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I. Abstract 
 
 
1.1 (English) 
 
 
Microglia, as the resident immune cells in the central nervous system, react to 
the micro-environment changes and maintain the hemostasis of the brain. It 
has been illustrated that multiple neurotransmitters including histamine induce 
diversity effects on the properties of microglia under normal physiological and 
pathophysiological conditions. As a monoaminergic neurotransmitter, 
Histamine is produced and further released by neuronal cells mostly located 
in tuberomammillary nucleus of hypothalamus. Despite the fact that the 
function of histamine in modulating neural fire patterns, it is also believed that 
histamine is capable to regulate the function of glial cells. In the present study, 
we demonstrate that primary cultured microglia respond to histamine with 
intracellular Ca2+ increases, which depend on microglial Hrh2 receptors. 
Moreover, these results were validated by Hrh2 specific agonists and 
inhibitors together with a comprehensive metadata analysis of microglial 
transcriptome sequencing. Nevertheless, in acute cortical and thalamic brain 
slices from a newly established, microglia-specific Ca2+ indicator mouse line, 
microglia respond to histamine mainly in a Hrh1-dependent manner, while 
Hrh2-mediated responses were less detectable. The Hrh1 response was also 
shown to be sensitive to inhibitors of P2ry12 purinergic receptors. Base on the 
fact that Hrh1 is mostly expressed by astrocytes in the brain, it is assumed 
that the Hrh1 response in microglia is mediated by the astrocyte releasing ATP, 
which followed by activation of P2ry12 receptors in microglia. In addition, 
histamine enhanced microglial phagocytosis activity via Hrh1- and P2ry12-
mediated signaling. Taken together, the present study demonstrate that 
histamine has an indirect effect on the Ca2+ level changes of the microglia and 
their phagocytic activity via astrocytic histamine receptors as well as 
purinergic signaling pathway. 
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1.2 (Deutsch) 
 
 
Mikroglia sind die angeborenen Immunzellen und professionellen Phagozyten 
des Zentralnervensystems, und es ist bereits bekannt, dass Histamin mehrere 
Auswirkungen auf die Funktionen von Mikroglia unter physiologischen und 
pathophysiologischen Konditionen haben kann. Histamin ist ein 
monoaminerger Neurotransmitter, der von Neuronen aus dem 
tuberomammillären Kern in allen Hirnregionen freigesetzt wird. Neben der 
Modulation neuronaler Feuermuster wird angenommen, dass der Histamin-
spiegel im Gehirn auch die Funktion von Gliazellen moduliert. In der 
vorliegenden Arbeit wird gezeigt, dass isolierte Mikrogliazellen auf Histamin 
mit intrazellulären Ca2+-Erhöhungen reagieren, was auf mikrogliale Hrh2-
Rezeptoren zurückzuführen ist, wie ich durch spezifische Agonisten und 
Antagonisten sowie eine Metadatenanalyse von Mikroglia-Transkriptomen 
bestätigen konnte. In akuten kortikalen und thalamischen 
Hirnschnittpräparaten aus einer neuen, mikroglia-spezifischen Ca2+-Indikator-
Mauslinie reagierten Mikroglia überraschenderweise hauptsächlich in einer 
Hrh1-abhängigen Weise auf Histamin, während Hrh2-vermittelte Antworten 
nur in geringerm Ausmaß nachweisbar waren. Interessanterweise stellte sich 
die Hrh1-Antwort als empfindlich gegenüber Inhibitoren purinerger P2ry12-
Rezeptoren heraus. Da Hrh1 im Gehirn vorwiegend von Astrozyten exprimiert 
wird, liegt es nahe, dass die Hrh1-Antwort in Mikroglia durch eine ATP-
Freisetzung aus Astrozyten und die anschließende Aktivierung von P2ry12-
Rezeptoren in Mikroglia vermittelt wird. Histamin stimulierte auch die 
mikrogliale phagozytische Aktivität über Hrh1- und P2ry12-vermittelte Signale. 
Zusammengenommen liefert die vorliegende Arbeit Hinweise darauf, dass 
Histamin im Gehirn über astrozytäre Histaminrezeptoren und purinerge 
Signalwege indirekt auf die Ca2+ -Level der Mikroglia und deren 
phagozytische Aktivität wirkt. 
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2. Manteltext 
 
