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Abstract
Perivascular pericytes are key regulators of the blood–brain barrier, vascular devel-
opment, and cerebral blood flow. Deciphering pericyte roles in health and disease 
requires cellular tracking; yet, pericyte identification remains challenging. A previ-
ous study reported that the far-red fluorophore TO-PRO-3 (642/661), usually em-
ployed as a nuclear dye in fixed tissue, was selectively captured by live pericytes 
from the subventricular zone. Herein, we validated TO-PRO-3 as a specific pericyte 
tracer in the nervous system (NS). Living pericytes from ex vivo murine hippocampus, 
cortex, spinal cord, and retina robustly incorporated TO-PRO-3. Classical pericyte 
immunomarkers such as chondroitin sulphate proteoglycan neuron-glial antigen 2 
(NG2) and platelet-derived growth factor receptor beta antigen (PDGFrβ) and the 
new pericyte dye NeuroTrace 500/525 confirmed cellular specificity of dye uptake. 
The TO-PRO-3 signal enabled quantification of pericytes density and morphometry; 
likewise, TO-PRO-3 labeling allowed visualization of pericytes associated with other 
components of the neurovascular unit. A subset of TO-PRO-3 stained cells expressed 
the contractile protein α–SMA, indicative of their ability to control the capillary di-
ameter. Uptake of TO-PRO-3 was independent of connexin/pannexin channels but 
was highly sensitive to temperature and showed saturation, suggesting that a yet 
unidentified protein-mediated active transport sustained dye incorporation. We con-
clude that TO-PRO-3 labeling provides a reliable and simple tool for the bioimaging of 
pericytes in the murine NS microvasculature.
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1  | INTRODUC TION

Capillary pericytes are essential constituents of the neurovascular 
unit (NVU) that play pivotal roles in the maintenance and regula-
tion of the blood–brain barrier (BBB) (Armulik et al., 2010), vascu-
lar development (Daneman et al., 2010), and cerebral blood flow. 
Nonetheless, their relative contribution to hyperemia and neurovas-
cular coupling remains under debate (Attwell et al., 2016; Fernández-
Klett et al., 2010; Grutzendler & Nedergaard, 2019; Hall et al., 2014; 
Hill et al., 2015; Kisler et al., 2017, 2020; Kisler, et al., 2017; Mishra 
et al., 2016; Nelson et al., 2020; Peppiatt et al., 2006). Loss and 
dysfunction of contractile pericytes are believed to exacerbate 
neuropathological conditions associated with impairments of mi-
crovasculature and neuronal energy supply such as ischemia (Kisler, 
et al., 2017; Montagne et al., 2018; Nikolakopoulou et al., 2019; 
Yemisci et al., 2009) and Alzheimer's disease (Hamilton et al., 2010; 
Montagne et al., 2015, 2020; Nation et al., 2019; Nortley et al., 2019; 
Sagare et al., 2013).

Unravelling pericytes´ functions in physiological and pathological 
conditions requires identification of pericytes; thus far, recognition 
of these mural cells is still a matter of research. Pericytes are rou-
tinely identified based on the expression of their surface antigens, 
typically the chondroitin sulfate proteoglycan neuron-glial antigen 2 
(NG2) and the platelet-derived growth factor receptor beta antigen 
(PDGFrβ) (Hartmann et al., 2015a, b; Lindahl et al., 1997; Ozerdem 
et al., 2001; Smyth et al., 2018). Accordingly, transgenic mouse lines 
commonly used to visualize pericytes are driven by promoters for 
NG2 and PDGFrβ; these reporter mice allow for fluorescence im-
aging of cerebral pericytes ex vivo and in vivo (Mishra et al., 2014; 
Hartmann, et al., 2015a,b; Jung et al., 2018). However, using trans-
genic lines or immunohistochemistry to track pericytes in studies 
employing mouse models, becomes expensive and time-consuming. 
Moreover, PDGFrβ and NG2 antigens are also present in vascular 
smooth muscle cells (VSMCs) and oligodendrocyte progenitors (He 
et al., 2016; Nishiyama et al., 2009) and other pericyte molecular 
markers such as desmin and CD13 are also expressed by vascular 
cells (Armulik et al., 2010; Jung et al., 2018; Smyth et al., 2018). Then, 
unambiguous discrimination between pericytes and VSMCs (which 
is a determinant to assess their relative role in neurovascular cou-
pling) remains a subject of study (Attwell et al., 2016; Fernández-
Klett et al., 2010; Grutzendler & Nedergaard, 2019; Hall et al., 2014; 
Hill et al., 2015; Peppiatt et al., 2006). In the future, identification of 
genes exclusively expressed by pericapillary pericytes might provide 
cues to differentiate pericytes from VSMCs (Bondjers et al., 2006; 
Chasseigneaux et al., 2018; He et al., 2016; Vanlandewijck 
et al., 2018). Recently, the fluorophore NeuroTrace 500/525, which 
normally stains neurons in fixed tissue, has been shown to selec-
tively label brain capillary pericytes if administered in vivo; so far 
NeuroTrace 500/525 does not trace VSMCs (Damisah et al., 2017).

