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A B S T R A C T   

Aims: Microglia survey the brain environment by sensing alarm signals to provide the first line of defense against 
injury or infection after which they acquire an activated phenotype, but they also respond to chemical signals 
sent from brain mast cells, sentinels of the immune system, when these are degranulated in response to noxious 
agents. Nevertheless, excessive microglia activation damages the surrounding healthy neural tissue causing 
progressive loss of neurons and inducing chronic inflammation. Thus, it would be of intense interest the 
development and application of agents which prevent mast cell mediator release and inhibit the actions of such 
mediators once released on microglia. 
Main methods: Fluorescence measurements of fura-2 and quinacrine were used to measure intracellular Ca2+

signaling and exocytotic vesicle fusion in resting and activated microglia. 
Key findings: We show that treatment of microglia with a cocktail of mast cell mediators induces microglia 
activation, phagocytosis, and exocytosis, and reveal by the first-time microglia undergo a phase of vesicular 
acidification just before the exocytotic fusion occurs. This acidification is an important process for vesicular 
maturation and contributes with ~25 % to the content that the vesicle can store and later release by exocytosis. 
Pre-incubation with ketotifen, a mast cell stabilizer and H1R antagonist completely abolished histamine- 
mediated calcium signaling and acidification of microglial organelles, and concomitantly reduced the 
discharge of vesicle contents. 
Significance: These results highlight a key role for vesicle acidification in microglial physiology and provide a 
potential therapeutic target for diseases related to mast cell and microglia-mediated neuroinflammation.   

1. Introduction 

Microglial cells are resident tissue macrophages of the CNS and 
function as the first defense in the brain. These cells are characterized by 
the presence of dense branching processes and scan the neighboring 
microenvironment for extracellular threats. Once a danger signal is 
detected, they are activated by dramatically changing their morphology, 
migrating to the site of the injury, and proliferating [1,2]. In addition, 
they phagocytose dying cells, eliminate threatening agents and other 
debris, and/or secrete inflammatory and trophic factors to maintain 
homeostasis and neuronal survival. However, when overactivated in 
severe injury or neurodegenerative diseases, microglia cells acquire a 
neurotoxic role, releasing harmful molecules such as interleukin (IL)-1β, 
IL-6, TNF-α, nitric oxide, reactive oxygen species (ROS) and contribute 
to the progression of neurodegeneration and inflammation [3,4]. 

Therefore, modulation and inhibition of microglial overactivation may 
provide a therapeutic target to improve the treatment of neurodegen
erative diseases. 

Mast cells (MCs), known for their role in allergic diseases, reside 
close to microglia and neurons in the CNS [5,6] and their presence in
crease under pathophysiological conditions, such as in Alzheimer’s 
disease [7,8], responding to injurious stimuli faster than microglia [9]. 
MCs store numerous pro-inflammatory mediators, such as histamine, in 
secretory granules and can secrete them upon activation [10,11]. MC 
degranulation can directly induce microglia activation with the subse
quent production of ROS and pro-inflammatory factors and can aggra
vate LPS-induced neuroinflammation [12,13]. Furthermore, activated 
brain MCs contribute to postoperative cognitive dysfunction by evoking 
microglial activation and neuronal apoptosis [12]. Otherwise, stabili
zation of MCs by cromolyn inhibits LPS-induced neuroinflammation and 
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memory impairment [14] and improves long-term cognition [15]. 
Therefore, inhibition of MC activation should also be neuroprotective. 

MC dependent microglial activation is largely mediated by histamine 
[12,16,17]. Histamine induces microglia activation and dopaminergic 
neuronal toxicity by activating the H1 receptor [18] and triggers 
microglial phagocytosis and ROS production through histamine receptor 
H1R and H4R activation. Antagonists of H1R have beneficial effects 
against microglia-mediated oxidative stress and neurotoxicity [18,19]. 
However, it is unknown how histamine-mediated activation of microglia 
affects the exocytotic release of secretory vesicles, which is a crucial 
process that determines the secretion of different cytokines, chemo
kines, and other soluble factors that build up and maintain the inflam
matory response [20]. 

Ketotifen is a MC stabilizer and H1R receptor antagonist [21]. While 
it inhibits MC degranulation may also prevent the direct effect of his
tamine on microglial activation. In this work, we examine the role of the 
H1R in both resting and activated microglia and find that ketotifen could 
reverse microglial overactivation. This investigation demonstrates that 
regulation of the pH of secretory vesicles in microglia may represent a 
novel mechanism that contributes to modulation of inflammatory 
mediator secretion and reveals an unsuspected effect of ketotifen to 
diminish the acidification of the secretory organelles and the discharge 
of the vesicle content. 

2. Materials and methods 

2.1. Microglia culture 

Regular primary mixed glia cultures were prepared from the cerebral 
cortices of newborn Wistar rats (P2-P4) which were subjected to me
chanical dissociation as described [17]. All procedures were approved 
by the Institutional Committee of the University of Seville for the Care 
and Use of Animals. Animal handling was carried out in accordance with 
Directives 86/609/EEC and 2010/63/EU for the Care and Use of Lab
oratory Animals. Briefly, after filtering cells through a filter nylon mesh 
of 100 μm, the cells obtained were seeded in Dulbecco’s modified Ea
gle’s medium (DMEM)/F12 with 20 % of inactivated foetal bovine 
serum (FBS, Hyclone) at a density of 300,000 cells/ml on 15 mm- 
diameter cover glass and maintained at 37 ◦C in a humidified atmo
sphere of 5 % CO2/95 % air. Culture medium was replaced after 5 days 
in vitro (DMEM/F12 and 10 % inactivated FBS) and changed every 3 
days. The cultures showed a heterogeneous population of cells mainly 
composed of microglia and astrocytes (performing of mild trypsinization 
procedure for microglial enrichment was avoided, as we observed it 
promotes in vitro activation of microglia). The coverslips that showed a 
higher density of isolated microglia were selected according to 
morphological criteria. The morphological selection of cells was corre
lated with iba-1 staining, a selective marker of microglia. Cells were 
used between 14 and 21days in culture. Cells with more than three 
extensions were selected as ramified microglia. 