 
2.1 State of the art – research 
 
Microglia are the resident immune cells in the brain and they are classified as 
central nervous system (CNS) macrophages in terms of morphological and 
physiological functions (Hanisch and Kettenmann, 2007). In the healthy brain, 
microglia display a ramified phenotype and constantly monitor changes in the 
surrounding environment (Nimmerjahn et al., 2005). However, in response to 
pathological conditions such as inflammation or ischemia, microglia transform 
from a ramified, surveilling phenotype to an activated state which is 
characterized by morphological transformations as well as changes in 
functional behavior including phagocytosis, the release of a variety of 
substances, migration, and proliferation (Hanisch and Kettenmann, 2007, 
Kettenmann et al., 2011). Microglia play an important role in supporting, 
nourishing, protecting and repairing the CNS in development and under 
physiological conditions, and they are involved in different brain diseases 
(Wolf et al., 2017). Activation of microglia upon changes in brain homeostasis 
is a complex process involving multiple stimuli and multiple membrane 
receptors. Microglia also express receptors for neurotransmitters, such as 
GABA, acetylcholine and histamine (Pocock and Kettenmann, 2007, 
Kettenmann et al., 2011, Pannell et al., 2016). These receptors not only 
modulate microglial physiology but also suggest their potential involvement in 
regulation of neurogenesis, synaptic development and synaptic plasticity, and 
have a regulatory effect on chronic brain inflammation, neurodegenerative 
diseases and mental disorders (Kettenmann et al., 2011).  
Histamine is a biologically active amine substance. In the peripheral system, it 
can regulate many physiological processes such as allergic reactions, gastric 
acid secretion, and itching (Thangam et al., 2018). In the central nervous 
system, histamine is synthesized by the neurons which expressing l-histidine 
decarboxylase (HDC). These neurons are located in the tuberomamillary 
nucleus (TMN) and send axonal projections towards essentially all brain 
regions (Haas and Panula, 2003, Panula and Nuutinen, 2013). Histamine 
neurons are pacemakers and exhibit regular spontaneous discharge patterns 
at low frequency, this is related to the sleep/wake rhythm with upregulation of 
histamine release during wakefulness (Vitrac and Benoit-Marand, 2017). 
Abnormal brain histamine release is increasingly recognized as a potential 
cause of brain pathology such as Alzheimer’s disease, Huntington’s disease, 
Parkinson’s disease, narcolepsy and drug addiction (Panula and Nuutinen, 
2013). The effect of histamine is mediated by the downstream signals of the 
four mammalian histamine receptor subtypes (Hrh1-Hrh4), the four subtypes 
are Gαq (Hrh1), GαS (Hrh2) or Gαi (Hrh3 and Hrh4) protein-coupled receptors. 
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Recent transcriptomic and proteomic studies suggest that Hrh1-Hrh3 are 
clearly expressed in the central nervous system, whereas Hrh4 expression is 
not sure (Juric et al., 2016, Zhang et al., 2014). The main subtype in the brain 
is Hrh3 which is mainly expressed by neurons and which regulates the 
release of various neurotransmitters such as GABA and acetylcholine from 
neurons (Passani et al., 2000), Hrh1 and Hrh2 are also expressed at low 
levels in neurons. However, previous gene expression researches and 
functional studies indicate that these isoforms are more likely regulators of 
glial function (Zhang et al., 2014). In particular, Hrh1 is the most abundant 
subtype in astrocytes (Jung et al., 2000), adjust various physiological and 
pathological activities of astrocytes according to changes in brain histamine 
levels, including energy metabolism, neurotransmitter clearance, neurotrophic 
activity and immune response (Juric et al., 2016). 
Calcium (Ca2+) is an ubiquitous intracellular messenger which is involved in a 
wide range of microglia functions. Many features of microglia have previously 
been shown to be related to intracellular Ca2+ pathways. One major Ca2+ 
signaling cascade in microglial cells is via Inositol 1,4,5-triphosphate (InsP3)-
gated Ca2+ release from InsP3 receptors located on the endoplasmic reticulum 
(ER). InsP3 is generated by phospholipase C (PLC) which activity is controlled 
by G protein-coupled receptors (GPCRs). In addition, microglia express a 
wide selection of membrane-bound Ca2+ channels, allowing Ca2+ to enter the 
cytosol directly from the extracellular space. The summary of the Ca2+ 
signaling in microglia is shown in Figure 1 (Kettenmann et al., 2011). 
 
 
 

 
 
Figure 1. Calcium signaling in microglia. The main calcium signaling cascades in 
microglial cells are represented by 1) InsP3-induced Ca2+ release from the ER. The InsP3 is 
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generated by PLC coupled with multiple G protein-coupled receptors (GPCR). Depletion of 
the ER Ca2+ store activates the store-operated channels (CRAC) which are likely to be 
formed through interactions between STIM1/Orai proteins. 2) Ca2+ influx through P2X7 and/or 
P2X4 receptors constitutively expressed in microglia. The extrusion of Ca2+ from the cytosol is 
accomplished by 1) Ca2+ uptake into the ER via sarco(endo)plasmic reticulum Ca2+-ATPases 
(SERCA); 2) Ca2+ accumulation in mitochondria through Ca2+-selective uniporters, and 3) 
Ca2+ extrusion to the extracellular space by plasmalemmal Ca2+-ATPase (PMCA) and 
Na+/Ca2+ exchangers (NCX). Figure adapted from Kettenmann et al., 2011. 
 
 
 
Microglial intracellular Ca2+ can be regulated by various GPCR including 
those for neurotransmitters (Inoue, 2002, Moller, 2002, Farber, Kettenmann, 
2006 and Kettenmann 2011). Increases in intracellular Ca2+ are closely 
related to microglial functions including the release of pro-inflammatory, anti-
inflammatory and nutrient factors (Inoue, 2002).  
The first evidence of a microglial response to histamine receptor activation 
was demonstrated via Ca2+ imaging on primary cultured rat microglia (Bader 
et al., 1994) and later confirmed on primary cultured and freshly isolated 
mouse microglia (Pannell et al., 2014). More recent studies report also the 
involvement of histamine on microglial functions like phagocytosis. However, 
there is still a quite diverse and partially controversial picture of histamine 
action, microglial Hrh expression and its functional impact (Rocha et al., 2016, 
Iida et al., 2015, Apolloni et al., 2017). However, all these data were mainly 
obtained from in vitro experiments. Currently, little is known about the calcium 
signaling of microglia in situ or in vivo. 
The present study aims to use a novel microglia-specific Ca2+ indicator mouse 
model to investigate microglial Ca2+ elevations upon histamine and Hrh-
specific agonists in the different brain regions. We provide evidence for 
functional Hrh2, but not Hrh1, Hrh3 or Hrh4 expression on microglia and 
identified that astrocytes communicate with microglia via purinergic signaling 
upon Hrh1 stimulation.  
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2.2 Methodology 
 
