SFB TRR43, EXC 257 34 

NeuroCure), by the Helmholtz-Gemeinschaft, Zukunftsthema "Immunology and Inflammation" 35 

(ZT-0027) by the Einstein-Stiftung and by DAAD (scholarship for NE). The authors would like to 36 

thank the Advanced Light Microscopy facility of the Max-Delbrück-Center Berlin-Buch for 37 



 

 2 

technical assistance with confocal microscopy and Imaris-based data analysis. 38 

Abstract 39 

Microglial cells are considered as sensors of brain pathology by detecting any sign of brain 40 

lesions, infections, or dysfunction and can influence the onset and progression of neurological 41 

diseases. They are capable of sensing their neuronal environment via many different signaling 42 

molecules such as neurotransmitters, neurohormones and neuropeptides. The neuropeptide 43 

VGF has been associated with many metabolic and neurological disorders. TLQP21 is a VGF-44 

derived peptide and has been shown to signal via C3aR1 and C1qBP receptors. The effect of 45 

TLQP21 on microglial functions in health or disease is not known. Studying microglial cells in 46 

acute brain slices, we found that TLQP21 impaired metabotropic purinergic signaling. 47 

Specifically, it attenuated the ATP-induced activation of a K+ conductance, the UDP-stimulated 48 

phagocytic activity and the ATP dependent laser lesion-induced process outgrowth. These 49 

impairments were reversed by blocking C1qBP, but not C3aR1 receptors. While microglia in 50 

brain slices from male mice lack C3aR1 receptors, both receptors are expressed in primary 51 

cultured microglia. In addition to the negative impact on purinergic signaling, we found 52 

stimulating effects of TLQP21 in cultured microglia which were mediated by C3aR1 receptors: it 53 

directly evoked membrane currents, stimulated basal phagocytic activity, evoked intracellular 54 

Ca2+ transient elevations and served as a chemotactic signal. We conclude that TLQP21 has 55 

differential effects on microglia depending on  C3aR1 activation or C1qBP-dependent 56 

attenuation of purinergic signaling. Thus, TLQP21 can modulate the functional phenotype of 57 

microglia which may have an impact on their function in health and disease.  58 

 59 

Significance statement 60 

The neuropeptide VGF and its peptides have been associated with many metabolic and 61 

neurological disorders. TLQP21 is a VGF-derived peptide that activates C1qBP receptors which 62 

are expressed by microglia. We show here for the first time that TLQP21 impairs P2Y-mediated 63 

purinergic signaling and related functions. These include modulation of phagocytic activity and 64 

responses to injury. As purinergic signaling is central for microglial actions in the brain, this 65 

TLQP21-mediated mechanism might regulate microglial activity in health and disease. We 66 

furthermore show that besides C1qBP, functional C3aR1 responses contribute to TLQP21 action 67 

on microglia. However, C3aR1 responses were only present in primary cultures but not in situ, 68 
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suggesting that the expression of these receptors might vary between different microglial 69 

activation states. 70 

Introduction 71 

Microglial cells are involved in essentially all brain diseases including neurodegenerative 72 

disorders, traumatic brain injury and psychiatric diseases (Wolf et al., 2017). They constantly 73 

scan the environment and rapidly respond to brain injury (Davalos et al., 2005, Nimmerjahn et 74 

al., 2005). They are the professional phagocytes of the brain which remove dead cells and debris 75 

and therefore play an important role in brain homeostasis. Here we analyzed the role of a 76 

signaling peptide and its role in modulating microglial functions. VGF (non-acronymic) is a 77 

neuropeptide precursor that is widely expressed throughout the brain and is involved in many 78 

developmental and homeostatic processes including neuronal differentiation, synaptic plasticity 79 

and memory formation (Sato et al., 2012, Sakamoto et al., 2015, Alder et al., 2003, Lin et al., 80 

2015). VGF is mainly expressed by neurons (Zhang et al., 2014) where it is hydrolyzed by 81 

prohormone convertase I and II enzymes into peptides before being secreted. VGF and its 82 

peptides are reported to be involved in many brain diseases such as major depression disorder, 83 

amyotrophic lateral sclerosis, frontotemporal dementia, Parkinson’s disease and cancer (Jiang et 84 

al., 2019, Lewis et al., 2015, Cocco et al., 2019, van Steenoven et al., 2019, Llano et al., 2019). 85 

Several studies suggest VGF peptides as a potential biomarker, as cerebrospinal fluid 86 

concentrations are often altered upon the onset and progression of brain diseases. Thus, in 87 

Alzheimer’s disease (AD), VGF-derived peptides are significantly decreased in the cerebrospinal 88 

fluid (CSF) of AD patients (Spellman et al., 2015, Hendrickson et al., 2015, Carrette et al., 2003).  89 

The C-terminal peptide of VGF, TLQP21, gained remarkable attention in the last years, being 90 

studied in contexts such as neural cell survival (Severini et al., 2008), energy balance 91 

(Bartolomucci et al., 2006), lipolysis (Possenti et al., 2012), reproduction (Pinilla et al., 2011, 92 

Aguilar et al., 2013), blood pressure (Fargali et al., 2014), digestion  (Severini et al., 2009) and 93 

pain (Rizzi et al., 2008, Chen et al., 2013, Fairbanks et al., 2014). Despite being studied in 94 

different neuroendocrine cell types, the role of TLQP21 in brain immunity exerted by microglia 95 

cells is still not known. Microglia express receptors which are potentially activated by TLQP21, 96 

namely C1qBP and C3aR1. TLQP21 has indeed been previously described as a ligand for these 97 

receptors indicating an involvement of this peptide in immunoregulation (Hannedouche et al., 98 

2013, Chen et al., 2013). C3aR1 is a G protein-coupled receptor expressed on cells of myeloid 99 

origin, including microglia, but also other cell types. VGF is involved in many biological 100 
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processes, including neurogenesis and hormone release, insulin resistance, macrophage 101 

infiltration and homing of hematopoietic progenitor cells to bone marrow (Klos et al., 2013). 102 

C1qBP is the first subcomponent of the classical pathway for complement activation, and it has 103 

been shown to bind to many different ligands involved in immune surveillance. The receptor is 104 

ubiquitously expressed and is present in various compartments of the cell. It also plays a role in 105 

different pathologies, including infection and carcinogenesis (Peerschke and Ghebrehiwet, 106 

2007), which can be altered upon disease.  107 

Here we studied the effects of TLQP21 on microglia and found that this VGF-derived peptide 108 

evoked intracellular Ca2+ elevations and outwardly rectifying membrane currents in microglia in 109 

a C3aR1-dependent fashion. Noteably, we found that TLQP21 downregulates subsequent ATP 110 

and UDP-mediated purinergic membrane responses in a C1qBP-dependent manner. Many of the 111 

microglial features such as phagocytic activity and directed process motility are regulated by 112 

purinergic signaling (Dissing-Olesen et al., 2014, Haynes et al., 2006, Koizumi et al., 2007, Madry 113 

et al., 2018). Indeed we found that in acute brain slices, microglial process movement towards a 114 

laser lesion and the stimulation of phagocytosis by UDP were decreased by pre-incubation of 115 

the slices with TLQP21, suggesting that the VGF-derived peptide TLQP21 impairs purinergic 116 

signaling and thereby microglial functions.  117 

  118 
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STAR methods 119 

METHOD DETAILS 120 

Experimental Design  121 

We investigated the effects of TLQP21 on microglia using either brain slices from C57BL/6J or 122 

MacGreen mice (in situ) or neonatal primary cultures from P1-P3 C57BL/6J mice (in vitro). 123 

 124 

Animals 125 

Experiments were carried out using neonatal C57BL/6J male and female mice (Charles River 126 

Laboratories, Sulzfeld, Germany) for the primary cultures. For the in situ parts, 8-16 week old 127 

C57BL/6J WT or MacGreen male mice (Sasmono and Williams, 2012) were used to allow for the 128 

detection of microglial cells by their fluorescence. Animals were kept according to the German 129 

law for animal protection under a 12 h/ 12 h dark-light cycle with food and water supply ad 130 

libitum. 131 

 132 

Primary neonatal cultured microglia 133 

For preparation of neonatal cultured microglia, P1 - P3 males and females mice were used. After 134 

extraction of the brains, meninges and cerebellum were removed and put on ice with Hank´s 135 

balanced salt solution (HBSS). The dissected brains were washed 3 times before adding trypsin 136 

(10 mg/ml, Biomol, Hamburg, Germany) and DNAse (0.5 mg/ml, Worthington, New Jersey, USA) 137 

in phosphate buffered solution (PBS). After 2-3 min of incubation, the reaction was blocked by 138 

adding Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS). 139 

After removal of the medium, 0.2 mg DNAse was added and the cells were mechanically 140 

dissociated. This step was repeated before centrifuging the cells 10 min at 800 rpm at 4°C. The 141 

supernatant was discarded. The pellet was resuspended in DMEM (cells from 2 brains/ml) and 142 

plated (cells from 2 brains/flask) in Poly-L-Lysine coated flasks. After 24 - 48 h of incubation, the 143 

cultures were washed 3 times with PBS and allowed to grow until confluent in DMEM (5 days). 144 