In this scenario, previous work has reported that the fluorophore 
TO-PRO-3 Iodide (642/661), usually employed as a nuclear stain in 
fixed sections, labels perivascular pericytes from the post-natal sub-
ventricular zone when applied to acute slices (Lacar et al., 2012). The 

TO-PRO-3 dye is a carbocyanine monomer with higher affinity for 
DNA than for RNA that has been typically used in fixed preparations 
for immunofluorescence counter-staining and for measuring relative 
DNA content (Van Hooijdonk et al., 1994; de Mazière et al., 1996; 
Suzuki et al., 1997). However, in the living tissue TO-PRO-3 becomes 
a pericyte marker. Brain slices with TO-PRO-3-stained pericytes of 
the post-natal subventricular zone have been used for live imaging 
and immunostaining post-fixation (Lacar et al., 2012). Until now, the 
latter study is the only publication supporting the role of TO-PRO-3 
as a pericyte tracer,but neither its specificity nor its staining proper-
ties have been further elucidated.

Herein, we show that living pericytes of the nervous system se-
lectively uptake the fluorescent nuclear tracer TO-PRO-3 allowing 
their unambiguous identification. We characterized morphometry, 
abundance, α-SMA-expression, rapports, and mechanisms support-
ing dye uptake of TO-PRO-3+-pericytes. Based on our findings, we 
conclude that TO-PRO-3 labeling provides a powerful tool to target 
capillary pericytes at the neurovascular interface.

2  | MATERIAL S AND METHODS

2.1 | Animals

Experimental procedures were conducted following the National 
Institutes of Health guidelines for the care and use of laboratory 
animals (NIH Publications No. 8023, revised 1978) and the local 
regulation [CDC Exp. 4332/99, Diario Oficial No. 25467, Feb. 21/00, 
Universidad de la República, Uruguay]. The Committee on Animal 
Research Ethics (Law 18.611) (Facultad de Medicina – Udelar) ap-
proved the protocol. The ARRIVE guidelines have been followed. To 
minimize the number of animals used and their suffering, we tested 
several conditions in slices derived from the same animal. Mice (Mus 

musculus; P20-P30 unless specified) on a C57BL/6 background and 
rats (Sprague–Dawley; P30) from both sexes were used (57 mice 
and 6 rats). Mice (RRID: IMSR_JAX:000664) were supplied by the 
Jackson Laboratory and rats (SD, Strain code 400) were acquired 
from Charles River Laboratories. Animals were bred and housed in 
a temperature- and humidity-controlled room on a 12-hr light/dark 
cycle at the Unit of Experimental Reactives and Biomodels (URBE 
- Facultad de Medicina). All these animals were fed ad libitum with 
chow diet and water. At the time of assaying, mice and rats weighed 
respectively 10–13 g and 40–100 g. We conducted most experi-
ments at 11 a.m.–3 p.m. No blinding was performed, neither during 
experiments nor during analysis. No exclusion criteria were pre-de-
termined; animals were arbitrarily assigned in the study.