2.2. Cocktail of mast cell mediators 

A cocktail of MC mediators (Mast cell Conditioned Medium, MCM) 
was prepared as previously described [22]. Briefly, 1 × 106 purified MCs 
obtained after a 70 % Percoll purification were resuspended in 1 ml of 
basal Locke solution containing 140 mM NaCl, 10 mM HEPES, 3 mM 
KOH, 2 mM CaCl2, 1 mM MgCl2 and 10 mM glucose (pH 7.3, adjusted 
with NaOH). Cells, at a concentration of 106/ml, were placed in a pre- 
warmed thermomixer (Eppendorf) for 1 h at 53 ◦C with moderate 
agitation (600 rpm). MCs degranulation was verified by visual inspec
tion under a microscope. The MCM was obtained from the supernatant 
after centrifugation of the MCs solution at 200 ×g for 5 min. Supernatant 
was aliquoted (50 μl) and stored at − 80 ◦C until use. 

2.3. Enzyme-linked immuno-sorbent assay (ELISA) 

The expression of histamine and ATP levels in MCM were quantified 
with a commercial Beckman Coulter ELISA kit (IMMUNOTECH – Pra
gue, Czech Republic) and an ATP assay kit (SIGMA), respectively 
following the manufacturer’s instructions. All samples were run in 
duplicate. 

2.4. Recordings of [Ca2+]i signal 

The changes in [Ca2+]i of microglial cells in response to different 
stimuli were monitored by dual excitation microfluorimetry. Microglial 
cells were incubated in Locke external solution containing Fura-2 AM 5 
μM (Molecular Probes) and Pluronic F-127 0.004 %, (Sigma) for 45 min 
at 37 ◦C in the dark. Later, cells were washed twice in external solution 
without the dye and used for imaging. The cover glass with cells loaded 
with Fura-2 AM was then mounted in a RC-25F perfusion chamber 
(Warner instruments) and placed on the microscope (AxioVert 200, 
Zeiss). During recordings, microglial cells were excited by a xenon light 
source at 360/380-nm wavelengths (exposure time, 0.5 s; data acqui
sition at 0.33 Hz) by means of two narrow beam band-pass filters 
selected by a computer-controlled wheel. The emitted fluorescence was 
filtered through a 520-nm filter and captured with an ORCA-R2 CCD 
camera (Hamamatsu Photonics). Fura-2 AM loading was generally 
uniform throughout the cytoplasm, and dye compartmentalization was 
never observed. Data were acquired and stored using the HCImage 
software and exported to Igor Pro (WaveMetrics) to perform analysis. All 
values were normalized to the basal fluorescence (baseline). The [Ca2+]i 
signal was expressed by the ratio of fluorescence at 360 and 380 nm. The 
agents used to stimulate microglia were MCM, histamine 100 μM and 
ATP 100 nM. These products were applied by means of a pressure pulse 
(5 s) with a micropipette (1 μm diameter) placed approximately 100 μm 
to the microglial cell. All experiments were carried out at 37 ◦C. 

2.5. Phagocytosis assay and microglia immunofluorescence 

Microglial cells were treated for 48 h as follows: control (without any 
treatment), MCM 10 %, histamine 100 μM, ATP 10 nM. When necessary, 
cells were incubated with ketotifen 100 μM or PPADS (pyridox
alphosphate-6-azophenyl-2′,4′-disulfonic acid) 50 μM, a selective puri
nergic P2X antagonist. Later, we proceeded to the phagocytosis assay. 
This is as follows (with some modifications [23]). Fluorescent latex 
beads were used to assay phagocytosis. They were pre-opsonized in non- 
inactivated FBS for 1 h at 37 ◦C. The ratio of beads to FBS was 1:5. Beads 
containing FBS with DMEM/F12 with 10 % inactivated FBS were diluted 
to reach final concentrations of beads and FBS in DMEM/F12 of 0.01 % 
(v/v) and 0.05 % (v/v), respectively. Then, cell cultures were incubated 
with beads-containing medium at 37 ◦C for 1 h and washed thoroughly 
with ice-cold PBS 5 times. The cells were then fixed using 4 % PFA for 30 
min at room temperature. After that, we performed iba-1 immunofluo
rescence. First, cells were permeabilized with 0.1 % Triton X-100 in PBS 
and, after adding blocking solutions for 1 h at room temperature, 
incubated overnight with rabbit anti-Iba1 monoclonal antibody 
(1:1000) (Synaptic Systems) at 4 ◦C. Cells were washed five times with 
PBS, then incubated with Alexa Fluor 555 conjugated goat anti-rabbit 
secondary antibody (1:500) (Molecular Probes) at room temperature 
for 1 h. After this, cells were washed five times with PBS and mounted on 
cover glasses with Fluoromont-G medium. Fluorescent images were 
acquired randomly using an inverted microscope (AxioVert 200, Zeiss). 
To visualize iba-1 staining, microglia were excited by a xenon light 
source at a wavelength of 552 nm (exposure time, 0.8 s); for beads, these 
were excited with a FITC filter at 495 nm (exposure time, 0.08 s). The 
emission wavelengths were 578 and 519 nm, respectively. For the study 
of the effects of MCM and the rest of the treatments on the number of 
phagocytosed beads (mean ± S.E.M.), bead-labeled cells were counted 
in four separate culturing procedures under the microscope with a 40×
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objective. Microglial cell area, perimeter, and intensity were measured 
from iba-1 cell fluorescence images through automatic threshold selec
tion (HCImage). 