 
In the current study, to perform live cell Ca2+ imaging on microglia in vitro, I 
acutely isolated microglia using magnetic-activated cell sorting (MACS) to 
prepare freshly isolated microglia as described previously (Nikodemova and 
Watters, 2012). Briefly, to obtain the isolated microglia, adult C57BL/6 mice 
were perfused using an ice-cold PBS solution under deep anesthesia, after 
decapitation, the brains were extracted and placed on ice with HBSS after 
removal of the cerebellum and the olfactory bulbs. Only the cortex was 
dissected and homogenized into Miltenyi Biotec adult brain Dissociation Kit 
(Trypsin), and then dissociated in the gentleMACS Octo Dissociator for 30 min. 
After the resuspended pellets were passed through a MACS smart strainer 
(70 μm), the single cell suspension was resuspended in ice-cold debris 
removal solution (Miltenyi Biotech). a layer of PBS was applied on top and 
centrifuged at 3000g, 4°C full brake and full acceleration. Labeled CD11b-
positive cells were collected through large-sized MACS columns (Miltenyi 
Biotech, Bergisch Glabdach, Germany). Then acutely isolated microglial cells 
were plated on glass coverslips. After 2h, adhered microglia were incubated 
for 40 min with 5 µM Fluo-4/AM (Invitrogen, Carlsbad, CA) in standard 
extracellular solution (150 mM NaCl, 5.4 mM KCl, 0.98 mM MgCl2, 1.97 mM 
CaCl2, 10 mM HEPES and 10 mM glucose; pH 7.4) at room temperature.  
For in situ recordings, acute cortical brain slices from adult male and female 
C57BL/6, Csf1R-2A-GCaMP6m or Csf1R-2A-mCherry-2A-GCaMP6m mice 
(P40 - P90) were prepared as previously described (Boucsein et al., 2003). 
Briefly, adult mice were sacrificed by cervical dislocation. the brains were 
extracted directly and immediately removed the cerebellum and the olfactory 
bulbs, then transferred to mount on a metal disc with ice-cold slicing solutions 
(230 mM sucrose, 26 mM NaHCO3, 2.5 mM KCl, 1.25 mM NaH2PO4, 10 mM 
MgSO4, 0.5 mM CaCl2, 10 mM D-glucose; pH 7.4; saturated with carbogen: 
95% O2, 5% CO2). Coronal sections with the thickness of either 140μm for 
phagocytosis assay or 250μm for Ca2+ imaging were cut with a vibratome 
(Microm HM 650V, Thermo Fisher Scientific, Massachusetts, U.S.A.). Slices 
containing the regions of interest (cortex, corpus callosum, hippocampus, 
striatum and thalamus) were obtained. Acute brain slices from Csf1R-2A-
GCaMP6m mice were maintained in carbogenized artificial cerebrospinal fluid 
(ACSF) at RT, while slices (250 µm) from C57/Bl6 mice were generated and 
loaded with 10 µM Fluo4/AM for 1h at 37°C to stain astrocytes. To 
demonstrate the fluo4-labelled slice preparations in which the Ca2+ indicator 
dye is exclusively taken up by GFAP+ cells, we have included acute brain 
slices from GFAP-RFP transgenic mice were labeled with Fluo4-AM. 
Coverslips or brain slices were transferred into a recording chamber 
constantly perfused with standard extracellular solution (isolated microglia) or 
carbogenized ACSF (brain slices). In each slice, I recorded a specific area 
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using Ca2+ imaging, including cortex, corpus callosum, hippocampus, striatum 
and thalamus. Each brain slice/coverslip was first examined using a 5X 
objective and bright field illumination. For Ca2+ recordings, I used a 20X 
objective (Carl Zeiss Microscopy GmbH, Jena, Germany), a Zyla 5.5 camera 
(Oxford Instruments, Belfast, UK), a light-emitting diode illuminator (pE-4000, 
CoolLED, Andover, UK) and a standard EGFP filter set. An EPC9 amplifier 
(HEKA, Lamprecht, Germany) and TIDA 5.25 software (Heka) were used to 
trigger fluorescence excitation and image acquisition. During Ca2+ recording 
experiments, pictures were taken at a frequency of 1 frame per second and 
an exposure time of 100 ms. After the substance application, the slice were 
washed out for 4-5 minutes with ACSF, followed by the application of ATP 
(1 mM) for 60 s as positive control. Calcium imaging movies were analyzed 
using a home-made algorithm in Igor Pro 6.37 (WaveMetrics, Lake Oswego, 
USA). For analysis, we selected the cell somata as ROIs that were visible in 
the presence of ATP at the end of each experiment, and determined the mean 
relative fluorescent intensity of each ROI and frame to show changes in Ca2+ 
levels for each cell. Therefore, only microglia or astrocytes with ATP reactions 
are included in subsequent analysis. Intracellular Ca2+ elevations were 
counted as “responsive” upon application of a substance when microglial Ca2+ 
response amplitudes exceeded three times the SD or astrocytes Ca2+ 
response amplitudes exceeded five times the SD of the baseline. We 
calculate the response of each slice on average to get one "n" for the 
subsequent statistic. For the analysis of amplitudes and kinetics of microglial 
Ca2+ responses, we used all “responding” events and excluded non-
responders. 
To study the effect of brain histamine on microglia at a more functional level, 
we tested if and how microglia phagocytosis is modulated by histamine. 
Phagocytosis assay in acute cortical or thalamic brain slices was conducted 
as previously described (Wendt et al., 2017). After the generation of 140 µm 
thick coronal or thalamic slices from C57/Bl6 mice, slices were incubated in 
ACSF constantly gassed with carbogen (95% O2/ 5% CO2) for 2 hours at RT, 
and subsequently incubated at 37°C for 1 h with latex beads (4.5 µm diameter, 
Polysciences Europe GmbH) and histamine or isoform-specific agonists and 
antagonists, then washed intensively with 0.1 M PBS (3 x 20 min) and 
subsequently fixed with 4% paraformaldehyde (PFA) for 1 h. After washing 
with phosphate-buffered solution (PBS), slices were incubated in a 
permeabilisation buffer (2% Triton X-100, 2% bovine serum albumin, 10% 
normal donkey serum) in 0.1 M PBS (pH 7.4) for 4 h, and then overnight with 
the goat anti-Iba1 antibody (1:600; clone 5076 abcam) in dilution buffer (1:10 
of permeabilisation buffer in 0.1 M PBS) at 4°C. On the next day, the slices 
were incubated with the secondary antibody donkey anti goat Alexa Fluor 647 
(1:250; Dianova) for 2 hours. Finally, after washing, the slices were mounted 
with Aqua Polymount mounting medium on glass slides.  
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Microglia volumes and bead numbers were calculated using Imaris 6.3.1 
(Bitplane, Zürich, Switzerland). The Iba1-positive volumes z-stack images 
from confocal microscopy (Leica TCS SPE; 20× oil-immersion objective) were 
3D-rendered by application of Imaris-internal threshold value of 40 AU, and by 
a background subtraction (Imaris-internal parameters: 1-3 times, ~90 µm 
each), Beads were detected as spots and counted automatically (“Split into 
surface object” plugin), All beads having their center located within a given 
rendered Iba1 volume were considered to be phagocytosed by microglia. The 
phagocytic index was calculated by the following equation: 
 