2.2 | Reagents and antibodies

The fluorescent markers, Fluorescein isothiocyanate–dextran 70,000 
(FITC-Dextran 70S; FD70S; cat.no. 46945), 2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride, 4′,6-Diamidino-2-phenylindole 
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dihydrochloride, DAPI dihydrochloride (DAPI; cat.no. D09542) 
and Isolectin B4 conjugated to fluorescein (FITC-ISOB4; cat.no. 
L2895) were acquired from Sigma-Aldrich. The dyes TO-PRO™-3 
Iodide 642/661 (cat.no. T3605) and Neurotrace™ 500/525 Green 
Fluorescent Nissl (cat.no. N21480) were from ThermoFisher 
Scientific. The connexin/pannexin blocker carbenoxolone (CBX; 
cat.no. C4790) was purchased from Sigma-Aldrich; the mimetic 
peptide against pannexin1 (10Panx1; cat.no. 707231_5) was synthe-
sized by GenScript USA Inc. (Piscataway, NJ 08854, USA). Primary 
antibodies rabbit polyclonal anti-PDGFrβ (cat.no. ab107169, RRID: 
AB_11156765), rabbit monoclonal anti-NeuN neuronal marker (cat.
no. ab177487, RRID: AB_2532109), and rabbit monoclonal anti-
α-SMA (cat.no. ab124964, RRID: AB_11129103) were purchased 
from Abcam. Mouse monoclonal anti-NG2 (cat.no. MAB5384, 
RRID: AB_177646) was supplied by Millipore and mouse monoclo-
nal anti-GFAP (cat.no. C9205, RRID: AB_476889) was purchased 
from Sigma-Aldrich. The mouse monoclonal anti-PECAM-1 (cat.
no. 2H8, RRID: AB_2161039) developed by Bogen, S.A. (Pathology 
& Lab Medicine, Boston University) was obtained from the 
Developmental Studies Hybridoma Bank, created by the NICHD of 
the NIH and maintained at the University of Iowa, Department of 
Biology, 52242. Secondary antibodies Alexa Fluor 488 anti-rabbit 
(cat.no. 711-545-152, RRID: AB_2313584) or anti-mouse (cat.no. 
715-545-151, RRID: AB_2341099) and Cy3 anti-rabbit (cat.no. 
111-165-003, RRID: AB_2338000) or anti-mouse (cat.no. 115-165-
003, RRID: AB_2338680) were from Jackson ImmunoResearch 
Laboratories Inc. antibodies.

2.3 | Hippocampal, cortical, and spinal cord 
acute slices

Acute brain slices (300 µm thick) were prepared from C57BL/6 mice 
and SD rats; acute spinal slices (350 µm thick) were prepared from 
SD rats. Animals were decapitated under inhalation anesthesia with 
isoflurane (4%–5%). Dissected hippocampi, brain hemispheres, and 
spinal cords were glued to the platform of a vibroslicer chamber 
containing ice-cold artificial cerebrospinal fluid (ACSF) whose com-
position was (in mM): NaCl 134; KCl 2.8; NaHCO3 29; NaH2PO4 1.1; 

glucose 12; MgSO4 1.5; CaCl2 2.5. Transverse hippocampal slices, 
coronal brain slices comprising the somatosensory cortex, and spinal 
cord slices from the lumbar area were transferred to a storage cham-
ber where they rested on a nylon mesh, submerged in ACSF at room 
temperature (RT) for a stabilization period of 45 min before use. The 
ACSF solution was equilibrated with 95% O2 and 5% CO2 (pH 7.4).

2.4 | Whole-mount retinas

Whole-mount retinas were prepared from C57BL/6 mice as re-
ported (Ivanova et al., 2013). To perform retina dissection, enu-
cleated eyes were immersed in physiological saline solution 
(N-HEPES) containing (in mM): NaCl 135.5; KCl 5.9; MgCl2 1.2; 

Hepes 11.6; Glucose 11.5; CaCl2 1.8 (pH 7.4). Eyes were held by 
the optic nerve while cutting and removing the cornea and sclera; 
the iris, lens, and vitreous were pulled out with forceps. The retina 
was detached from the eyecup and the optic nerve cut. The en-
tire retina was flattened by making 3–6 small incisions in its pe-
riphery. After, the whole retina was mounted onto the membrane 
filter (MF-Millipore™, 0.45 µm pore size, gridded) and incubated in 
N-HEPES for a stabilization period of 20 min before incubating in 
TO-PRO-3.