2.6. Imaging and analysis of quinacrine dye release 

To visualize the acidic organelles of microglia, the microglia were 
treated with quinacrine 10 μM in Locke external solution for 10 min at 
37 ◦C in the dark. Later, microglial cells were washed twice in external 
solution without the dye and used for imaging. The cover glass with 

quinacrine loaded cells was then mounted and transferred to the 
chamber for imaging under an inverted microscope with a 40× objective 
(Zeiss). The fluorescence images were collected every 5 s, with excita
tion at 472 nm and emission at 579 nm. Data analysis was performed 
with HCImage software (Hamamatsu). Time-lapse imaging of quina
crine fluorescence was evaluated after application of MCM. When 
necessary, cells were incubated with ketotifen 100 μM or bafilomycin A1 
400 nM for 10 min at 37 ◦C before MCM application. During off-line 
analysis, with this same software, regions of interest (ROI), cells, or 
individual vesicles, were manually selected. In a typical experiment, 4 to 

Fig. 1. Calcium imaging of microglial cells. A) Phase contrast image of rat cultured microglia with a 1 μm glass micropipette connected to a picospritzer that applies 
5 s pressure ejection (2.5 psi) pulses. B) Fluorescence image showing the same cells in A, loaded with the Ca2+ sensitive dye Fura 2-AM. C) Representative traces of 
[Ca2+]i transients evoked by the application of MCM (black line), MCM applied after 10 min incubation with ketotifen 100 μM (MCM + KET) (red line) and ATP 100 
nM (dashed line). D) Representative traces of [Ca2+]i transients evoked by application of histamine 100 μM (HIS) (black line) and histamine applied after 10 min 
incubation with ketotifen 100 μM (HIS + KET) (red line). E) Mean [Ca2+]i peak and F) Area under curve (AUC) obtained in microglia-evoked responses by stim
ulation with MCM (n = 102), histamine 100 μM (HIS) (n = 25), MCM after incubation with ketotifen 100 μM (MCM + KET) (n = 36), histamine 100 μM after 
incubation with ketotifen 100 μM (HIS + KET) (n = 13) and ATP 100 nM (ATP) (n = 54). Values (mean ± S.E.M) were calculated from three independent culturing 
experiments. Statistically significant from MCM-treated cells (***p < 0.001) using Mann-Whitney rank sum test. Scale bar: 10 μm. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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12 cells were visible in the field of view. The time course of changes in 
quinacrine fluorescent intensity was measured for those vesicles that 
retained their XY position within the ROI throughout the observation 
period, typically 10–20 min. Changes in the mean fluorescence intensity 
of each ROI were displayed in arbitrary units (au) without background 
subtraction. Exocytotic events were defined as decreases in ROI fluo
rescence of >20 % between the maximum and minimum fluorescence 
measured. The release fraction was calculated as the percentage of 
fluorescence loss in relation to the maximum fluorescence of the ROI. 

2.7. Statistical analysis 

Statistical analyzes were performed with the Mann-Whitney rank 
sum test or the Student’s t-test (SPSS Statistics 25). All measurements 
were expressed as mean ± standard error of the mean (SEM) and p <
0.05 was considered significant. 

3. Results 

3.1. Calcium transients evoked by MCM in microglia are mainly due to 
H1R 

In the present study, we stimulated cultured rat microglial cells with 
a pressure pulse (5 s) of MCM (Fig. 1A). This cocktail of MC mediators 
was obtained by heat (53 ◦C, 1 h). Previously, we have shown the main 
mediators of MCs able to evoke a calcium signal in microglia were his
tamine and ATP [17]. Histamine and ATP concentrations of the cocktails 
measured by ELISA were 263 ± 73 μM and ~ 100 nM, respectively, 
therefore we stimulated also with histamine 100 μM and ATP 100 nM in 
our experiments. Ketotifen was used because it is a H1 receptor antag
onist and in addition, it can reduce the final histamine concentration in 
MCM by 50 % (measured by ELISA). The MCM showed a rapid and 
transient elevation of intracellular calcium ([Ca2+]i) measured by Fura- 
2 AM fluorescence (Fig. 1B, C). The increase in [Ca2+]i evoked in 
microglial cells by MCM was partially inhibited by a previous incubation 
(10 min) with ketotifen 100 μM. As a result, a fine, sharp calcium 
transient resembling the signal induced by ATP was observed (Fig. 1C). 
However, the histamine-induced calcium signal was completely abol
ished by ketotifen (Fig. 1D). The MCM-induced calcium transients had a 
peak of 0.34 ± 0.01 and an area under curve (AUC) of 4.71 ± 0.27 that 
were like that induced by histamine (peak: 0.35 ± 0.03; AUC: 4.75 ±
0.51) (Fig. 1E, F). Ketotifen did not modify the maximum value of the 
calcium peak when stimulated with MCM (0.39 ± 0.03) but partially 
inhibited the AUC (2.87 ± 0.0.34). These parameters were supressed by 
ketotifen when histamine instead of MCM was applied. ATP showed a 
behavior like that obtained with MCM in the presence of ketotifen (peak: 
0.33 ± 0.03; AUC: 3.18 ± 0.33) (Fig. 1E, F). Clearly, ketotifen acts to 
inhibit the elevation of [Ca2+]i produced by activation of the H1R in 
microglia. 