After this incubation period, medium was replaced by DMEM with 33% L929 conditioned 145 

medium. After 2 days, cells were harvested by shaking them for 30 min at 100 - 110 rpm. The 146 

supernatant was centrifuged for 10 min at 800 rpm at 4°C. The cells were counted and plated 147 

onto coverslips (2.5x 104 cells/ coverslip). This procedure was repeated twice with 2 days 148 

intervals. 149 

 150 
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Whole-cell patch-clamp recordings 151 

To test whether microglial cells display TLQP21 membrane current activity, we employed the 152 

whole-cell patch-clamp technique on neonatal microglia in vitro. The pipette solution contained 153 

(in mM): NaCl 130; MgCl2 2; CaCl2, 0.5; Na-ATP, 2; EGTA, 5; HEPES, 10; and sulforhodamine-101, 154 

0.01 (SR101 - Sigma Aldrich, St. Louis, USA) with an osmolarity of 280-290 mOsm/L adjusted to a 155 

pH of 7.3 with KOH. Patch pipettes were pulled from borosilicate glasses and had resistances of 156 

4-6 MOhm. Cells were plated on coverslips with a density of 4 to 5 x 105 cells. Conventional 157 

patch-clamp amplifiers were used (EPC9 or EPC10, HEKA Lamprecht, Germany). After 158 

establishing whole-cell configuration, we clamped the cell at a holding potential of -20 mV in 159 

voltage clamp mode and applied a series of de- and hyperpolarizing voltage steps ranging 160 

from -170 or -140 to 60 mV for 50 ms each with 20 mV increments. This protocol was repeated 161 

every 5 s to continuously monitor membrane currents upon substance application. The 162 

recording chamber was perfused  (4-6 ml/min) with standard recording buffer which contained 163 

(in mM): 150 NaCl, 5.4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, adjusted with NaOH to 164 

pH 7.4). The peptide TLQP21 (1 nM, 10 nM or 100nM) was applied via the bath perfusion for 1 165 

min. The C3aR1 antagonist SB290157 (1 μM) was applied 30 s before, during and 30 s after 166 

peptide administration. For blocking C1qPB receptors, primary neonatal microglia were 167 

incubated for 40 - 60 min with monoclonal anti C1qPB antibodies (anti C1qpPB mAB) in a 168 

concentration of 3 μg/ml (Abcam, , Cambdrige, UK). ATP was applied 3 - 5 min after TLQP21 169 

application for 1 min. 170 

 171 

Calcium imaging 172 

For calcium imaging experiments, microglial cells were seeded on glass coverslips at a density of 173 

2.5x 104 cells per coverslip and allowed to adhere to the glass for 3 h. Cells were loaded with the 174 

calcium indicator Fluo4-AM (Thermo Fisher Scientific, F14201;  5 μM in DMSO) dissolved in 175 

DMEM for 20 - 60 min at 37°C. The coverslip was then transferred to a recording chamber on an 176 

upright epifluorescence microscope equipped with a 20X water immersion objective (Olympus, 177 

Hamburg, Germany). There was a constant, local perfusion of buffer with a speed of 120 μl/min 178 

through a Perfusion Pencil (AutoMate Scientific, Berkeley, USA). The standard recording buffer 179 

contained (in mM): 150 NaCl, 5.4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, adjusted with 180 

NaOH to pH 7.4). Fluo4-AM was excited at 488 nm by a Polychrome II or PolyChrome IV 181 

monochromator (Till photonics, Martinsried, Germany), and pictures were taken at a frequency 182 
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of 0.5 Hz by a Spot CCD camera (PCO, Kelheim, Germany). Exposure time was 100 ms. Images 183 

were acquired by CamWare v3.16 software (PCO). Videos were analyzed using a home-made 184 

algorithm in Igor Pro 6.3 (WaveMetrics, Lake Oswego, USA). For analysis, cell somata were 185 

selected as regions of interest (ROI) and the mean relative fluorescent intensity for each ROI and 186 

frame was determined to record the change in Ca2+ levels time for each cell. Intracellular Ca2+ 187 

elevations were counted as “responsive” when the response amplitudes exceeded three times 188 

the standard deviation of the baseline (3*SD). 189 

 190 

Fluorescence activated cell sorting (FACS) of microglia  191 

12 - 14-week-old male C57BL/6J mice were transcardially perfused under deep anesthesia with 192 

1x Phosphate Buffered Saline (PBS). Brains were isolated, and after removal of the cerebellum 193 

and brainstem, dissociated into a single-cell suspension using Adult Brain Dissociation Kit 194 

(Miltenyi, Bergisch Gladbach, Germany) and the gentleMACS dissociator (Miltenyi) according to 195 

manufacturer instructions. Subsequently, the cells were washed with PBS, passed through a 35 196 

μm nylon mesh, counted and stained with anti-Mouse CD11b+ PE-Cyanine7 (Life technologies | 197 

Thermo Fisher Scientific, Waltham, Massachusetts, USA) and anti-Mouse CD45 eFluor 450 (Life 198 

technologies | Thermo Fisher Scientific) for 20 min on ice. After staining, the cells were washed 199 

once in PBS, and sorted with a FACS Aria flow cytometer (BD Biosciences, Franklin Lakes, USA) 200 

according to the specified gating strategy for microglia as CD11b+CD45low cells, washed in PBS, 201 

and the cell pellets snap frozen for storage at -80°C.  202 

 203 

Protein extraction and mass spectrometry analysis 204 

Freshly isolated microglia populations from four different male C57BL/6J mice or 1 x 106 primary 205 

neonatal culture microglia per replicate were pooled and pelleted in PBS. The samples were 206 

solubilized in Laemmli buffer (LB) and subjected to SDS-PAGE. The proteome was processed as 207 

described by Shevchenko et al. and Kanashova T et. al. (Kanashova et al., 2015, Shevchenko et 208 

al., 2006), with the use of an automated HTS PAL system (CTC Analytics, Switzerland). Peptides 209 

were extracted, purified and stored on reversed-phase (C18) StageTips (Rappsilber et al., 2007). 210 

The eluted peptides were lyophilized and resuspended in 0.1 % Formic Acid / 3 % Acetonitrile, 211 

then separated in a nano EasyLC 1200 (Thermo Fisher Scientific) with a 0.1 x 200 mm MonoCap 212 

C18 High Resolution Ultra column (GL Sciences, Japan) at a gradient from 5 to 95 % B (80% 213 

Acenotrile, 0,1% Formic Acid) and a flow rate of 300 nL/min in 360 min.  The UHPLC was coupled 214 
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online to an Orbitrap Q Exactive plus mass spectrometer (Thermo Fisher Scientific) for mass 215 

spectrometry analysis. The mass spectrometer was set to acquire full-scan MS spectra (300 – 216 

1700 m/z) at a resolution of 17.500 after accumulation to an automated gain control (AGC) 217 

target value of 1 × 106 and maximum injection time of 20 ms, and was operated in a data-218 

dependent acquisition mode, selecting the 10 most abundant ions for MS/MS analysis, with 219 

dynamic exclusion enabled (20 s). Charge state screening was enabled, and unassigned charge 220 

states and single charged precursors excluded. Ions were isolated using a quadrupole mass filter 221 

with a 1.2 m/z isolation window, with a maximum injection time of 60 ms. HCD fragmentation 222 

was performed at a normalized collision energy (NCE) of 26. The recorded spectra were 223 

searched against a mouse database from Uniprot (January 2017) using the MaxQuant software 224 

package (Version 1.5.2.8) (Cox and Mann, 2008) (with fixed modifications set to carbamylation 225 

of cysteines and variable modifications set to methionine oxidation). Peptide tolerance was 20 226 

ppm and the minimum ratio for LFQ was set to 2. The false-discovery rate was set to 1 % on 227 

protein and peptide level. Statistical analysis of the data set was performed using R-statistical 228 

software package (version 3.4.1), Prodigy (v0.8.2) and Perseus software (version 1.6.0.7). 229 

For data analysis, proteins that were only identified by site or were potential contaminants were 230 

excluded. Only those proteins discovered in at least three biological replicates were used for 231 

column-wise analysis using a two-sample t-test and a Benjamini-Hodgberg-based FDR < 0.05.  232 

 233 

Agarose spot assay 234 

The agarose spot assay was performed as described previously (Wiggins and Rappoport 2010). 235 

Low-melting point agarose (Promega, Mannheim, Germany) was diluted in sterile PBS to a 0.5 % 236 

agarose solution, heated and mixed to create PBS-, TLQP21 (1, 10 or 100 nM)-, or ATP (1 mM)- 237 

containing agarose spots (10 μL). Two PBS control spots and two compound containing spots 238 

were placed onto 35 mm diameter glass-bottomed cell culture dishes (MatTek Corporation, 239 

Ashland, USA) and 0.5 x 106 wild type microglia cells were added in either FCS-free DMEM 240 

medium as control or FCS - free DMEM medium containg 100 nM TLQP21, 1μM SB290157 or 241 

1.5 μg/ml C1qpPB mAB and incubated for 3 h at 37°C in 5 % CO2. Subsequently, microglial cells 242 

that invaded the spots were counted and normalized to the PBS control spots.  243 

 244 

 245 

  246 
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Scratch wound-healing assay 247 

The scratch assay was performed as described previously with adaptations (Sarkar et al., 2004, 248 

Arbibe et al., 2000). Briefly, microglial cells were seeded at a density of 5 × 104 cells/dish in the 249 

glass-bottomed cell culture dish, and incubated at 37°C and 5 % CO2 for 24 h. A scratch wound 250 

was created with a 10 μl pipette tip on the cell monolayer and the cells were washed with PBS. 251 