2.5 | Loading spinal and cerebral slices and retinas 
with TO-PRO-3

Pericytes from acute slices and isolated retinas were labeled with the 
fluorescent tracer TO-PRO-3 following a previously reported tech-
nique with some modifications (Lacar et al., 2012). The general pro-
cedure is depicted in Figure 1(a). Unless specified, the dye was added 
into the ACSF or N-HEPES physiological solutions at 1 µM final con-
centration from a 1-mM stock solution dissolved in DMSO. Acute 
slices and whole-mount retinas were incubated at RT in TO-PRO-3-
containing ASCF or N-HEPES respectively for 20 min. Then prepara-
tions were rinsed for 15 min with physiological solutions to stop dye 
uptake and reduce background labeling. Afterward, sections were 
either submerged in fixing solution (4% paraformaldehyde-PFA in 
PBS; 40 min) or used in living experiments. Fixed slices and retinas 
were rinsed twice in PBS for 15 min under shaking, labeled with DAPI 
(1 µM; 10 min), rinsed once again in PBS, and mounted in mounting 
medium. In few experiments, the dye TO-PRO-3 was applied either 
by retro-orbital injection of the venous sinus in the eye retro-bulbar 
space (Yardeni et al., 2011) under inhalation anesthesia (isoflurane 
4%–5%) or by intraperitoneal injection; slices were obtained shortly 
after (30 min–1 hr). In both cases, we found no labeling of TO-PRO-3 
in slices. Our study was not pre-registered.

2.6 | Blocking TO-PRO-3 uptake in acute 
hippocampal slices

In blocking experiments, acute slices were treated with the general 
Cx/Panx1 inhibitor carbenoxolone (CBX) or the blocking mimetic 
peptide against pannexin1 (10Panx1) during the last 20 min of up-
take recording (Figure 8(a)). The CBX solution was prepared from a 
10-mM stock solution dissolved in physiological saline, then applied 
to slices at 100 μM, whereas 10Panx1 was directly dissolved in ACSF, 
and administered at 150 µM final concentration.

2.7 | Labeling TO-PRO-3-pre-loaded pericytes with 
Neurotrace 500/525 in acute brain slices

To evidence colocalization between TO-PRO-3 and NeuroTrace 
500/525 labeling, acute hippocampal slices previously loaded 
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with TO-PRO-3 were incubated at RT for 20 min in ACSF contain-
ing the dye NeuroTrace 500/525 (1:25 and 1:500 dilutions). Then 
slices were washed in ACSF for 15 min and either fixed in fix-
ing solution (PFA, 4%; 40 min) or employed in living experiments 
(Figure 5, (a) and (c)).

2.8 | Vessel staining

Mice were placed in the chamber of an inhalation anesthesia equip-
ment (VETEQUIP impac 6) and rapidly anesthetized with isoflurane 
(4%–5%) which presents ample potency and a protective effect in 
vital tissues (Eger, 2004). The membrane-impermeable dye FITC-
dextran (FITC-Dextran-70S; 2–4 mg dissolved in 100 µL of physi-
ological solution) was administered by retro-orbital injection of the 
venous sinus in the eye retro-bulbar space (Yardeni et al., 2011) 
by using an insulin needle and syringe. After recovery, the mouse 
brain was removed to obtain acute hippocampal slices as described 
above. In another set of experiments, TO-PRO-3 pre-loaded slices 
were incubated at 37°C with Isolectin B4 (FITC-ISOB4; 5 µg/ml) for 
1 hr and then rinsed in ACSF for 15 min. Next, the living slices were 
fixed in a fixing solution (4% paraformaldehyde in PBS; 40 min) and 
then rinsed twice for 15 min in PBS. Following washes, slices were 
exposed for 10 min to 2-[4-(Aminoiminomethyl) phenyl]-1H-Indole-
6-carboximidamide hydrochloride (DAPI; 1–5 µM diluted in PBST) 
and rinsed again.