3.2. Ketotifen does not inhibit MCM-mediated microglia activation 

Elevations of [Ca2+]i play a vital role in the microglial activation 
process. Because microglial cells with a ramified morphology with long, 
thin processes and small cell bodies are the main responders to MCM 
[17], we decided to determine the number of cells that are capable of 
being activated in the presence of MCM (diluted down to 10 %), 
modifying their phenotype. Whereas in the ‘resting’ state these cells 
exhibit ramified microglia shapes and a weaker iba1 signal, a microglia- 
specific calcium-binding protein, when activated by histamine and 
MCM, cells showed an intense expression of iba1 in spindle, rod, or 
amoeboid-shaped cells, corresponding to activated microglia (Fig. 2A). 
Table 1 summarizes the average area and perimeter values obtained 
after treatments. Rat microglia cultures showed 22.74 ± 3.5 % of acti
vated cells that increased to 32.95 ± 3.1 % in the presence of histamine 
100 μM (Fig. 2B). MCM elevated this percentage up to 49.82 ± 5.42 %. 

ATP 10 nM produced up to 56 ± 4.95 % of microglia activation. This 
concentration of ATP was used to emulate the effects of MCM at 10 %. 
No changes in microglial activation by histamine were observed in a 
concentration range between 10 and 100 μM. Neither ketotifen nor 
PPADS (a purinergic P2X receptor antagonist) were able to reverse the 
effect of MCM (62.32 ± 5.39 % and 41.95 ± 6.24 %), suggesting that 
neither H1R nor P2XR are involved in microglia activation. 

3.3. Ketotifen decreases phagocytosis in activated microglia 

Phagocytosis was assessed using fluorescent latex beads of 1 μm 
diameter. MCM (10 %) and histamine 100 μM showed an increase in 
microsphere engulfment per cell (MCM: 4.81 ± 0.6; HIS: 4.79 ± 0.59) 
with respect to control cells (2.22 ± 0.22) (Fig. 2C). ATP 10 nM was also 
used and did not show significant differences with respect to control 
(2.11 ± 0.28). Incubation with ketotifen and PPADS did not signifi
cantly modify MCM-induced phagocytosis, although there was a 
downward trend (KET: 3.3 ± 0.4; PPADS: 4.5 ± 0.44). However, keto
tifen did reduce histamine-induced phagocytosis (2.5 ± 0.3) (Fig. 2C). 

To understand how cell activation and morphological changes can 
influence microglial functional responses, we have related phagocytosed 
beads per cell in ramified versus activated microglia. Phagocytosis in 
ramified cells was not affected by any stimulus or treatment with respect 
to the control, showing a low capture rate (Control: 1.24 ± 0.44; MCM: 
1.4 ± 0.22; HIS: 1.52 ± 0.23; ATP: 1.15 ± 0.2; MCM + KET: 1.59 ±
0.28; MCM + PPDAS: 1.39 ± 0.27; HIS + KET: 1.92 ± 0.3) (Fig. 2D). 
However, the rate of phagocytosis observed in activated cells under 
basal conditions (control) is higher than that observed in ramified cells 
(3.93 ± 0.59) although it increased more than double in the presence of 
MCM (9.05 ± 1.25) and histamine (10.82 ± 1.51). On the contrary, ATP 
inhibited the number of beads per cell (2.66 ± 0.44) relative to the 
control. Incubation with ketotifen decreased the rate of phagocytosis 
under treatment with MCM (4.56 ± 0.77) and histamine (3.25 ± 0.58). 
The overall phagocytosis rate (ramified + activated) increased respect to 
the control because of the higher number of MCM-activated cells did not 
reduce by ketotifen. Last, incubation with PPADS did not affect the 
phagocytosis generated by the MCM (8.77 ± 1.11) (Fig. 2E). 