Thereafter, the cells were stimulated with TLQP21-containing medium or PBS as a control for 252 

3 h. Pictures were taken in pre-marked areas of the dish briefly after the scratch and 3 h there 253 

after. The pictures were analyzed using ImageJ, marking the initial cell-free zone and counting 254 

the cells that migrated into that area 3 h after treatment. The number of migrated cells was 255 

normalized to the average in control condition (100 %). A minimum of three technical replicates 256 

from three individual cultures were used to calculate the mean migratory capacity of each cell 257 

culture condition. 258 

 259 

Boyden chamber assay  260 

TLQP21-induced chemotaxis was tested using a 48-well microchemotaxis Boyden chamber 261 

(Neuroprobe, Bethesda, USA). Upper and lower wells were separated by a polycarbonate filter 262 

(8 μm pore size; Poretics, Livermore, USA). Microglial cells (2 - 5 × 104 cells) in 50 μl of serum-263 

free DMEM medium were added to the upper compartment, while the lower wells contained 264 

TLQP21-containing medium or medium only. Medium with the same concentration of the 265 

peptide in the lower well was added to the upper well with cells to assess motility in the 266 

absence of peptide gradient. Culture medium was used as a control. The chamber was 267 

incubated at 37°C and 5 % CO2 for 3 h. Cells remaining on the upper surface of the membrane 268 

were removed by wiping, and cells in the lower compartment were fixed in methanol for 5 min 269 

and subjected to Diff-Quik stain (Medion Grifols Diagnostics AG, Düdingen, Switzerland). The 270 

rate of microglial migration was calculated by counting cells in two fields of each well using a 271 

10X objective. The pictures were analyzed using ImageJ using the color threshold contrast tool 272 

(selecting colors in the hue range of 150 (upper) and 240 (lower), which are specific for the 273 

migrated cells stained in red-violet). The background area from the pores was subtracted for 274 

each experiment, followed by the calculation of the area for one cell (averaged from at least 10 275 

representative migrated cells). For each condition, 40 - 120 fields in 10 - 30 wells were analyzed 276 

using cells from at least three independent microglia preparations. The number of cells in each 277 

field were normalized to the average in control condition (100%).  278 
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 279 

In vitro phagocytosis assay 280 

We followed our standard protocol which was previously described in Pannell et al. (2016).  281 

Yellow-green fluorescent Fluoresbrite carboxylated microspheres (3 μm diameter, Polysciences 282 

Europe GmbH, Hirschberg an der Bergstraße, Germany) were coated with FCS by shaking at 283 

1000 rpm for 30 min at room temperature (RT). After centrifugation for 2 min at 900 g, the 284 

supernatant was discarded and microspheres were washed and resuspended in HBSS. 4.8 × 106 285 

microspheres in a solution containing either PBS only (control) or UDP (100 μM) were applied on 286 

each coverslip with 5 x 104 sedded primary microglia for 30 min and incubated at 37°C. In 287 

another set of experiments, microglia were pre-incubated with 100 nM TLQP21 alone or in 288 

combination with SB290157 for 30 min prior to the phagocytosis assay; in these experiments 289 

TLQP21 was washed-out completely before the assay started. After washing with PBS (pH 7.4), 290 

the coverslips were fixed with 4% paraformaldehyde, washed and blocked in TBS containing 5% 291 

donkey serum (EMD Millipore Corp., Burlington, Massachusetts, USA) and 0.1% Triton X (Carl 292 

Roth®, Karlsruhe, Germany) for 1 h. Subsequently, the cells on the coverslips were stained with 293 

anti-Iba1 antibody (Goat anti-Iba1, clone 5076, abcam, Cambdrige, UK) in TBS containing 5% 294 

donkey serum over night. After washing, the cells were incubated with the secondary antibody 295 

(anti-goat donkey Alexa Fluor 647, Dianova, Hamburg, Germany) and DAPI (Sigma-Aldrich) 296 

before mounting with Aqua-Poly/Mount (Polysciences Europe GmbH). Four to five images per 297 

coverslip were acquired from three coverslips per condition. Phagocytosed beads per cell were 298 

quantified with an in-house-written software and Igor Pro 6.3 (WaveMetrics, Lake Oswego, 299 

USA). Cells were grouped to 1 4, 5 7, 8 10 beads per cell and the percentage of cells in each 300 

group was multiplied by the corresponding grade of phagocytosis (1 4: 1, 5 7: 2, 8 10: 3). The 301 

sum of the products in each group was then defined as the phagocytosis index. 302 

 303 

In situ phagocytosis assay 304 

Mice were sacrificed by cervical dislocation. Brains were removed and cooled down in ice-cold 305 

artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl, 134; KCl, 2.5; MgCl2 1.3; CaCl2, 2; 306 

K2HPO4, 1.25; NaHCO3, 26; D-glucose, 10; pH 7.4; gassed with 95% O2/5% CO2. Brains were 307 

mounted on a vibratome (HM650V, Thermo Scientific, Massachusetts, USA) and 130 μm thick 308 

coronal slices were generated and incubated in ACSF for 2 h at RT, which was constantly gassed 309 

with carbogen (95% O2/ 5% CO2). Quantification of microglial phagocytic index in acute cortical 310 
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brain slices of 130 μm thickness was conducted in male C57BL/6J WT mice, based on a 311 

previously published protocol (Wendt et al. 2017). A total number of six mice as a control, six 312 

mice for TLQP21-treated slices, three mice for TLQP21 + SB290157-treated slices, and three 313 

mice mice for TLQP21 + anti C1qPB mAB-treated slices were used and four slices per condition 314 

were obtained from each animal. We analyzed four randomly chosen fields of view per slice 315 

from cortical layers I - VI. Incubation with TLQP21 (100 nM), TLQP21 (100 nM) + SB290157 (1 316 

μM) or TLQP21 (100 nM) + anti C1qPB mAB (3 μg/ml) was done in the second hour within the 317 

first 2 h after slicing. After washout of the compounds, acute brain slices were incubated with a 318 

suspension of FCS-coated Bright Blue fluorescent carboxylated microspheres (4.5 μm diameter, 319 

Polysciences Europe GmbH). The fluorescent beads were opsonized with FCS by shaking at 320 

1000 rpm for 30 min at RT followed by washing in PBS prior to adding them to the brain slices. 321 

Each brain section was incubated with 2.45 x 106 microspheres (in a volume of 500 μl of HBSS) at 322 

37°C for 1 h with or without 100 μM UDP as indicated in Fig. 7B. Lastly, sections were intensively 323 

washed with 0.1 M PBS (3 x 20 min) and subsequently fixed with 4% PFA for 1 h and  washed 324 

with 0.1 M PBS. Sections were incubated in a permeabilisation buffer containing 2% Triton X-100 325 

(Carl Roth®), 2% bovine serum albumin (Carl Roth®) and 10% normal donkey serum (EMD 326 

Millipore) in 0.1 M phosphate buffer (pH 7.4) for 4 h, was followed by the incubation with goat 327 

anti-Iba1 antibody (1:600; clone 5076 abcam) in a dilution buffer (1:10 of permeabilisation 328 

buffer in 0.1 M  PBS, pH 7.4) at 4°C overnight. Thereafter, sections were incubated with the 329 

secondary antibody donkey anti goat Alexa Fluor 647 (1:250; Dianova) for 2 h at RT. After 330 

washing, slices were mounted in Aqua-Poly/Mount (Polysciences). Confocal laser scanning 331 

microscopy was performed on a Leica TCS SPE using a 20X oil immersion objective. We acquired 332 

21 μm thick z-stacks at 1.05 μm intervals beginning from the surface of the slice. Data analysis to 333 

assess microglial phagocytic activity was performed using Imaris 6.3.1 (Bitplane, Zürich, 334 

Switzerland). The Iba1-positive volumes of high-resolution SPE confocal microscopy stacks were 335 

3D surface rendered by application of threshold values of 40 and a “background subtraction” 336 

(90 μm). Microspheres were detected as spots and counted automatically by the “Split into 337 

surface object”-plugin. All beads having their center located within a given rendered Iba1 338 

volume were considered to be phagocytosed by microglia. The phagocytic index was calculated 339 

as followed: nPM*104/ VIba1 where nPM is the total number of phagocytosed microspheres and 340 

VIba1 is the Imaris-rendered volume of Iba1 fluorescence in μm³. 341 

 342 
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Two-photon imaging and laser lesion 343 

For two-photon imaging, 250 μm coronal brain slices were obtained from MacGreen male mice. 344 

The total number of slices used was 18, 12, 10 and 13 slices from 8, 4, 5 and 5 mice for control, 345 

TLQP21 treated, TLQP21 + SB290157 and  TLQP21 + anti C1qPB mAB, respectively. EGFP was 346 

excited by a Chameleon Ultra II laser (Coherent, Dieburg, Germany) set to 940 nm. Images were 347 

acquired with a two-photon laser scanning microscope (Till Photonics, Gräfelfing, Germany) 348 

equipped with a water-immersion objective (40X, NA 0.8, Olympus, Hamburg, Germany). We 349 

imaged a 60 μm thick z-stack with a step size of 1 μm covering a field of 320 x 320 μm. Laser 350 

lesion was set in the cortex by focusing the laser beam, set to a wavelength of 810 nm and 351 

maximum power, at 20 μm depth in the selected imaging volume and scanned the tissue until 352 

autofluorescence of the injured tissue was visible. This procedure resulted in lesions with sizes 353 

around 20 μm in the center of the observed region. To investigate the influence of TLQP21 on 354 

the microglial response to the laser lesion, we incubated the slices prior to the experiment for 355 