2.9 | Imaging and quantification of TO-
PRO-3 uptake

Sections were mounted onto the stage of a confocal microscope 
(Leica SP5 TANDEM SCANNER) and labeled cells were visualized 
with a 40x oil immersion objective Leica N.A 1,3 with UV correc-
tion. Image stacks were captured with the LAS AF Lite Software 
in data mode xyz and acquired with appropriate filters for DAPI 
(excitation/emission 358/461 nm), NeuroTrace (excitation/emis-
sion 500/525 nm) or fluorescein (excitation/emission 488/515 nm) 
and TO-PRO-3 (excitation/emission 642/661 nm). Within the 
range of fluorescence gain used, we did not appreciate bleed-
ing of TO-PRO-3 emission through other channels. Microscope 
and camera settings were set to allow measurements within the 
dynamic range of the fluorescence intensities and remained the 
same in experiments in which comparisons were made. During liv-
ing experiments, acute loaded slices were held on the bottom of a 
homemade flow-through chamber and perfused with ACSF (1 ml/
min) equilibrated with a mixture of 95% O2 and 5% CO2. To evalu-
ate the impact of different doses of TO-PRO-3 and variations of 
the temperature on dye uptake, the TO-PRO-3 fluorescence was 
quantified in arbitrary units (AU) with image processing software 
Image J (NIH, Bethesda, MD, USA). TO-PRO-3 intensities were 
evaluated as the difference (F-F0) between the fluorescence (F) 
from pericytes and the background fluorescence (F0) measured in 

the same field where no labeled cells were detected. At least three 
fields were selected in every slice.

2.10 | Pericyte morphometry and density

To determine the length and number of longitudinal processes de-
rived from TO-PRO-3-somas, consecutive confocal images of brain 
adjacent fields were superimposed to allow the reconstruction of 
pericyte processes. We measured the length of each prolongation 
from its emergence at the pericyte body until its division into pri-
mary branches using the Image J software (NIH, Bethesda, MD, 
USA). Image stacks of the Stratum Radiatum from hippocampal slices 
were imported to a software (Adobe Photoshop CS6 13.0 × 64) and 
z stacks reconstructed and converted to a grayscale mode. Pericyte 
somas were counted in fields from z stacks reconstructed images; 
pericyte density was referred to the number of pericytes each mm3 

of brain volume analyzed.

2.11 | Immunofluorescence

To block unspecific sites and permeabilize membranes, fixed prepa-
rations pre-loaded with TO-PRO-3 were placed in a multiwell dish 
and immersed for 2 hr in agitation in a blocking solution containing 
2% bovine serum albumin (BSA) and 0.2 M glycine diluted in PBS 
with 0.5% Triton X-100 (PBST). For α-SMA labeling, before fixing, 
some slices were incubated for 40 min in Jasplakinoide (20 µM), an 
F-actin stabilizing reagent that promotes actin filament polymerizing 
(Alarcón-Martínez et al., 2018; Holzinger, 2009), then rinsed with PBS 
and fixed either in PFA or in a mixture of 95% methanol and 5% ace-
tic acid (Alarcón-Martínez et al., 2018). After three washes in PBST, 
fixed slices were incubated at 4°C for at least 24 hr in PBST containing 
2% BSA (PBST-BSA) with primary antibodies anti-NG2 (1:250), anti-
PDGFrβ (1:150), anti-GFAP (1:400), anti-NeuN (1:200), anti-α-SMA 
(1:300), and anti-PECAM-1 (1:10). Subsequently, slices were rinsed 
two times in PBST and incubated in dark for 2 hr in a secondary an-
tibody diluted in the same medium (1:1,000). Following three washes 
with PBST, slices were treated for 10 min with DAPI (1–5 µM diluted 
in PBST) and rinsed again. Finally, slices were mounted in glycerol 
and examined with a confocal laser-scanning microscope (Leica TBCS 
SP2). Confocal images were acquired with appropriate lasers and 
using the LAS AF Software in data mode xyz. As a negative control, 
we omitted primary antibodies. In some trials, to unveil eventually 
masked antigen epitopes, we performed antigen retrieval for α-SMA 
labeling by incubating fixed slices at 80°C for 30 min in 10 mM sodium 
citrate buffer, pH 6.0, before the immunocytochemistry procedure.