3.4. Effect of ketotifen on quinacrine fluorescence in activated and 
ramified microglia 

We incubated cells with quinacrine (10 μM for 10 min at 37 ◦C), a 
fluorescent marker for acidic organelles, such as secretory granules and 
lysosomes for long-term imaging [24]. We measured fluorescence 
changes in ramified and activated cells after stimulation with MCM for 
30 s through a microperfusion pipette (Fig. 3A, C). In most cells, a slow 
increase in fluorescence occurred to a greater or lesser extent, always 
preceding the subsequent loss of dye due to vesicle fusion with the 
plasma membrane. The time course of fluorescence resembles a wave 
whose amplitude is more pronounced in activated than in ramified 
microglia. Interestingly, the presence of ketotifen abolished this incre
ment but the exponential loss of fluorescence was not affected (Fig. 3B, 
D). Fluorescence increases were not significantly different between basal 
and MCM-stimulated microglia (Fig. 3E). Nevertheless, the rise was 
greater in activated cells than in ramified ones. Preincubation with 
ketotifen completely inhibited the rate of rise of the quinacrine signal in 
both control and MCM-treated cells. Similarly, bafilomycin 400 nM (a 
potent and selective inhibitor of V-ATPase) almost suppressed the rise of 
fluorescence. Cetirizine 100 μM also produced a great inhibition. In 
correlation with these data, the fraction of rise in fluorescence mediated 
by MCM in activated cells (26.71 ± 3.7 %) was abolished completely by 
the presence of ketotifen (1.61 ± 0.4 %) (Fig. 3F). Likewise, the fraction 
of release by the exocytotic process (62 ± 3.5 %) was partially inhibited 
by ketotifen (49.11 ± 1.9 %) (Fig. 3F). Therefore, ketotifen inhibits the 
rise of fluorescence through a mechanism that seems to involve organ
elle acidification, and this could reduce the exocytotic response. 
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3.5. Effect of ketotifen on single vesicle exocytosis 

Fig. 4A shows activated microglia cells labeled with quinacrine 
monitored by epifluorescence. Punctate staining results from vesicular 
accumulation of the dye. Vesicles spontaneously lost their fluorescence 
(Supplementary video 1). These events can be interpreted as the release 
of quinacrine (and, presumably, ATP) from the vesicles into extracel
lular space [25]. First, to study exocytosis of quinacrine-stained vesicles, 
the changes in fluorescence intensity of individual vesicles were 
analyzed at 37 ◦C under basal conditions for a total observation time of 
20 min. Fig. 4B represents sequential images of three quinacrine-stained 
vesicles showing the time course of changes in fluorescence intensity. 
There was a slow loss of fluorescence, as expected from the discharge of 
dye, when the vesicle fused with the plasma membrane, which was 
immediately preceded by an increase in fluorescence (indicated by ar
rows). This is presented graphically in Fig. 4C. Thus, these two processes 
of gain and loss of fluorescence are coupled or related. Fig. 4D shows 
activated microglia labeled with quinacrine in the presence of ketotifen. 
In this case, the vesicles manifested a more abrupt loss of fluorescence 
without a previous increment (Fig. E, F). (Supplementary video 2). 

3.6. Ketotifen decreases vesicular exocytotic release by inhibiting vesicle 
acidification 

In vitro, quinacrine accumulates in organelles upon imposing within 
an acidic transmembranous pH gradient (pH) and it is demonstrated that 
the accumulation of vesicular quinacrine is due to pH-driven concen
tration across membranes as an amphipathic amine [26]. Therefore, we 
wanted to determine whether the increase in fluorescence in quinacrine- 
loaded microglial vesicles could be a consequence of the increase in 
vesicular acidification. 

Fig. 5A shows a representative example of the time course of a 
quinacrine loaded vesicle in a control activated cell. We measured three 
parameters for the quinacrine events: the transient increase in 

fluorescence preceding release (Rise), the time required to reach the 
maximum peak (Time to peak) and the amount of fluorescence released 
(Release). In addition, the decline of fluorescence could be fitted to a 
single or double decreasing exponential function (τ1 and τ2). The his
togram of Time to peak was fitted to a Gaussian and showed a peak near 
2 min, suggesting this time is frequently required to get the acidic pH 
into vesicles suitable for fusion to occur (Fig. 5B). However, the distri
bution also showed 14 % of events with a rapid increase in fluorescence 
(<30 s), like flashes (see supplementary video1). We next examined the 
change during the Rise and found that most events had an elevation of 
22 % in fluorescence (Fig. 5C). Incubation with ketotifen completely 
inhibited the increase in vesicle fluorescence (Fig. 5D), as occurred with 
bafilomycin A1 (data not shown). These results suggest that ketotifen 
also inhibits vesicle acidification. On the other hand, we calculated the 
fraction of dye released during exocytosis over the total dye stored in 
single vesicle. The frequency histograms of the release fraction showed a 
shift from the most frequent value of 69.3 % in controls to 37.9 % in 
treated cells (Fig. 5E, F). On average, 69.1 ± 0.91 % and 44.15 ± 1.3 % 
of quinacrine fluorescence is released from vesicles in control and 
ketotifen treated cells, respectively (Fig. 5G), indicating that a greater 
fraction of vesicle content (~25 %) is released from control cells than 
from ketotifen-treated cells. Interestingly, the fluorescence decreased 
during vesicle release in the same proportion to the inhibition induced 
by ketotifen in the rise phase (control: 23.6 ± 1.1 %; KET: 1.2 ± 0.1 %). 
In general, the total release of individual exocytotic events is correlated 
with the data measured at the cellular level (Fig. 3G). 

In addition, there is a linear relationship between maximum fluo
rescence and release from each vesicle in both control and treated cells 
(Fig. 5H). This suggests that the discharge of the vesicle content is highly 
dependent on the accumulation of quinacrine and proportionately, the 
ΔpH. However, comparatively, for the same start fluorescence, ketotifen 
reduced the amount of released content from each single fusion event. 

The frequency distributions of decay time constants in secretory 
vesicles can be well fitted to a single (50.4 % of vesicles) or double (49.6 
% of vesicles) exponential function. Vesicles that showed a double decay 
time course had time constants of 0.63 ± 0.06 min and 8.76 ± 1.76 min 
on average while vesicles that exhibited a single release kinetic had a τ 
of 1.29 ± 0.10 min (Fig. 5I). The fusion kinetics from the vesicles of cells 
treated with ketotifen was fitted to a fast single exponential with a τ of 
0.73 ± 0.11 min (Fig. 5J). 