60 min in ACSF containing either TLQP21 (100 nM) , TLQP21 (100 nM) + SB290157 (1 μM) or 356 

TLQP21 (100 nM) + anti C1qPB mAB (3 μg/ ml) . Igor Pro 6.37 (Lake Oswego, USA) was used for 357 

data analysis as in Davalos et al. (2005). Briefly, the sequences of 3D image stacks were 358 

converted into sequences of 2D images by a maximum intensity projection algorithm. For 359 

quantification, microglial response to the focal lesion was defined as a shift of EGFP 360 

fluorescence (white pixels), associated with microglial processes, from distal into the proximal 361 

circular region, immediately surrounding the focal lesion. To eliminate signal intensity 362 

differences between different records, grayscale images were first converted into a binary form 363 

using a threshold. Proximal, lesion region was defined as the midpoint of two circles with a 364 

diameter of 45 μm (X) and 240 μm (Y). We calculated the pixels entering the inner circle (Rx(t)) in 365 

each frame over time subtracting the pixels of the first picture Rx(0) thus highlighting movement 366 

of processes at the site of injury. This was then related to the pixels of the outer ring taken from 367 

the first picture directly after laser lesion (RY(0)) to correct for the cell density around the lesion 368 

site. The microglial response is therefore given as R(t)=[Rx(t)-Rx(0)]/Ry(0). 369 

 370 

QUANTIFICATION AND STATISTICAL ANALYSIS 371 

Statistical analysis was performed using Igor Pro 6.37. For all comparisons of three or more 372 

groups, One-Way ANOVA followed by a Tukey post-hoc test was used. Comparisons between 373 

two samples were performed using the Student’s t-test. Column graphics display means, and 374 
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error bars indicate the standard error of the mean (SEM). Indicators for p value ranges: *, 375 

p<0.05; **, p<0.01; ***, p<0.001; n.s., p>0.05. 376 

 377 

  378 
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Results 379 

TLQP21 impairs microglial signaling through metabotropic purinergic receptors  380 

In order to explore the effect of TLQP21 on microglia, we generated acute brain slices to record 381 

membrane currents in response to TLQP21 using the patch-clamp technique in the voltage-382 

clamp configuration. We could identify microglia for patch-clamp experiments by using 383 

MacGreen male mice (Sasmono et al., 2003) which express EGFP in microglia (Fig. 1A). 384 

Consistent with previous data from us and other labs (for review see Kettenmann et al., 2011), 385 

microglia displayed characteristic membrane currents when repetitively clamped at potentials 386 

between -170 and +60 mV (data not shown). The application of 100 nM TLQP21 did not evoke 387 

microglial membrane currents (Fig. 1B,C) in 24 recordings.  388 

Like in previous studies from our laboratory (Boucsein et al., 2000, Boucsein et al., 2003, Korvers 389 

et al., 2016, Wendt et al., 2017), we applied ATP at the end of our experiment as a control for 390 

cell viability (Fig. 1D,E). Under control conditions, the application of 10 μM ATP reliably evoked 391 

outwardly rectifying currents of 41.1 ± 10.8 pA at +60 mV that reversed close to the Nernst 392 

potential for K+ (-83.9 ± 10.2 mV, n = 10, Fig. 1D,E) which were mediated by the activation of P2Y 393 

receptors triggering the activation of K+ currents through THIK-1 (Butovsky et al., 2014, 394 

Ousingsawat et al., 2015, Madry et al., 2018). However, when TLQP21 was applied beforehand, 395 

the subsequent 10 μM ATP application  did either induce no or only small currents as compared 396 

to control recordings when TLQP21 was not applied, indicating that TLQP21 leads to an 397 

impairment of P2Y signaling. While at concentrations of 10 μM ATP only P2Y receptors are 398 

activated, at 1000 μM ATP also ionotropic P2X receptors are activated, in particular P2RX7, the 399 

most common P2XR isoform in microglia which conducts inwardly rectifying cationic currents. 400 

Thus, application of 1000 μM ATP activated a large membrane conductance which reversed at 401 

0 mV (Fig. 1G). We quantified currents in response to 1000 μM ATP 55 s after wash-in of ATP, 402 

and found no differences between experiments with and without a previous application of 403 

TLQP21.  404 

The impairment of microglial P2RY responses by TLQP21 in brain slices might be the result of 405 

TLQP21 action either directly on microglial cells or indirectly on non-microglial cells like neurons 406 

or astrocytes. In order to test for microglial TLQP21 receptors and, thus, to provide evidence for 407 

a direct action of TLQP21 on microglial cells, we next investigated primary cultured microglial 408 

cells. We performed patch clamp experiments and studied the TLQP21-evoked decreases in 409 
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purinergic signaling (Fig.2). In contrast to slices, application of 100 nM TLQP21 directly triggered 410 

outwardly-rectifying currents (Fig. 2A and B) which reversed close to the Nernst potential for K+. 411 

The specific outward conductance of these currents between +20 mV and +60 mV was 57.8 ± 412 

11.0 pS/pF (24 out of 25 cells responding; Fig. 2C). Activation of these currents by TLQP21 was 413 

concentration-dependent, as it was lower at 10 nM TLQP21 (8.1 ± 3.6 pS/pF; 5 out of 13 cells 414 

responding) and absent at 1 nM TLQP21 (n = 11). We tested the effect of low (10 μM) ATP 415 

concentrations to activate P2RY and high (1000 μM) ATP concentrations to activate P2RX 416 

responses in cultured microglia. Similar to the responses in situ, low ATP concentrations 417 

triggered a K+ conductance while high concentrations a cationic conductance as shown in Fig. 418 

2D-F. TLQP21 treatment significantly reduced currents evoked by 10 μM ATP, indicating that the 419 

metabotropic (P2RY) component of microglial purinergic responses is considerably affected by 420 

TLQP21. In some experiments we observed that the inhibition of the K+ conductance unmasks 421 

an underlying cationic conductance as shown in the example trace in Fig. 2D. We also tested the 422 

impact of TLQP21 on P2X receptor currents (Fig. 2E,G). However, like in situ, there were no 423 

significant differences between P2XR currents under control conditions and after application of 424 

TLQP21 (Fig. 2G). In an attempt to further specify the identity of purinergic receptors activated 425 

at 10 μM ATP, we tested the specific P2RY12 inhibitor AR-C69931 (Fig. 2-1). In the presence of 426 

1 μM AR-C69931, outward currents upon 10 μM ATP between -170 and +60 mV were 427 

significantly reduced (p = 0.0064 to 0.0081; n = 16), indicating a major involvement of P2RY12 in 428 

mediating responses upon 10 μM ATP. We conclude that TLQP21 evokes membrane currents in 429 

cultured microglia, but not in situ and that TLQP21 impairs P2Y, but not P2X purinergic 430 

responses both in situ and in vitro.  431 

 432 

C1qBP and C3aR1 differentially contribute to TLQP21 actions on microglial cells  433 

In previous studies, two different receptors for TLQP21 were identified, C3aR1 and C1qBP, both 434 

belonging to the complement receptor system (Hannedouche et al., 2013, Chen et al., 2013). 435 

We hypothesized that these two receptors could be responsible for the effects of TLQP21 on 436 

microglia purinergic signaling in vitro and in situ. We compared the protein expression levels of 437 

C3aR1 and C1qBP in situ and in vitro by proteomics. Data for in situ microglia (CD11b+CD45low) 438 

were obtained from microglial cells isolated by FACS from 12-week-old naïve C57BL/6J male 439 

mice; in vitro data were obtained from neonatal cultured microglia. Protein expression levels of 440 
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C3aR1 and C1qBP were calculated from the measured iBAQ intensities. As shown in Fig. 3A, 441 

protein expression of C1qBP was equally high in cultured and freshly-isolated microglia whereas 442 

C3aR1 was detected in primary cultured microglia only. This data confirms a previously 443 

published proteomic screen (Sharma et al., 2015) and provides evidence for two different 444 

receptor systems that potentially mediate TLQP21 actions on microglia.  445 

We next employed the patch clamp technique and used inhibitors for C3aR1 (SB290157) and 446 

C1qBP (an anti-C1qPB monoclonal antibody; mAB-C1qBP) to test whether or not these receptors 447 

are involved in the differential effects of TLQP21 on microglia. TLQP21-evoked currents were 448 

blocked by SB290157 inhibition (10 of 11 cells; Fig. 3B and C), indicating that these currents are 449 

activated downstream of C3aR1. Only in one cell, a small TLQP21 response was detected in the 450 

presence of the antagonist with an outward conductance of only 25% of the average TLQP21 451 

response. To block C1qBP receptors, cultured microglia were incubated in mAB-C1qBP-452 

containing medium (3 μg/ml) for 40-60 min prior to the patch clamp recordings. However, mAB-453 