Iba1

4
PM

V
10*n=index Phagocytic  

 
nPM is the total number of phagocytosed microspheres and VIba1 is the Imaris-
rendered volume of Iba1 fluorescence in μm3. 
The cell type-specific expression of Hrh isoforms and the brain region-specific 
microglial RNAseq dataset at different ages were obtained from the website 
www.brainrnaseq.org and GEO site GSE62420. For Hrh and P2ry12 
expression in single microglia, we utilized the online tools on https://tabula-
muris.ds.czbiohub.org/ and exported the resulting plots. 
All data are given as median ± 25%/75% percentile or mean ± SEM. 
Statistical significance was tested by the Kruskal-Wallis followed by a Dunn’s 
multiple comparison test using Graphpad Prism 7.04. Statistical significance 
levels are given by n.s.: p>0.05; *: p < 0.05; **: p < 0.01; ***: p < 0.001. 
 
A detailed description of all methods applied for this study can be found in the 
materials and methods section of Xia et al. (2021). 
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2.3 Essential new results 
 
 
Xia et al demonstrated for the first time that histamine acts indirectly on 
microglial Ca2+ levels and phagocytic activity via astrocyte histamine receptor-
controlled purinergic signaling. 
Previous studies from our group revealed that primary cultured microglia and 
freshly isolated microglia functionally express histamine receptors. First, we 
investigated freshly isolated microglia, and the percentage of microglia 
responding to histamine (5.88 ± 2.98/8.00%; n = 502 cells; 15 coverslips; 4 
mice) was significantly higher than spontaneous Ca2+ elevations (p = 0.0021). 
Additionally, there are four known histamine receptor isoforms (Hrh1-4) in the 
mammalian genome (Passani et al., 2000). We used Hrh isoform-specific 
agonists to identify the receptor isoform responsible for microglial histamine 
responses. Isolated microglia only responded to Hrh2-specific agonist 
amthamine (4.17 ± 2.38/11.83%; n = 1345 cells; 25 coverslips; 7 mice), there 
was also no response to Hrh1, Hrh3 and Hrh4 activation (Figure2A, B from 
Xia et al., 2021).  
Microglia Ca2+ recordings in situ were performed by using a novel transgenic 
Ca2+ indicator mouse model (Csf1R-2A-GCaMP6m), histamine and Hrh 
isoform-specific agonists. Our data indicate the proportion of microglia 
response to histamine in cortex (12.1 ± 5.3/20.0%; n = 747 cells; 45 
recordings; 11 mice) and thalamus (25.0 ± 11.9/45.8%; n = 253 cells, 37 
recordings, 12 mice). Next we used Hrh1 and Hrh2 isoform-specific agonists 
to identify the receptor isoform responsible for microglial histamine responses. 
Cortical microglial Ca2+ elevations upon histamine in situ were evoked mainly 
through Hrh1 as demonstrated by using Hrh1 isoform-specific agonists 
(13.4 ± 0.0/25.6%; n = 184 cells, 24 recordings, 4 mice) and Hrh2 isoform-
specific agonists (4.6 ± 0.0/17.1%; n = 184 cells, 24 recordings, 4 mice) 
(Figure2C, D from Xia et al., 2021). Like in cortex, there was also a significant 
portion of microglia responding to the Hrh1 (18.2 ± 9.6/34.1%; n = 396 cells, 
43 recordings, 6 mice) and Hrh2 (13.4 ± 8.3/19.6%; n = 354 cells, 34 
recordings, 6 mice) in thalamus. Taken together, both in cortex and thalamus, 
Hrh1 resulted being more predominantly involved on microglial histamine 
responses. These findings were in contrast with the results from isolated 
microglia where the Hrh2 was observed as the only microglia-intrinsic 
histamine receptor. It suggests that the microglia Hrh1-mediated response 
could be indirect and mediated by another cell type. A meta-analysis of 
several data sets revealed that indeed Hrh2 is the predominant isoform in 
microglia whereas Hrh1 is mainly expressed by astrocytes (Zhang et al., 
2014). Astrocytic cells could be then a potential source of signaling 
substances that are released in a histamine (Hrh1)-dependent fashion and 
then sensed by microglia. 
Astrocytic Ca2+ level changes in response to histamine and Hrh isoform-
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specific agonists were investigated in situ by loading brain slices from C57/Bl6 
mice with the Ca2+ indicator Fluo4/AM which is taken up mainly by astrocytes. 
To demonstrate this Fluo4/AM labeling specificity, the acute brain slices from 
GFAP-RFP transgenic mice were labelled with Fluo4-AM displayed that 88.6 ± 
6.6% of the RFP+ cells were labelled with Fluo4, and 95.9 ± 3.9% of the fluo4-
labelled cells were positive RFP+. We therefore conclude that most of the 
Fluo4-labelled cells in our slices are astrocytes. 
The result of cortical astrocytic Ca2+ level changes in response to histamine 
was 76.5 ± 52.5/87.9% (n = 143 cells; 11 recordings, 3 mice). Hrh isoform-
specific agonists in situ suggested that Hrh1 is the dominant histamine 
receptor isoform in cortical astrocytes (80.0 ± 66.7/88.9%; n = 124 cells, 
10 recordings, 3 mice). The astrocytic response rate upon the Hrh2 agonist 
amthamine was only 6.5 ± 0.0/20.5% (n = 129 cells; 11 recordings, 3 mice). 
Like in cortex, there was a significant portion of astrocytes in thalamus 
responding through Hrh1 (60.0 ± 39.7/79.7%; n = 133 cells, 13 recordings, 
4 mice), but not through Hrh2 (0.0 ± 0.0/0.0%; n = 147 cells, 16 recordings, 
4 mice). Taken together, astrocytes express functional Histamine receptors in 
cortex and thalamus, Hrh1 is the major histamine receptor isoform expressed 
intrinsically in astrocyte cells and mediates Ca2+ responses upon histamine 
stimulation. Thus, astrocytes could be potential sources of a Hrh1-dependent 
secondary signaling towards microglial receptors.  
Previous studies have detected functional purinergic in microglia, and ATP-
mediated intercellular communication is a mechanism by which astrocytes 
communicate and modulate the activity of microglia, thus suggesting that 
astrocytic Ca2+ elevations can be followed by ATP release may act in 
astrocyte-to-microglia communication which induced subsequent microglial 