4. Discussion 

In this work, we show that ketotifen can be a valuable tool for 
microglial stabilization, especially when microglial activation is 
enhanced by MC degranulation. Our results demonstrate that MCM is an 
important activator of microglia, leading changes in microglial 
morphology, increasing the presence of the amoeboid phenotype (from 
23 % to 50 %) that considerably differs from the homeostatic ramified 
phenotype, so called resting (Fig. 2B). This effect supports the funda
mental role of the MC in neuroinflammation and is probably due to the 
activation of histamine receptors, since a potent cytosolic calcium 

Fig. 2. Microglial activation and phagocytosis in ramified versus activated microglia. A) Representative images illustrate latex microbeads phagocytosis of iba1 
positive microglial cells (red) in nontreated cells (Control) and treated cells with histamine 100 μM (HIS), ATP 10 nM, MCM, MCM after incubation with ketotifen 
100 μM (MCM + KET) and MCM + PPADS. B) Percentage of cells showing an activated phenotype. In control cells (n = 593), branched microglia predominated, 
which morphologically showed a round cell body, with several branches and a weak signal with the iba-1 marker. The application of MCM (n = 438), HIS 100 μM (n 
= 421), and ATP 10 nM (n = 618) increased the rate of microglial activation. Preincubation with ketotifen (n = 390) or PPADS (n = 404) did not decrease MCM- 
mediated microglial activation. C) Potentiation of phagocytosis by MCM and HIS 100 μM at 48 h. ATP 10 nM induced no effect. Preincubation with ketotifen or 
PPADS did not significantly reduce the potentiation of MCM-induced phagocytosis. However, ketotifen inhibited the capture of beads induced by histamine. D) The 
rate of phagocytosis in ramified cells under control conditions is very low and was not affected by any treatment. E) The rate of phagocytosis in activated cells under 
control conditions is high and increased more when MCM or HIS was applied. ATP 10 nM reduced the number of phagocytosed beads compared to the control. 
Ketotifen but not PPADS inhibited histamine and MCM-mediated phagocytosis. Values (mean ± S.E.M) were calculated from three independent culturing experi
ments, using the Mann-Whitney rank sum test. Statistically significant from controls cells (*p < 0.05; **p < 0.01; ***p < 0.001). Statistically significant from MCM- 
treated cells (##p < 0.01). Statistically significant from histamine-treated cells (&p < 0.05; &&&p < 0.001). Scale bar 20 μm. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Iba1 intensity and morphological changes in activated cells induced by different 
treatments.   

Iba1 intensity 
(au) 

Area (μm2) Perimeter 
(μm) 

Control (n = 155) 43.9 ± 2.3 67.76 ± 7.0 47.8 ± 2.5 
MCM (n = 169) 32.2 ± 1.4 *** 103 ± 6.5*** 65.9 ± 3*** 
HIS 100 μM (n = 129) 42.3 ± 2 113.11 ±

11.3*** 
74.2 ± 3.8*** 

ATP 10 nM (n = 389) 47.3 ± 1.5 65.8 ± 3.7 46.2 ± 1.6 
MCM + KET (n = 213) 35 ± 1.3** 92.6 ± 5.4*** 64.4 ± 2.4*** 
MCM + PPADS (n =

110) 
40.3 ± 4 116.5 ± 9.1*** 71.1 ± 2.8*** 

HIS + KET (n = 121) 44.8 ± 1.6 78.38 ± 4.9 53.3 ± 2.5 

Statistically significant from control cells (**p < 0.01; ***p < 0.001). Values 
(mean ± S.E.M) were calculated from three independent culture experiments, 
using the Mann-Whitney rank sum test. 
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[Ca2+]c signal is rapidly induced when histamine or MCM are applied 
(Fig. 1C, D). Histamine receptors are expressed in microglia and control 
microglial functions, including chemotaxis, migration, cytokine secre
tion, and phagocytosis. [27]. In the current work, ketotifen, a H1R 
antagonist, abolished the increase in [Ca2+]i mediated by histamine 

suggesting that H1R alone is involved in this [Ca2+]i transient. Ketotifen 
reduced >60 % of the signal mediated by MCM, leaving a signal like that 
induced by ATP (Fig. 1C, F). Otherwise, H1R is not involved in the 
morphological changes generated by MCM exclusively because this 
antagonist did not affect the activated microglia population (Fig. 2B), 

Fig. 3. Visualization of quinacrine fluorescence during exocytosis in microglia. A-B) Time courses of fluorescence in ramified microglia cells stimulated with MCM 
(A) and MCM after incubation for 10 min with ketotifen (MCM + KET) (B). The upper panels show a phase contrast image and 3 epifluorescence images at the 
beginning, middle and end of the records. The graphs show cell fluorescence signals as a percentage of the maximum values. C-D) Time courses of fluorescence in 
activated microglia cells stimulated with MCM (C) and MCM after incubation for 10 min with ketotifen (D). Upper panels show a phase contrast image and 3 
epifluorescence images at the beginning, middle and end of the records. The graphs show the cell fluorescence signals as a percentage of the maximum values. E) Rate 
of rise in global fluorescence in control (Ram = 17; Act = 35) and treated cells with ketotifen (Ram = 10; Act = 50), bafilomycin (Ram = 13; Act = 33), MCM (Ram =
43; Act = 23), MCM incubated 10 min with ketotifen (MCM + KET) (Ram = 13; Act = 25) and cetirizine (MCM + CET) (Ram = 24; Act = 27). The slope of the line 
that best fits the phase of increase in fluorescence was measured as shown in C. F) Percentage of change during rise and release in global fluorescence in treated cells 
with MCM (white bar) and MCM incubated with ketotifen (MCM + KET) (red bar). Statistically significant from MCM treated cells (*p < 0.05; **p < 0.01; ***p <
0.001). Values (mean ± S.E.M) were calculated from three independent culture experiments, using the Mann-Whitney rank sum test. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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nor did it modify the perimeter or area of the cell (Table 1). 
In total cells, MCM and histamine increased basal phagocytosis, a 