C1qBP treatment did not affect TLQP21-induced currents (Fig. 3B and C). We therefore conclude 454 

that TLQP21 evokes outwardly rectifying potassium currents in microglial cells via C3aR1, but 455 

not via C1qBP. 456 

We then investigated whether the TLQP21-evoked decrease of microglial P2Y responses is 457 

mediated by either C3aR1 or C1qBP. The blockade of C3aR1 did not prevent the TLQP21-induced 458 

inhibition of ATP-evoked outward potassium currents. When TLQP21 (100 nM) was applied 459 

together with SB290157 (1 μM), subsequent ATP-evoked outward currents were still 460 

significantly reduced (Gout = 10.4 ± 7.3 pS/pF; n = 9; p = 0.0003 to control ATP responses; Fig. 461 

3D,E) indicating that SB290157 does not prevent the impact of TLQP21 on ATP-induced currents. 462 

To test for the involvement of C1qBP, we pre-incubated microglia with mAB-C1qBP (3 μg/ml) for 463 

40-60 mins before recording. Interestingly, after that treatment, we observed a complete 464 

recovery of P2Y responses (Gout = 113.3 ± 14.4 pS/pF; n = 9; p = 0.1289 to control ATP responses; 465 

Fig. 3D,E), indicating that the impairment of microglial purinergic responses by TLQP21 is 466 

mediated by signaling through C1qBP, but not C3aR1. 467 

 468 

TLQP21 induces intracellular calcium elevations in microglia via C3AR1 469 
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We tested the effects of TLQP21 (1, 10 and 100 nM) on intracellular Ca2+ levels in neonatal 470 

cultured microglia. TLQP21 was applied for 30 s on microglia loaded with Fluo-4 (Fig. 4A). In 471 

accordance to Korvers et al. (2016), microglia exhibited a moderate level of spontaneous Ca2+ 472 

elevations under basal conditions resulting in an overall basal responsiveness of 10.8 ± 1.7% 473 

during a recording period of 30 s (n = 4909 cells/44 exp.). When 1, 10 or 100 nM TLQP21 was 474 

applied, on average 56.9 ± 10.0% (p = 0.0011; n = 1401 cells/10 exp.), 39.1 ± 10.2% (p = 0.0482; 475 

n = 100 cells/5 exp.) and 44.8 ± 10.8% (p = 0.0056; n = 1267 cells/14 exp.) of the cells responded, 476 

indicating that TLQP21 increases intracellular calcium levels in microglia (Fig. 4B-D). Intracellular 477 

Ca2+ increases upon TLQP21 had diverse time courses ranging from a constant increase over the 478 

whole application period to periodically occurring transients which sometimes even persisted 479 

after TLQP21 wash out. We quantified the maximum amplitudes of microglial TLQP21 480 

responses, and normalized them to the amplitudes evoked by ATP (500 μM) which were 481 

measured at the end of each experiment. As shown in Fig. 4D, amplitudes in the presence of 1, 482 

10 and 100 nM TLQP21 were 25.5 ± 8.7% (p = 0.0251; n = 1401 cells/10 exp.), 36.6 ± 10.3% 483 

(p = 0.0274; n = 100 cells/5 exp.) and 37.1 ± 8.9% (p = 0.0018; n = 1267 cells/ 14 exp.), 484 

respectively, and therefore significantly larger than baseline Ca2+ fluctuations (2.1 ± 1.7%, 485 

n = 4909 cells/44 exp.). We also tested the effects of the C3AR1 antagonist SB290157 (1 μM) on 486 

TLQP21-evoked Ca2+ responses in microglia. We found that only 13.2 ± 5.7% of cells responded 487 

to 100 nM TLQP21 in the presence of SB290157 (n = 2141 cells/15 exp.) which was significantly 488 

different from 100 nM TLQP21 alone (p = 0.0142), but not from baseline (p = 0.6600). The 489 

maximal Ca2+ amplitudes upon 100 nM TLQP21 in the presence of SB290157 (12.2 ± 3.8%; 490 

p = 0.0254; n = 2141 cells/15 exp.) were significantly smaller than in the absence of SB290157 491 

(37.1 ± 9.0%; n = 1267 cells/14 exp.; p = 0.0237), and not different from control conditions 492 

(2.1 ± 1.7%; n = 4909 cells/44 exp.; p = 0.5960). We also tested the effect of C1qPB blockade on 493 

microglial Ca2+responses upon 100 nM TLQP21. The incubation of microglia for 30 mins with 494 

mAB-C1qBP (3μg/ ml) did not lead to a decrease but even to an increase of TLQP21 responses 495 

(89.0 ± 8.4%, n = 171 cells/7 exp.; p = 0.0008 compared to 100nM TLQP21) and relative 496 

amplitudes (72.7 ± 13.0%; p = 0.0056 compared to 100nM TLQP21). Taken together, these data 497 

show that TLQP21 evokes intracellular Ca2+ elevations via C3aR1 activation. 498 

We additionally looked at the impact of TLQP21 application on subsequent ATP-evoked Ca2+ 499 

responses (Fig. 4E,F). However, no differences were found, neither in the percentage of 500 

microglia responding to 500 μM ATP, nor in the amplitude of ATP-induced cytosolic Ca2+ 501 
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increases. Thus, TLQP21 attenuates microglial ATP-evoked membrane currents but not ATP-502 

evoked intracellular Ca2+ elevations.  503 

 504 

TLQP21 differentially affects the phagocytic activity in vitro and in situ  505 

To study the effect of TLQP21 on P2Y-mediated functions in microglia, we analyzed UDP-506 

stimulated phagocytosis in situ. It was previously shown that microglial phagocytosis is 507 

stimulated though P2Y6R activation by UDP (Koizumi et al., 2007, Xu et al., 2016, Wendt et al., 508 

2017). We incubated acute brain slices from male C57BL/6J mice (14 weeks) for 60 min with 509 

fluorescent latex beads and subsequently stained for labelled microglia with anti-Iba1. Confocal 510 

imaging and 3D reconstruction (Fig. 5A) was used to quantify the number of beads that were 511 

incorporated into a 3D-rendered Iba1-labelled volume which allowed us to calculate the 512 

phagocytic index of microglia (see methods). As shown in Fig. 5B, baseline microglial 513 

phagocytosis (1.00 ± 0.06; n = 21) was indeed significantly increased when UDP (100 μM) was 514 

co-applied together with the beads (1.67 ± 0.1; n = 21; p < 0.0001). Interestingly, pre-incubation 515 

(i.e. prior to the incubation with the beads) of the slices for 60 min with 100 nM TLQP21 516 

decreased the phagocytic activity of microglia (0.66 ± 0.05; n = 21; p = 0.0001), suggesting a 517 

downregulation of microglial purinergic signaling is affecting the basal phagocytic activity. 518 

Furthermore, UDP-stimulation of microglia completely failed after TLQP21 treatment (0.74 ± 519 

0.05; n = 21; p = 0.0001). Pre-incubation of the slices with TLQP21 (100 μM) + SB290157 (1 μM) 520 

did not alter microglial phagocytosis as compared to TLQP21 preincubation alone (0.81 ± 0.08; 521 

n = 12; p = 0.06), indicating that the impairment of microglial purinergic signaling by TLQP21 522 

occurs independently of C3aR1 and confirming again the lack of functional C3aR1 receptors on 523 

microglia in situ.  To check for the involvement of C1qBP, slices were pre-incubated with TLQP21 524 

+ mAB-C1qPB. This treatment did rescue both, the TLQP21-dependent decline in basal 525 

phagocytosis (Fig. 5B) as well as the TLQP21-derived impairment of UDP-stimulated 526 

phagocytosis (1.72 ± 0.15; n = 12; p < 0.0001 compared to Control/ TLQP21; Fig. 5B). Thus, 527 

TLQP21 impairs microglial phagocytic activity in situ in a C1qBP-dependent fashion. 528 

 529 

We also tested if TLQP21 affects microglial phagocytic activity and UDP stimulation of 530 

phagocytosis in vitro. Consistent with previous reports (Koizumi et al., 2007), 30 min incubation 531 

of microglia with 100 μM UDP significantly increased their phagocytic activity (from 19.3 ± 0.7 to 532 

23.9 ± 0.8; n = 36; p = 0.0016; Fig. 5C,D). We pre-incubated microglia for 30 min with TLQP21 533 
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(100 nM) and quantified their phagocytic activity. TLQP21 treatment caused a significant 534 

increase in microglial phagocytic activity to 24.6 ± 0.9 (n = 34; p = 0.0032 compared to control) 535 

indicating that TLQP21 directly stimulated phagocytosis. The UDP-evoked stimulation of 536 

microglial phagocytosis was, however, prevented by a 30 min pre-treatment with 537 

100 μM TLQP21 (16.6 ± 0.6; n = 36; p < 0.0001 compared to UDP without pre-treatment), and 538 

this could not be restored by C3aR1 blockade (17.4 ± 0.9; n = 33; p < 0.0001 compared to UDP 539 

without pre-treatment). Thus, in culture TLQP21 has two effects, a direct stimulation of 540 

phagocytic activity and an impairment of the purinergic control of microglial phagocytosis. 541 

To confirm that TLQP21 not only affects ATP mediated signaling, but also UDP-dependent 542 

signaling, we employed the patch clamp technique and tested the effect of 100 nM TLQP21 on 543 

subsequent UDP-mediated membrane currents and Ca2+ responses (Fig. 5-1A). As for 10 μM ATP 544 

(see above), also UDP (100 μM) reliably evoked outwardly-rectifying membrane currents 545 