Ca2+ responses (Schipke et al., 2002, Verderio and Matteoli, 2001). Our 
above results indicate that astrocytes but not microglia respond to Hrh1 
isoform-specific agonist in situ. In an attempt to test for the hypothesis that the 
histamine-evoked Ca2+ elevations in microglia were a consequence of Hrh1 
stimulation in astrocytes and ATP release, we tested the involvement of 
P2ry12 which has been identified as the predominant metabotropic purinergic 
receptor in microglia and uniquely expressed by microglia in the brain. The 
blockade of P2ry12 by AR-C69931 (P2ry12 antagonist) significantly reduced 
the cortical microglia responses to histamine to levels indistinguishable from 
baseline activity (2.70 ± 0/3,72%; n = 590 cells, 23 recordings, 4 mice, p = 
0.0012, Figure2E, F from Xia et al., 2021). Histamine responses were also 
reduced by the presence of AR-C69931 in thalamic microglia 
(12.0 ± 4.6/16.9%; n = 393 cells, 20 slices and 4 mice) which was reduced 
compared to the only histamine application (25.0 ± 11.9/45.8%). These data 
suggest that ATP is the messenger that causes cortical microglial Ca2+ 
responses upon histamine application and the purinergic signaling is involved 
in intercellular signaling between astrocytes and microglial cells.  
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Furthermore, to study the effect of brain histamine on microglia phagocytosis, 
we incubated the acute brain slice from adult C57BL/6J mice (P40-P90) for 60 
min with latex beads, and subsequent staining for microglia with goat anti-
Iba1. Confocal imaging and 3D reconstruction were used to count the number 
of beads incorporated into a 3D-rendered Iba1-labeled (microglia) volume. 
Our data demonstrate that histamine significantly enhanced microglial 
phagocytosis (2.87 ± 2.14/3.87; n = 90 VF) as compared to baseline activity 
(1.65 ± 0.93/2.47; n = 54 VF, p < 0.0001) in cortex. Comparing the number of 
microglial cells incorporating with beads, our data revealed that histamine 
increased the number of phagocyting cells (1 beads: 12.3 ± 0.7 and 6.7 ± 0.6 
microglia/VF; 2 beads: 1.6 ± 0.3 and 4.4 ± 0.4 microglia/VF; 3 beads: 0.5 ± 
0.1 and 1.6 ± 0.2 microglia/VF; 4 beads: 0.1 ± 0.1 and 0.7 ± 0.1 microglia/VF, 
respectively, p < 0.0001). Interestingly, the histamine-induced increase in 
phagocyting microglia was 9.2 ± 0.4%, and, thus, in a similar range like 
histamine-responding microglia in Ca2+ imaging experiments. Next we used 
Hrh isoform-specific agonists to identify which receptor isoform responsible for 
the histamine-induced stimulation of microglial phagocytosis, and that 
histamine stimulates microglial phagocytosis via Hrh1 (3.24 ± 2.38/3.77; 
n = 34; p < 0.0001), but not by Hrh2 (1.25 ± 0.48/1.93; n = 33 VF; p > 0.9999), 
Hrh3 (1.67 ± 0.58/2.01; n = 28 VF; p = 0.0357) or Hrh4 (1.86 ± 1.41/2.26; 
n = 15 VF; p =1.1873) activation. We further verified these results by blockade 
of Hrh1. Cortical slices were incubated with histamine and Hrh1 specific 
antagonist which blocked the histamine-induced stimulation of phagocytosis 
(1.45 ± 0.73/1.81; n = 44 VF; p > 0.9999). We also tested whether putatively 
secondary purinergic signal affects microglial phagocytic activity. The 
stimulating effect of histamine was completely abolished by the P2ry12 
blocker AR-C69931 (0.7 ± 0.28/1.61; n = 45 VF). Similarly, in the presence of 
the P2ry12 blocker, the Hrh1 specific agonist 2-PEA did not potentiate 
microglia phagocytic activity (0.75 ± 0.43/1.92; n = 45 VF), suggesting that 
histamine-evoked stimulation of microglial phagocytosis depends on 
microglial P2ry12. 
In conclusion, histamine acts indirectly on microglial Ca2+ levels and 
phagocytic activity via astrocyte histamine receptor-controlled purinergic 
signaling.  
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Figure 2: Histamine triggers microglial intracellular Ca2+ responses via P2ry12 and 
Hrh2.  
A. Overlay of intracellular Ca2+ responses from microglia in response to histamine (100 µM, 
left) and amthamine (Hrh2 agonist; 10 µM, right). The black trace is the average response of 
all responding cells (gray). 
B. Summary of microglia Ca2+ responses upon histamine (100 µM), 2-PEA (Hrh1 agonist; 100 
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µM), amthamine (Hrh2 agonist; 10 µM), α-methylhistamine (αMH; Hrh3 agonist; 1 µM) or 
VUF10460VUF 10460 (VUF; Hrh4 agonist; 10 µM) and under basal conditions. Note that only 
Hrh2 activation evoked microglial Ca2+ responses similar to histamine. Significance statement 
above the bars is from comparison against basal conditions. 
C. Overlay of intracellular Ca2+ responses from in situ cortical microglia responding to 
histamine, a Hrh1- (2-PEA, 100 µM) and a Hrh2- (Amthamine; 10 µM) specific agonist. Black 
traces indicate the average response of all responding cells (gray). 
D. Summary of the responding microglia from experiments shown in C, including those with 
Hrh3- (α-methylhistamine; 10 µM) and Hrh4- (VUF10460; 10 µM) specific agonists. 
E. Overlay of intracellular Ca2+ responses from in situ cortical microglia responding to 
histamine in the presence or absence of the P2ry12 inhibitor AR-C69931 (1 µM). Black traces 
indicate the average response of all responding cells (gray). Note that unlike in the other 
figures, both responding and non-responding traces are shown in these plots.  
F. Summary of the responding microglia from experiments shown in E. 
Data are presented as median ± 25%/75% percentile, Box Plots indicate the median (black 
line) as well as the 25-75% (box) and 10-90% (whiskers) percentiles. Statistical significance 
was tested by a Kruskal-Wallis test followed by Dunn’s multiple comparisons test and is 
indicated as followed: n.s., p ≥ 0.05; *, p ≤ 0.05; **, p ≤ 0.01, ***, p ≤ 0.001.  
(Figure adapted from Xia et al., 2021). 
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2.4 Further scientific questions 
 