critical calcium-dependent function of microglia (Fig. 2C). The under
lying mechanism appears to involve H1R since ketotifen partially 
decreased the effect of MCM. However, phagocytosis remained signifi
cantly elevated compared to the control. The involvement of H1R in 
phagocytosis has already been described [18]. 

Additionally, we wanted to determine the specific involvement of 
microglial phenotypes observed in our cultures in phagocytosis (rami
fied vs. activated). In a healthy brain, prevalent microglia are the 
ramified phenotype whose main functions are immune surveillance and 
synaptic pruning [28]. However, its role in phagocytosis is unclear. Our 
results showed that ramified microglia are competent in this process, but 
at a significantly lower level (<3 times) than the ameboid phenotype 
(Fig. 2D, E). In addition, the capture of beads by ramified cells was not 
altered by any stimulation (MCM, histamine, ATP). On the other hand, 
basal phagocytosis in activated microglia was increased two to three 
times by MCM and histamine, respectively, and ketotifen significantly 
inhibited it (Fig. 2E), suggesting that in part it is the greater ratio of 
activated/ramified cells in the presence of MCM that explains the higher 
overall rate even when ketotifen is present (Fig. 2C). Instead, ATP 
inhibited the engulfment of beads as previously reported [29]. 

Quinacrine is a fluorescent dye that has been used as a vital probe to 

visualize the vesicular storage of ATP, but recently, it was concluded 
that the accumulation of vesicular quinacrine is not due to a conse
quence of its interaction with ATP, but due to the concentration driven 
by pH across the membranes [26]. As a consequence, when the vesicular 
pH decreases, more quinacrine is accumulated and the fluorescence 
increases. We observed a global increase in cellular quinacrine fluores
cence (Fig. 3A, C) that probably represents an increase in cellular 
acidification. Ketotifen totally inhibited this increase in fluorescence, 
while bafilomycin and cetirizine did it partially (Fig. 3E). 

Acidification of secretory vesicles is required for the transport of 
small-molecule transmitters through specific transporters in vesicular 
membranes. The generator of the large electrochemical proton gradient, 
acidic and positive inside these organelles is the vacuolar-type ATPases 
[30]. In this manner, when the transmembrane pH gradient is increased, 
the driving force for the uptake of small molecules is enhanced and the 
content in secretory vesicles augments [31]. This pump is expressed in 
secretory organelles of all eukaryotes [32,33]. In human eosinophils it 
was proposed that granule acidification is a major step in solubilisation 
of major protein crystals, which are stored within the granule core, in 
preparation for degranulation and release of these toxic proteins [34]. 
Furthermore, it has been suggested that ‘priming’ insulin-containing 
secretory granules involves further acidification of the lumen of the 
granule [35]. In MCs, bafilomycin A1 treatment causes a robust increase 

Fig. 4. Changes in fluorescence in
tensity of quinacrine-containing vesicles 
during exocytosis in control and 
ketotifen-treated cells. A) Image of cells 
stained with quinacrine with 3 regions 
of interest placed in selected vesicles. B) 
Sequential images of 3 quinacrine 
loaded vesicles showing the time course 
of fluorescence changes within ROI 
(each image every 100 s). Before the loss 
of fluorescence, an increase is observed, 
which is indicated by an arrow on the 
sequence. C) Time courses of fluores
cence changes of vesicles indicated in B. 
The increase in fluorescence in each spot 
precedes a slow loss. D) Image of a sin
gle quinacrine stained cell incubated in 
the presence of ketotifen 100 μM. 3 re
gions of interest are placed on selected 
vesicles. E) Sequential images of 3 
quinacrine loaded vesicles treated with 
ketotifen showing the time course of 
fluorescence changes within ROI (each 
image every 50 s). The fluorescence 
spots are outlined by dotted red circles 
in the image anterior to loss of fluores
cence. No elevation was observed prior 
to the release. F) Time courses of fluo
rescence changes of vesicles indicated in 
E. Compared to control cells, a more 
abrupt loss of fluorescence occurs. Scale 
bar: 4 μm. (For interpretation of the 
references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   
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Fig. 5. Analysis of cargo release during exocytosis in control and ketotifen-treated microglia. A) Example of the time course of quinacrine fluorescence loss in a 
vesicle from control activated microglia. The parameters analyzed are the Time to peak and the increase in fluorescence (difference between the initial and the 
maximum fluorescence values). The kinetics of release was fitted to single or double exponential functions, providing the time constants τ1 and τ2. B) Distribution 
histogram of Time to peak of cargo release. C) Distribution histogram of fluorescence increase (in %) of single events. D) Example of the time course of quinacrine 
fluorescence in a vesicle from ketotifen-treated cell. E) Distribution histogram of the fraction of Release (%) of single events from control cells (grey bars). F) 
Distribution histogram of the fraction of release (%) of single events from cells treated with ketotifen (red bars). G) Fraction of Release and Rise (%) during single 
exocytotic events in control (white bar; n = 140) and ketotifen-treated cells (red bar; n = 145) (***p < 0.001). H) Correlation between the maximum and the loss of 
fluorescence of each single event obtained from control cells (black point) and cells treated with ketotifen (red points). I) Distribution histogram of time constants (τ1, 
τ2, τsingle) from fusion events in control cells. J) Distribution histogram of time constants (τ1) from fusion events in ketotifen-treated cells. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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in granule pH, aberrant processing of pro-carboxypeptidase A3, and a 
reduction in tryptase enzymatic activity and intracellular histamine 
[36]. Our experiments reveal that the pH of secretory organelles in 
microglia is not a steady variable but decreases just before vesicular 
fusion takes place, suggesting that acidification of the secretory pathway 
is under regulation and may favors the accumulation of solutes. Cell 
incubation with ketotifen or bafilomycin A1 inhibited fusion-associated 
vesicle acidification and, consequently, the fraction of quinacrine 
released by the vesicle was reduced a 25 % (Fig. 5H) indicating that this 
last stage of vesicle acidification may contribute to determine the extent 
of the inflammatory reaction mediated by microglia. 