(Gout = 8.2 ± 2.0 pS/pF; n = 10, Fig. 5-1B) which reversed close to the Nernst potential for K+ 546 

(-82.2 ± 8.3 mV; n = 10). However, when 100 nM TLQP21 was applied 5 min prior to UDP 547 

application, UDP-evoked outward currents were significantly smaller (Gout = 1.4 ± 2.9 pS/pF; 548 

n = 8; p = 0.0357, Fig. 5-1B). 549 

 550 

TLQP21 triggers chemotaxis and inhibits ATP-induced migration  551 

We studied the impact of TLQP21 on microglial migration and first tested  if there is chemotaxis 552 

towards TLQP21. We used an agarose spot assay, in which the agarose was mixed with three 553 

different concentrations of TLQP21 to create a gradient from the agarose spot to the 554 

surrounding medium (Fig. 6A). After a 3 h incubation, 10 and 100 nM TLQP21 significantly 555 

increased the percentage of microglia migrating into the agarose area compared to control 556 

spots without TLQP21 in the same well to 3.1 ± 0.5, and to 2.5 ± 0.4, respectively (p = 0.0008, 557 

15-23 spots from four independent biological replicates). Migration into spots containing 1 nM 558 

TLQP21 was only 2.1 ± 0.3 fold higher than into PBS-containing spots (not significant). We 559 

verified these results using the Boyden chamber assay (Fig. 6-1A). TLQP21 at concentrations of 560 

either 1, 10 or 100 nM were added in the bottom of the Boyden chamber to generate a TLQP21 561 

gradient. The percentage of cells which migrated to the bottom of the chamber through the 562 

membrane within 3 h was quantified in relation to a control (no TLQP21). There was a significant 563 

increase of cells in the lower well with 100 nM TLQP21 (3.0 ± 0.5 fold increase as compared to 564 

control; p = 0.0006; n = 4) while 1 nM and 10 nM did not significantly differ from control. There 565 
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was no chemotaxis towards a gradient of scrambled peptide (100 nM) (p = 0.6000; Fig. 6-1A), 566 

excluding unspecific peptide effects on microglial migration.  567 

We also tested if TLQP21 influences microglial undirected motility by ablating the concentration 568 

gradient in the agarose spot experiments (Fig. 6A). TLQP21 at concentrations of 10 nM and 569 

100 nM were added to both the spot and the medium, thus, disseminating the gradient. This did 570 

not increase microglial migration (1.0 ± 0.1; p = 0.3863; n = 6 for 10 nM TLQP21 spots and 571 

1.0 ± 0.3; p = 0.1139; n = 8 for 100 nM TLQP21 spots versus PBS-containing spots), indicating 572 

that TLQP21 does not increase microglial motility. This finding was confirmed in Boyden 573 

chamber assays when applying TLQP21 in both upper and lower chamber, thus, with no 574 

gradient. Neither 10 nM nor 100 nM TLQP21 led to a significant increase in microglial motility 575 

(p = 0.8100, Fig. 6-1A). The scratch wound assay was used as another general cellular motility 576 

assay: TLQP21 was added to the culture medium and the number of microglial cells which 577 

moved towards the cell-free area within 3 h was compared to control (Fig. 6-1B). At 1, 10 and 578 

100 nM TLQP21, the number of of cells in the cell-free area was 1.1 ± 0.3, 1.5 ± 0.5 and 1.8 ± 0.2 579 

fold as compared to control and therefore not significantly changed (n = 9; Fig. 6-1B). This again 580 

validates our previous findings that TLQP21 mediates microglial chemotaxis but does not 581 

influence microglial motility. 582 

Microglia migration is stimulated by purinergic signaling. We thus aimed to study whether 583 

TLQP21 would interfere with ATP-induced migration (Fig. 6B), and performed an agarose spot 584 

assay. We first quantified the migration toward ATP under control conditions: ATP (1 mM) and 585 

control (PBS) spots were placed in dishes together with untreated microglial cells. During 3 h of 586 

incubation time, microglia migrated preferentially towards the ATP-containing spots (7.1 ± 0.7 587 

fold as compared to PBS-containg spots; p < 0.0001; n = 16). Intriguingly, when microglia were 588 

incubated with 100 nM TLQP21, the preference for ATP-containing spots after 3 h was 589 

eliminated. The average preference for ATP-containing spots was only 0.55 ± 0.03 after TLQP21 590 

treatment and therefore significantly smaller than in control experiments without TLQP21 591 

(p = 0.0001; n = 45). Thus, TLQP21 impairs microglial chemotaxis towards ATP. We finally applied 592 

agarose spot assays to test for the involvement of C3aR1 and C1qBP in the TLQP21-mediated 593 

effects on microglial chemotaxis. Interestingly, the blockade of C3aR1 by SB290157 (1 μM) 594 

significantly reduced microglial migration towards TLQP21 (1.5 ± 0.1 fold compared to PBS 595 

spots; p = 0.0047; n = 9, Fig. 6A), but did not restore the TLQP21-mediated loss in migration 596 

towards ATP (0.56 ± 1.27 relative to PBS spots; n = 11, Fig. 6B). On the other hand, incubating 597 
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the cells with a combination of 100 nM TLQP21 and mAB-C1qPB (1.5 μg/ml) restored the 598 

migration of microglial cells towards ATP-containing agarose spots (2.5 ± 0.22 relative to PBS; 599 

p < 0.0001; n = 11, Fig. 6B). We conclude that microglial chemotaxis towards TLQP21 depends 600 

on C3aR1, and the TLQP21-mediated loss in chemotaxis towards ATP depends on C1qBP. 601 

 602 

TLQP21 decreases microglial process movement towards a microlesion 603 

We finally investigated the chemotactic movement of microglial processes which depends on 604 

extracellular ATP/ADP and signaling through P2RY12 (Haynes et al., 2006, Davalos et al., 2005, 605 

Nimmerjahn et al., 2005). As TLQP21 affects microglial purinergic signaling, we expected a 606 

decrease in processes movement. We used MacGreen mice which express an EGFP transgene 607 

under the Csf1R1 promoter to identify microglial cells (Sasmono et al., 2003). The movement of 608 

microglial processes was quantified by determining the fluorescence distribution within 609 

concentric circles (45 μm and 240 μm; Fig. 6A) around the lesion site. During the 30 min 610 

recording time after the laser lesion, the microglial processes moved towards the lesion site 611 

resulting in an increase in fluorescence in the areas closer to the lesion site which then was 612 

quantified as described in the materials and methods  (40.9 ± 3.6 ,n = 16, Fig. 7A and B) under 613 

control conditions. The pre-incubation of brain slices with TLQP21 (100 nM) for 60 min prior to 614 

the induction of the laser lesion (Fig. 7A, B and C) led indeed to a reduction of these responses 615 

to 28.7 ± 4.0 (n = 12, p = 0.0370), indicating a TLQP21-mediated decline of microglial purinergic 616 

responses. This impairment could not be restored by the C3aR1 inhibitor SB290157 (26.9 ± 3.0; 617 

n = 13, p = 0.0318 to control; p = 0.9806 to TLQP21, Fig. 7B). However, blockade of C1qBP by 618 

pre-incubating the slices with TLQP21 and mAB-C1qBP led to a rescue of microglial process 619 

movement towards the lesion site that was not significantly different from control conditions 620 

(44.7 ± 5.1; n = 13, p = 0.5303 to control; p = 0.0008 to TLQP21; Fig. 7C). These experiment 621 

provide further evidence that TLQP21 acts via C1qBP to downregulate purinergic signaling in 622 

microglia. 623 

 624 

 625 

 626 

 627 

 628 
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Discussion  629 

In the present study, we demonstrate that the VGF-derived peptide TLQP21 affects microglial 630 

function via two distinct pathways linked to distinct microglial features: (i) via a C1qBP-631 

dependent pathway resulting in a downregulation of purinergic signaling through metabotropic 632 

P2Y receptors and (ii) via a C3aR1-dependent pathway activating membrane currents, Ca2+ 633 

responses and stimulating migration and phagocytic activity. The C1qBP-dependent impairment 634 

of purinergic responses results in a reduction of membrane currents evoked by metabotropic 635 

P2Y receptors, chemoattractance by ATP and the stimulation of microglial phagocytosis by UDP. 636 

Intriguingly, purinergic responses were affected even minutes after wash-out of TLQP21 637 

indicating that C1qBP-dependent signaling results in a long-term change in microglial properties.  638 

To our knowledge, C1qBP is the first receptor which has a long-term modulating effect on 639 

microglial purinergic responses.  640 

Previous studies on TLQP21 and its receptors described Ca2+ responses in microglia before (Chen 641 

et al., 2013, Hannedouche et al., 2013, Molteni et al., 2017). In these studies and in ours, the 642 

ATP-induced Ca2+ responses were not attenuated by TLQP21 (see Fig. 4). In the present study, 643 

we found that TLQP21 also acts - besides C1qBP - on another receptor, the G protein-coupled 644 

complement receptor C3aR1. C3aR1 activation by TLQP21 triggered outwardly rectifying K+ 645 

currents, intracellular Ca2+ elevations, and C3aR1 was found to be responsible for chemotaxis 646 

and TLQP21 stimulation of phagocytic activity. However, all these stimulating effects of TLQP21 647 

were only found in primary cultured microglia but not in situ, consistent with the finding that 648 

the robust C3aR1 protein expression in cultures was lacking in freshly isolated microglia. This 649 

intriguing difference might arise either from the fact that our primary cultures are derived from 650 

neonatal mice whereas freshly isolated an in situ microglia in this study are adult or from the 651 

culture environment which more mimicks a pathologic situation. A previous proteomic study 652 

also detected C3aR1 protein only in cultured but not freshly isolated microglia (Sharma et al., 653 