 
The studies of Xia et al. (2021) investigated which receptors and pathways 
are involved in microglial responses upon brain histamine. We presented for 
the first time that the direct responses of microglial cells upon changes in 
histamine concentration in different brain regions, visualized by Ca2+ imaging, 
directly in a Hrh2 dependent manner and indirectly through interaction with 
astrocytes, mediated by Hrh1 signaling, ATP release from astrocytes and 
interaction with microglial P2ry12. Moreover, in a similar mechanism that 
histamine also increases phagocytic activity of microglia via Hrh1- and 
P2ry12-mediated signaling pathways in situ. 
In the cortex, we found that the majority of microglial Ca2+ level changes upon 
histamine application are indirectly mediated by Hrh1 activation on astrocytes 
which subsequently communicate with microglia via ATP/ADP and P2ry12. 
This kind of panglial communication turned out to be also responsible for the 
stimulatory effect of histamine on microglial phagocytosis. Our data therefore 
confirm the notion that neurotransmitter in the brain rarely act in a simple, 
linear manner on autonomous cells but rather initiate or modulate 
sophisticated cellular networks consisting of different cell types. 
Although microglia in situ are much more physiological than cultures, there is 
still the missing blood flow and the slicing procedure which could microglia 
shift towards a more non-physiological, activated state. However, the pathway 
we have demonstrated in the current study, depends on astrocytes that 
primarily respond to histamine via Hrh1, whereas the majority of microglia- 
responded putatively secondary- to histamine in a P2ry12-dependent fashion. 
As microglial P2ry12 expression does not seem to vary between different 
microglia preparations, it seems unlikely that results will differ largely when 
experiments were done in vivo. Furthermore, in vivo recordings require a 
huge set of material, experience and permissions from the local authorities 
which is not available at the moment. For testing microglia responses upon 
histamine under more physiological conditions, we added experiments that 
were performed at 37°C. There were no significant differences in basal or 
histamine responses when experiments were performed at 37°C compared 
with RT group. 
Notably, we also observed in the present study that a very low intrinsic 
microglial expression of Hrh2. The application of the Hrh2-specific agonist 
amthamine evoked intracellular Ca2+ elevations in both brain slices and 
freshly isolated cortical microglia in a comparable population of the cells. In 
addition, only blocking Hrh2 instead of other Hrh isoforms could inhibit the 
histamine response on isolated microglia. These findings also confirmed 
many previous transcriptomic observations on a functional level (Grabert et al., 
2016, Butovsky et al., 2014, Hickman et al., 2013, Zhang et al., 2014). It 
remains still elusive, however, which role microglial Hrh2 receptors might have 
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at physiological and non-physiological states. The treatment of acute brain 
slices with amthamine had no effect on the phagocytic activity of microglia, 
suggesting that the endogenous Hrh2 of microglia has little impact on 
controlling phagocytic activity. One possible reason could be that in healthy 
conditions the expression of Hrh2 is very low and can be ignored. However, 
microglial cells are more sensitive to histamine under disease conditions. One 
previous paper published from our group illustrated that Lipopolysaccharide 
(LPS) treatment significantly increased the response of microglia to histamine 
(Pannell et al., 2014). Another possibility could be that Hrh2 affects other 
physiological properties of microglia rather than phagocytosis, such as 
ramification (Frick et al., 2016). Also, we did not completely capture all 
microglia histamine responses by monitoring intracellular Ca2+ level changes. 
The latter case could happen if most of the membrane-accessible Hrh2 
protein was located rather in microglial processes than the soma from where 
we obtained fluorescence level changes of the transgenic GCaMP indicator.  
There have been multiple studies focusing on the effect of histamine on the 
phagocytosis of microglia. However, none of the reports focused on the 
potential intervention of neurons or astrocytes in response to microglia. Only 
one in vivo study which was carried out by Rocha et al (Rocha et al., 2016) 
investigated the relationship between histamine and microglia phagocytosis. 
They observed that stereotactic co-injection of histamine can increase the 
effect of microglia on the substantia nigra containing phosphatidylcholine 
liposomes phagocytosis, suggesting the stimulating effect of the phagocytic 
activity of microglia through histamine. These results are consistent with our 
findings, although the interaction between histamine and astrocytes has not 
been directly clarified. 
Our study revealed that microglia in different brain regions respond differently 
to histamine. Interestingly, the response of microglia is increased in brain 
regions with a larger proportion of white matter, such as the thalamus and 
corpus callosum. In the thalamus, the Hrh subtype specific activation pattern 
is similar to that in the cortex, indicating that it is not the internal expression of 
the Hrh subtype of microglia, but the communication between microglia and 
non-microglia in different brain regions that mediate the microglial response to 
histamine. It would be extremely interesting to shed light on this question.  
Histamine, as a modulatory neurotransmitter, is associated with many brain 
functions like Neuroendocrine regulation, drinking water intake regulation, 
temperature regulation, learning and memory, motor movement and 
aggressive behavior. Abnormalities in the histaminergic system are associated 
with many brain diseases like Alzheimer's disease, epilepsy, Parkinson's 
syndrome, and ischemic brain disease. Microglia are involved in many 
physiological and almost all pathological processes of the central nervous 
system, and their ability to adjust or stimulate histaminergic systems through 
astrocytes and purinergic pathways may have important effects on their 
behavior. Therefore, we conclude that histamine-related processes in the 
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brain may be related to the activity of microglia through the purinergic pathway, 
this unexpected connection between astrocytes and microglia may be critical 
to the development of new immuno-related therapies in the future. 
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Suppl. Figure 1. Microglial expression of histamine receptor isoforms - a meta-analysis 