However, although in our experiments this last step of acidification is 
suppressed by ketotifen, many secretory vesicles are primed for exocy
tosis, and as previously reported, inhibition of V-ATPase activity by 
bafilomycin A1 was also not required for transmitter release [37]. In 
addition, vesicular pH plays a key role in modulating exocytotic kinetics 
[38] and V-ATPases are involved in control of neurotransmitter release 
and in exocytosis of secretory granules [39] [40]. It has been proposed 
the domain membrane of V-ATPase would allow the exocytotic ma
chinery to discriminate fully loaded and acidified vesicles from vesicles 
undergoing transmitter reloading [39]. In our experiments, inhibition of 
intravesicular acidification with ketotifen decreased cargo discharge 
(Fig. 5G) supporting this hypothesis. Likely, this inhibitory mechanism 
did not involve a direct effect on V-ATPase activity, because of cetir
izine, another H1R antagonist, also had a similar effect (Fig. 3E). 
Mechanisms regulating changes in vesicular pH remain unclear; how
ever, there is substantial evidence indicating that pH is modified by the 
contents of phosphatidylinositol phosphate lipids of membranes [41] as 
well as the activation of protein kinase A pathway [42]. 

We observed distinct types of secretory vesicles based on the kinetics 
of fluorescence decay (Fig. 5I). Vesicles whose kinetic is adjusted to a 
single and others better fitted to a double exponential function. When a 
single exocytotic event is slow, it is plausible that a fusion mechanism 
known as “kiss-and-run” occurs [43]. The vesicle opens and closes 
through a narrow fusion pore. Repetitive “kiss-and-run” fusion event at 
brief intervals allows for slow release of mediators [44]. Besides, when 
the fusion pore transiently was closed, the vesicle may re-acidify and 
reload. Both processes of fusion and re-acidification could explain the 
two kinetics of fluorescence release at the single vesicle. Nevertheless, 
discharge is faster in the presence of ketotifen compared to the control 
(Fig. 5J). Ketotifen eliminates the slower exocytotic fusion and only 
vesicles that fuse quickly (τ = 0.73 ± 0.11 min) remains, probably 
through the abrupt expansion of the fusion pore that induces the rapid 
loss of contents [45]. The dynamics of the fusion pore as well as the 
mode of exocytosis is regulated by intracellular calcium [46,47]. The 
accumulation of large concentrations of calcium in secretory vesicles 
occurs and is also dependent on acidification of the vesicle [48]. Thus, 
disrupting the pH gradient promotes the leakage of vesicular calcium 
that affects exocytosis [49]. Histamine can also mobilize the free Ca2+

fraction in vesicles [50]. Therefore, changes in vesicular calcium would 
modify vesicle acidification and the dynamics of the exocytotic fusion 
pore and, consequently, H1R antagonists would affect these processes. 

Attenuating secretory paths to inhibit inflammatory mediators and 
controlling microglial inflammatory response are considered therapeu
tic strategies for treating neurodegenerative diseases [51,52]. Therefore, 
due to its known stabilizing effect on MCs by reducing histamine release 
and in addition, to its direct action on microglia, ketotifen can be 
considered a dual therapeutic tool. Thus, ketotifen, a safe drug that 
crosses the blood-brain barrier, has been described to improve patients 
with multiple sclerosis [53], a neurodegenerative disease in which both 
MCs and microglia play a crucial role. 

5. Conclusion 

Ketotifen can be considered a microglial stabilizer, weakening its 
overactivated phenotype to a less aggressive state. It could inhibit the 

microglia by potentially reducing the release of dangerous molecules 
and mediators contained in secretory organelles that can be harmful to 
the inflamed brain. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.lfs.2023.121537. 
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[39] S. Poëa-Guyon, M.R. Ammar, M. Erard, M. Amar, A.W. Moreau, P. Fossier, 
V. Gleize, N. Vitale, N. Morel, The V-ATPase membrane domain is a sensor of 
granular pH that controls the exocytotic machinery, J. Cell Biol. 203 (2013) 
283–298, https://doi.org/10.1083/JCB.201303104. 
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