2015). Surprisingly, on the mRNA level, recent transcriptomic studies report robust expression 654 

of the C3ar1 gene also in freshly-isolated isolated microglia eg. (Hickman et al., 2013, 655 

Consortium, 2018), suggesting that C3ar1 mRNA is either more prevalent or easier to detect 656 

than the protein.  657 

 658 

Looking at non-physiological states, microglial C3ar1 mRNA levels were found to be increased 659 

upon ageing and under pathologic conditions including dementia, Alzheimer’s diesease (AD), 660 
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traumatic brain injury and epilepsy (Zhao et al., 2018, Bodea et al., 2014, Hickman et al., 2013). 661 

This raises the intriguing possibiity that functional C3aR1 protein expression could be induced by 662 

microglia activation, and that the stimulatory effects of TLQP21 in vivo become significant under 663 

disease conditions only. Indeed, recent studies demonstrated ameliorating effects in the tau 664 

pathology of an animal model of AD by deletion of C3aR1 (Litvinchuk et al., 2018) and a 665 

reduction in inflammatory microglial density post stroke by intracortical injection of SB290157 666 

(Surugiu et al., 2019), the same C3aR1 blocker that was used in our study.  667 

There are several studies demonstrating a correlation of VGF-derived peptides and brain 668 

physiology, suggesting the intriguing possibility that microglial features are modulated by 669 

signaling through these peptides in vivo. The concentration of VGF peptides in the CSF is in the 670 

picomolar range (van Steenoven et al., 2019) which is lower by a factor of 104 compared to the 671 

concentration we have used in the present study. The CSF concentration, however, most likely 672 

does not reflect the concentration in the brain parenchyma. Since VGF is preferentially 673 

expressed by neurons (Zhang et al., 2014) local concentrations of VGF and its peptides may 674 

reach levels as high as the ones used in our study, in particularly at neuronal release sites.  675 

We have recently demonstrated that microglial purinergic signaling is impaired in mouse models 676 

of AD (Wendt et al., 2017). Both functions which are affected by pre-treatment with the VGF-677 

derived peptide TLQP21 in brain tissue, namely the phagocytic activity and the process motility 678 

stimulated by purinergic signaling, are also impaired in these mouse models. Indeed, VGF is 679 

suggested as a potential biomarker for AD as VGF-derived peptides were found to be 680 

significantly decreased in the cerebrospinal fluid (CSF) of AD patients (Spellman et al., 2015, 681 

Hendrickson et al., 2015, Carrette et al., 2003). 682 

TLQP21 is one of many bioactive peptides derived from post-translational cleavage of VGF. 683 

Recent evidence suggests a comprehensive role of TLQP21 in neuronal network homeostasis 684 

and demonstrates the involvement of TLQP21 in many brain diseases including psychiatric, 685 

neurodegenerative and neuroinflammatory diseases (Sato et al., 2012, Sakamoto et al., 2015, 686 

Alder et al., 2003, Lin et al., 2015, Severini et al., 2008). Microglia, as the resident immune cells 687 

of the central nervous system, play an important role in any kind of brain disease (Wolf et al., 688 

2017), and our data indicate a mechanistic link between TLQP21 and the attenuation (via 689 

C1qBP) or stimulaion (via C3aR1) of microglial functions in health an disease. Microglial C3aR1 or 690 

C1qBP might therefore be interesting targets for clinical therapies. 691 

  692 
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Figure legends 702 

Figure 1. TLQP21 impairs microglial signaling through purinergic P2RY receptors in situ. 703 

A Transmission light and epifluorescent image of an acute brain slice from a male 704 

MacGreen mouse. The overview image  indicates the cortical region in which microglia were 705 

patch-clamped. A representative microglial cell is shown in higher resolution in the transmission 706 

light (Dodt gradient contrast) and in the epifluorescence (470 nm excitation) channel to show 707 

the EGFP labelling of the MacGreen mouse. 708 

B Time course of a representative patch-clamp experiment on a microglial cell. Cells were 709 

voltage-clamped at -20 mV, and a series of pulses ranging from -160 mV to +60 mV was applied 710 

every 5 s. TLQP21 (100 nM) was applied as indicated and led to no apparent changes in 711 

microglial membrane currents.  712 

C Current-voltage relationships of the microglial recording shown in B. Time points are 713 

before (1) and during (2) the application of TLQP21, as indicated in B. There was no TLQP21-714 

evoked change in membrane currents at any investigated membrane potential, as becoming 715 

visible by subtraction of the current-voltage relationships (2-1; black). 716 

D and E Time courses of representative patch-clamp experiments on microglial cell. Either 717 

10 μM ATP (D) or 1000 μM ATP (E) were applied without prior TLQP21 application (Control), or 718 

after a 1-min-TLQP21 application (After TLQP21). All traces are from different recordings. Note 719 

the different apparence of the membrane responses upon 10 and 1000 μM ATP which occur due 720 

to the activation of microglial P2Y and P2X receptors, respectively. 721 

F and G Average current density to voltage relationships (CD-V) of currents induced by 10 μM (F) 722 

or 1000 μM (G) ATP without (black) or with (gray) prior TLQP21 application. CD-V relations in E 723 

are typical for metabotropic P2RY responses, whereas CD-V relations in F resemble the 724 

characteristics of microglial P2X currents. Note that after TLQP21 application, there was a 725 

significant decline in the amplitudes of P2RY responses, but not of P2RX responses.  726 

 727 

Figure 2. TLQP21 impairs microglial signaling through purinergic P2RY receptors in neonatal 728 

cultured microglia and evokes outwardly-rectifying membrane currents . 729 

A Representative patch-clamp experiments on neonatal cultured microglia. Top, Cells 730 

were voltage-clamped at -20 mV, and a series of pulses ranging from -140 mV to +60 mV was 731 

applied every 5 s. TLQP21 at concentrations of 1 nM (left), 10 nM (middle) and 100 nM (right) 732 

was applied as indicated. Traces are all from the same recording.  733 
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B  Average current density-voltage relationships of TLQP21- evoked currents, at 1 nM (light 734 

gray), 10 nM (gray) and 100 nM (black). n = 7 for each concentration.   735 

C  Summary of outward conductances (Goutward) determined between +20 and +60 mV 736 

evoked by TLQP21 at different concentrations. 737 

D and E Time courses of representative patch-clamp experiments on microglia. Cells were 738 

voltage-clamped at -20 mV, and series of pulses ranging from -160 mV to +60 mV were applied 739 

every 5 s. Either 10 μM ATP (D) or 1000 μM ATP (E) were applied as indicated without prior 740 

TLQP21 application (Control) and 5 min after a 1-min-TLQP21 application (After TLQP21). All 741 

traces are from different recordings. Note the different apparence of the membrane responses 742 

upon 10 and 1000 μM ATP which occur due to the activation of microglial P2Y and P2X 743 

receptors, respectively. 744 

F and G Average current density to voltage (CD-V) relationships of currents induced by 10 μM (F) 745 

or 1000 μM (G) ATP without (black) or with (gray) prior TLQP21 application. CD-V relations in E 746 

are typical for metabotropic P2RYresponses, whereas CD-V relations in F resemble the 747 

characteristics of microglial P2X currents. Note that after TLQP21 application, there was a 748 

significant decline in the amplitudes of P2RY responses, but not of P2RX responses.  749 

 750 

Figure 2-1. Blockade of ATP evokes membrane currents by a P2Y12 receptor antagonist 751 

Figure 2-1 supports Figure 2. 752 

A  Representative traces of patch-clamp experiments on neonatal cultured microglia. Cells 753 

were voltage-clamped at -20 mV, and a series of pulses ranging from -170 mV to +60 mV was 754 

applied every 5 s. ATP (10 μM) was applied as indicated by bar. 755 

B  Application of ATP (10 μM) in the presence of P2Y12 receptor blocker AR-C69931 (1 μM). 756 

Applications indicated by bars. 757 

C  Average current-voltage relationships of ATP (10 μM) - evoked currents in the absence 758 

(n = 9, control) or presence (n = 16) of 1 μM AR-C69931. 759 

 760 

Figure 3. C3aR1 and C1qBP expression on microglia and their differential contribution to 761 

TLQP21 responses. 762 

A Proteomic analysis of cultured and freshly isolated microglia demonstrates robust 763 

expression of C1qBP and reveals differential expression of C3aR1. Left; scheme depicting the 764 
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sample generation. To test microglial protein expression under in situ conditions, we freshly 765 

isolated microglia from adult male C57BL/6 mice by FACS. Microglia were first gated as CD11b+ 766 

cells against forward scatter (FSC) and subsequently selected as CD45low expressing cells 767 

(CD11b+ CD45low). Protein from primary cultured microglia was directly isolated. Right, Protein 768 

expression of C1qBP and C3aR1 as iBAQ intensity of each protein. C1qBP was found in both 769 

microglia preparations, whereas there was no C3aR1 detected in freshly isolated microglia. 770 