A. Metadata analysis from the bulk sequencing data set provided by Zhang et al. (2014). 

Neurons, astrocytes, oligodendrocytes (myelinating) and microglia were isolated by cell 

dissociation from whole mouse brain and subsequent FACS sorting using CD45 antibodies. 

Transcriptomics were assessed using an Illumina HiSeq 2000 Sequencer. Note that Hrh1 is 

predominantly expressed in astrocytes; Hrh2 in microglia and Hrh3 in neurons, whereas 

there was no apparent expression of Hrh4 in brain cells.  

B. Metadata analysis from the bulk sequencing data sets provided by Grabert et al. (2016). 

Microglia were isolated by FACS sorting (CD11b, CD45, F4/80) of dissociated brain cells from 

different brain regions at different ages. Note that only Hrh2 was detected in microglia from 

all investigated regions and ages. 

C. Metadata analysis from data sets provided by the Tabula Muris consortium (2018). Single 

cell transcriptomic data were performed by mouse brain dissociation and subsequent FACS 

sorting for CD11b, CD45 and Tmem119 and by using a NovaSeq 6000 Sequencing System 

(Illumina). Note that Hrh2 is the only histamine receptor isoform detected in microglial cells. 
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Suppl. Figure 2. Histamine acts on microglia throughout the brain  

A. Overlay of intracellular Ca2+ responses from histamine-responding microglia in 

hippocampus, striatum, thalamus and corpus callosum. The black traces indicate the average 

response of all responding cells (gray). 

B. Summary of the percentage of histamine-responding microglia in different brain regions. 
Data are presented as box plots which indicate the median (black line) as well as the 25-75% 
(box) and 10-90% (whiskers) percentiles. Statistical significance was tested by a Kruskal Wallis 
test followed by Dunn’s multiple comparisons test and is indicated as followed: n.s., p ≥ 0.05; 
*, p ≤ 0.05; **, p ≤ 0.01, ***, p ≤ 0.001. Number of mice/slices/cells: N(Cortex) = 15/45/747; 
N(hippocampus) = 10/46/320; N(striatum) = 12/39/238; N(thalamus) = 13/47/613; N(corpus 
callosum) = 12/36/323. 
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Suppl. Figure 3. Microglial histamine responses in thalamus originate from histamine 

receptors Hrh1 and Hrh2 

A. Overlay of intracellular Ca2+ responses from in situ thalamic microglia responding to 

histamine and the Hrh1- (2-PEA, 100 µM) and Hrh2- (Amthamine; 10 µM) specific agonists. 

Black traces indicate the average response of all responding cells (gray). 

B. Summary of the percentage responding microglia from experiments shown in C, including 

those with Hrh3- (α-methylhistamine; 10 µM) and Hrh4- (VUF 10460; 10 µM) specific 

agonists. 

C. Overlay of intracellular Ca2+ responses from thalamic microglia responding to histamine 

(100 µM) in the presence of subtype-specific Hrh receptor antagonists. Black traces indicate 

the average response of all responding cells (gray). Cetirizine (10 µM), tiotidine (10 µM) and 

carcinine (10 µM) are specific inhibitors of Hrh1, Hrh2 and Hrh3, respectively. 

D. Summary of the percentage responding microglia from experiments shown in A. Data are 

presented as mean ± SEM. The following subtype-specific agonists were tested: Hrh1, 

cetirizine (10 µM); Hrh2, tiotidine (10 µM); Hrh3, carcinine (10 µM).  

Data are presented as box plots which indicate the median (black line) as well as the 25-75% 

(box) and 10-90% (whiskers) percentiles. Statistical significance was tested by a Kruskal Wallis 

test followed by Dunn’s multiple comparisons test and is indicated as followed: n.s., p ≥ 0.05; 

*, p ≤ 0.05; **, p ≤ 0.01, ***, p ≤ 0.001. Number of mice/slices/cells: N(basal) = 39/229/2250; 

N(histamine) = 13/47/613; N(2-PEA) = 6/43/396; N(amthamine) = 6/34/354; 

N(αMH) = 6/34/223; N(VUF) = 6/37/275; N(histamine+cetirizin) = 5/32/244; 

N(histamine+tiotidine) = 6/38/425; N(histamine+carcinine) = 6/40/358. 



 

47 
 



 

48 
 

Suppl. Figure 4. Stimulation of phagocytosis by histamine: estimation of the microglia 

number  

Histogram showing the number of cortical (A) or thalamic (B) microglia per scanned view 

field with 1 or more incorporated beads. Control (white) and histamine (100 µM; black) 

conditions are compared. Inset shows the percentage of phagocyting microglia in relation to 

all microglia (i.e. including those without incorporated beads) at the two different conditions.
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Suppl. Figure 5. Microglial phagocytosis in the thalamus is stimulated by histamine via 

Hrh1 and P2ry12 

A. Top, Representative confocal image of Iba1-stained thalamic microglia (red) together with 

latex beads (blue) performed on brain slices from an adult WT male mouse. Bottom, 3D 

reconstruction of Iba1-positive microglia is shown with automatically counted phagocytosed 

beads (shown in red). Scale bars: 50/20 µm. 

B. Comparison of phagocytic activity of cortical microglia under control conditions (white), in 

the presence of histamine (black), in the presence of the subtype-specific histamine receptor 

agonists 2-PEA (Hrh1; 100 µM gray) or amthamine (Hrh2; 10 µM; gray) or in the presence of 

histamine plus the subtype-specific histamine receptor antagonists cetirizine (Hrh1; 10 µM; 

black) or tiotidine (Hrh2; 10 µM; black). Phagocytic index indicates the number of 

incorporated beads per Iba+ volume (see material and methods).  

C. Effect of P2ry12 blockade (1 µM AR-C69931) on microglial phagocytic activity under 

control and under histamine (100 µM)-stimulating conditions. 

Data are presented as box plots which indicate the median (black line) as well as the 25-75% 

(box) and 10-90% (whiskers) percentiles. Statistical significance was tested by a Kruskal Wallis 

test followed by Dunn’s multiple comparisons test and is indicated as followed: n.s., p ≥ 0.05; 

*, p ≤ 0.05; **, p ≤ 0.01, ***, p ≤ 0.001. Number of mice/slices: N(Ctrl) = 2/36; 

N(histamine) = 2/33; N(2-PEA) = 2/36; N(amthamine) = 2/36; N(hitamine+cetirizin) = 3/34; 

N(histamine+tiotidine) = 2/36; N(ARC) = 2/36; N(histamine+ARC) = 2/36. 
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Suppl. Figure 6. Slice incubation with Fluo4 loads mainly GFAP+ cells. 

A. Top, Representative confocal images of a Fluo4-labelled, cortical brain slice from a GFAP-

RFP mouse at 488 nm (left) and 555 nm (middle) excitation wavelengths and the overlay of 

the two (right). Slices were incubated with 10 µM Fluo4 for 30-40 min at 37°C and 

subsequently washed for 60-120 min in ACSF at room temperature. Note that only RFP+ cells 

took up Fluo4, and that there were only few RFP+ cells with no Fluo4 labelling. Scale bars: 

50 µm. 

B and C. Quantification of the Fluo4 labeling of GFAP-RFP. The majority of GFAP+ cells were 

labelled with Fluo4 (B). Nearly all Fluo4-labelled cells were positive for GFAP (C). Each dot 

represents the percentage of GFAP+/Fluo4+ cells from one view field. We analyzed 25 view 

fields from 12 slices and 3 adult animals. 
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Suppl. Figure 7. Cortical astrocytes and microglia respond differentially to histamine  

A and B. Recording from an adult cortical brain slice of a Csf1R-2A-mCherry-2A-GCaMP6m 

mouse which was loaded and labelled with Fluo4. Left images (red) show microglia by their 

transgenic mCherry expression at the beginning of the experiment. Middle images are 

background-subtracted Fluo4/GCaMP6m signals evoked by 100 µM histamine (A) or 1 mM 

ATP (B) Right images present an overlay of the mCherry and Fluo4/GCaMP6m channels. Note 

that mCherry+ cells only sparsely responded to histamine whereas most of the mCherry- 

cells displayed Ca2+ elevations (upper panels), consistent with the different response rates of 

microglia and astrocytes. Scale bar represents 50 µm.  

C and D. Traces on the right show the overlay of intracellular Ca2+ responses from cortical 

histamine-responding, mCherry+ (C) or mCherry- (D) cells. Black traces indicate the average 

response of all responding cells (gray). On the right, the percentage of histamine responding 

cells is summarized. Box plots indicate the median (black line) as well as the 25-75% (box) 

and 10-90% (whiskers) percentiles. Statistical significance was tested by a Kruskal Wallis test 

followed by Dunn’s multiple comparisons test and is indicated as followed: n.s., p ≥ 0.05; *, 

p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. Number of mice/experiments/cells: N(Cx basal, 

mCherry+) = 4/12/160; N(Cx histamine, mCherry+) = 4/12/160; N(Cx basal, mCherry-

) = 4/14/158; N(Cx histamine, mCherry-) = 4/14/158. 
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