B and C  TLQP21 current responses were recorded as shown in Fig. 2A in primary cultured 771 

microglial cells. The C3aR1-specific inhibitor SB290157, but not C1qBP blockade by a monoclonal 772 

antibody (mAB-C1qBP) prevented microglial responses upon TLQP21, as demonstrated in the 773 

summarized current density to voltage (CD-V) relationships of TLQP21 responses (B) and the 774 

respective outward conductances (Goutward) determined between +20 and +60 mV (C).  775 

D and E Current density to voltage (CD-V) relationships (D) and outward conductances (E) of 776 

microglial metabotropic ATP responses (10 μM) under control conditions (no TLQP21 777 

application, control), after TLQP21 application and after TLQP21 application while blocking 778 

either C3aR1 or C1qBP. The decrease in metabotropic ATP responses depends on TLQP21 action 779 

on microglial C1qBP. 780 

 781 

Figure 4: TLQP21 induces intracellular calcium elevations in microglia via C3aR1. 782 

A  Left; Cultured neonatal microglia were loaded with Fluo4 to measure cytosolic Ca2+ level 783 

changes fluorimetrically. The image shows the Fluo4 fluorescence Right, Representative Ca2+ 784 

imaging experiment, corresponding to the image shown on the left. Traces are superimposed 785 

from 24 regions of interest, respective microglial cells. 100 nM TLQP21 and 500 μM ATP were 786 

applied as indicated by the bars.  787 

B.  Overlay of all microglial Ca2+ traces obtained upon 1 nM (left) and 100 nM (middle left) 788 

TLQP21, as well as upon 100 nM TLQP21 in the presence of either 1 μM SB290157 (middle right) 789 

or mAB-C1qBP (right). 790 

C  Summary of percentage of microglia responding upon TLQP21 at different 791 

concentrations and in the absence and presence of SB290157 or mB-C1qBP. As microglia display 792 

spontaneous Ca2+ elevations (Korvers et al., 2016), responding microglia in the absence of 793 

TLQP21 are also summarized (“0 nM TLQP21”).  794 
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D  Summary of the amplitudes evoked by TLQP21 at different concentrations in the 795 

absence and presence of SB290157 or mB-C1qBP. Amplitude of each cell was normalized to the 796 

amplitude in the presence of ATP. As microglia display spontaneous Ca2+ elevations (Korvers et 797 

al., 2016), basal amplitudes were also summarized (“0 nM TLQP21”). 798 

E Overlay of microglial Ca2+ responses upon 500 μM ATP with or without prior application 799 

of 100 nM TLQP21.  800 

F and G TLQP21 application did neither alter the precentage of primary microglia responding to 801 

subsequent ATP applications (F)  nor the amplitude of the ATP responses (G). 802 

 803 

 804 

Figure 5. TLQP21 affects microglial phagocytic activity. 805 

A  Phagocytosis assay in situ. Representative confocal image (left) of Iba1-stained microglia 806 

(red) after 60 min incubation with latex beads (blue) performed on a cortical brain slice from a 807 

14 week Bl6 mouse. Right, 3D reconstruction of Iba1-positive microglia are shown with 808 

automatically counted phagocytosed beads (shown in white and indicated by arrows). Scale bar 809 

is 50 μm. Inset, Magnification of a 3D-rendered microglial cell that incorporates a latex bead. 810 

Color code as in the large images, scale bar is 10 μm.  811 

B  Summary of microglial phagocytosis in cortical brain slices (in situ). Control phagocytosis 812 

in the absence of UDP (“-“) was decreased by preincubation with TLQP21. This decrease was 813 

rescued by C1qBP blockade (mAB-C1qBP) but not affected by C3aR1 blockade (SB290157). In the 814 

presence of 100 μM UDP (“+”), phagocytosis was stimulated under control conditions, an effect 815 

that was prevented by pre-treatment with TLQP21 (100 nM). C1qBP blockade (mAB-C1qBP), but 816 

C3aR1 blockade (SB290157) during TLQP21 incubation restored UDP stimulation of microglial 817 

phagocytosis. The significance level above the bars refers to the control value with or without 818 

UDP. 819 

C To determine phagocytic activity in culture, primary microglia were incubated with fluorescent 820 

microbeads (YFP) subsequent to pre-incubation with TLQP21 (100 nM) or PBS (Control) for 821 

30min, fixed and stained for Iba1. Representative images for these conditions are shown. 822 

D Microglial phagocytic indices (mean ± SEM) under control- and UDP-stimulating conditions. 823 

TLQP21 enhanced microglial phagocytosis under control conditions (“-“)  and this stimulation 824 

was blocked by co-incubation with C3aR1 antagonist SB290157. Pre-incubation with TLQ21 825 
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decreased the UDP- induced stimulation of microglial phagocytosis (“+”), which was not 826 

prevented by C3aR1 blockade (SB290157). The significance level above the bars refers to the 827 

control value with or without UDP. 828 

 829 

 830 

Figure 5-1. TLQP21 affects UDP-dependent signaling  831 

Figure 5-1 supports Figure 5. 832 

A  Representative patch-clamp recording on cultured neonatal microglia. Membrane 833 

currents recorded by the patch clamp technique of a microglial cell. UDP (100 μM) was applied 834 

as indicated by bars under control conditions (left) and 5 min after TLQP21 (100 nM for 60 s, 835 

right).  836 

B  Average current density-voltage relationships of UDP (100 μM) - evoked currents 837 

without (black) or with (gray) prior application of 100 nM TLQP21 (60 s).  838 

 839 

 840 

Figure 6: Effect of TLQP21 on microglial migration.  841 

A  Agarose spot assay testing microglial migration towards TLQP21. There was a 842 

concentration-dependent preference for microglial cells to migrate to the 100 nM TLQP21–843 

containing spots as shown in the images on the left. On the right average migration toward 844 

TLQP21 relative to the PBS control are summarized for three different TLQP21 concentrations 845 

and in the presence of the C3aR1 inhibitor SB290157 which was abolished the TLQP21 resonse. 846 

In addition average data for a dissiminated (no) gradient are also given at 10 andd 100 nM 847 

TLQP21. The significance level indicated above each bar refers to the PBS control. 848 

B Agarose spot assay testing microglial migration towards ATP. Microglia were plated onto 849 

a glass coverslip with agarose spots containing ATP (500 μM) After incubation with 100 nM 850 

TLQP21 for 30 min, medium was exchanged and microglia could migrate for 3h into the agarose 851 

spots. Sample images are shown on the left. On the right, average migration toward ATP relative 852 

to the PBS control are summarized. Microglia preferred ATP-containing spots (control), and this 853 

preference was abolished by TLQP21 pre-incubation. Blockade of C3aR1 by SB290157 did not 854 

rescue the loss of ATP preference after TLQP21 treatment, while C1qBP inhibition partially 855 

restored microglial chemotaxis towards ATP. 856 

 857 
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 858 

 859 

Figure 6-1. Effect of TLQP21 on microglial migration.  860 

Figure 6-1 supports Figure 6. 861 

A  Boyden chamber assay: cells crossing the polycarbonate membrane (8 μm pore size) 862 

into the TLQP21-containing lower chamber were stained by Diff-quick and were displayed in 863 

light microscopic images, later processed with ImageJ for counting. TLQP21 was applied at the 864 

concentrations indicated, either with without (no) gradient as indicated. A scrambled TLQP21 865 

peptide was also applied using a gradient. No gradient means that TLQP21 was present at the 866 

same concentration in the upper and lower chambers.  867 

B  Scratch assay: the scratch was implemented on a layer of microglial cells, and cells 868 

migrating into the initial scratched area were analyzed after an incubation for 3 h (n = 9/group). 869 

TLQP21 was applied at the indicated concentrations. 870 

 871 

 872 

Figure 7: TLQP21 decreases microglial directed process movement in a C1qBP-dependent 873 

manner.  874 

A  Representative pictures of injury-induced process movement of EGFP-positive microglia 875 

in the cortex of acute brain slices from MacGreen mice under control conditions (left panels) 876 

and after pre-incubation with 100 nM TLQP21 (right panels). Acute injury was induced by a laser 877 

lesion (red asterisk) and microglial responses were observed for 30 min. Images were taken 878 

using 2-photon microscopy at 0 min (top, directly after setting the laser lesion) and 25 min later 879 

(bottom). Scale bars are 20 μm. 880 

B Quantitative analysis of injury-induced process motility in control conditions, after pre-881 

incubation with TLQP21 (100 nM) or TLQP21(100 nM) + SB290157 (1 μM). Note that the 882 

microglial directed process movement was significantly slower after pre-treatment with TLQP21 883 

(100 nM) which could not be rescued by blockade of C3aR1. Grey and blue asterisks correspond 884 

to the Tukey comparisons “Control” vs. “after TLQP21”  and “Control” vs. “after TLQP21+ 885 

SB290157”, respectively. The conditions “after TLQP21”  and “after TLQP21+SB290157” were 886 

not significantly different.   887 
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C Same as B, but using mAB-C1qBP (3 μg/ml) instead of SB290157. C1qBP blockade 888 

rescued the TLQP21-induced reduction in directed process motility. Grey and red asterisks 889 

correspond to the Tukey comparisons “Control” vs. “after TLQP21”  and “after TLQP21” vs. 890 

“after TLQP21 + mAB-C1qBP”, respectively. The conditions “Control”  and “after TLQP21 + mAB-891 

C1qBP” were not significantly different. 892 

 893 
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