2.12 | Cell membrane integrity experiments

To assess the membrane integrity of TO-PRO-3 labeled peri-
cytes, slices were incubated for 20 min in ACSF (95% O2, 5% 
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CO2; pH 7.4) containing the membrane non-permeant FITC-
dextran (FITC-Dextran-70000 kDa; 5 mg/ml). Subsequently, 
slices exposed to FITC-dextran were fixed (4% paraformalde-
hyde in PBS; 40 min), rinsed in PBS, and mounted in mounting 
medium until photomicrographs were taken. Labeled pericytes 
were visualized with a confocal laser-scanning microscope (Leica 
TBCS SP2) with filters appropriate for FITC (excitation/emission 
maxima 489/515 nm).

2.13 | Statistics

Values are presented as mean ± SEM. Analysis of distribution was 
done before a statistical test, using GraphPad InStat 3.06 (California 
Corporation). In cases where sample distribution did not pass the 
normality test (KS), non-parametric data were analyzed using two-
tailed Mann–Whitney test and Kruskal–Wallis test followed by 
Dunn post-test. In all experiments, the level of significance was set 
at p < .05. Sample sizes were estimated based on reports assess-
ing dye uptake; these require 3–4 slices per condition per animal 
and a minimum of three mice per condition (Abudara et al., 2015; 
Garré et al., 2010); no sample calculations were done. Statistical 
analysis/graphics were performed with the GraphPad InStat 3.06 
(California Corporation) software; figures were prepared with 
Adobe Photoshop CS6 13.0 × 64 and Adobe Illustrator CS6 16.0.0. 
We conducted no test for outliers.

3  | RESULTS

3.1 | TO-PRO-3 strongly labels pericyte-like cells in 
the murine neurovascular unit

Incubation of acute hippocampal slices in TO-PRO-3-containing 
ACSF (Figure 1(a)) resulted in robust labeling of a subset of pericyte-
like cells that strongly incorporated the fluorophore (TO-PRO-3+ 

cells). The dye concentrated at spindle-shaped cellular bodies but also 
traced cellular processes (Figure 1, (b)–(d)) that intermixed in an ex-
tensive meshed network (Figure 1(c)a´). The bright staining displayed 
by TO-PRO-3+ cells was remarkably higher than the background, 
defined as the area devoid of marked cells, which gave a significant 
signal-to-noise ratio. The fluorescence intensity (mean ± SEM) meas-
ured at the soma (F) was 41.93 ± 1.96 (Arbitrary Units or AU), whereas 
the background fluorescence (F0) was 1.96 ± 0.09 AU (p < .0001, 

F I G U R E  1   TO-PRO-3 labels hippocampal pericyte-like cells 
in slices of murine. (a) The scheme depicts the temporal course 
of the experimental procedure designed to label pericytes with 
TO-PRO-3 in acute brain slices. (b) Left: scheme of a coronal brain 
slice including the hippocampus (sky blue box). Right: Fluorescent 
microphotographs of mice hippocampus (z stacks reconstructed 
images from the Stratum Radiatum; the fluorescent field (picture 
a) and its inverted fluorescence image (picture a´) illustrate TO-
PRO-3+ pericyte-like somas in bright green and black (pictures a 
and a´ respectively) where cellular morphology and prolongations 
are evident. (c) Fluorescent microphotographs of mice hippocampus 
(Stratum Radiatum; same field in pictures a–a´́ ) show bright TO-
PRO-3+ pericyte-like somas (green) giving rise to prolongations 
that intermix (black in the inverted fluorescent image a´). Cellular 
nucleus stained with DAPI was merged to (picture a) in (picture a´́ ). 
Each image is representative of hippocampi from nine mice. (d) A 
typical pericyte is depicted by using DIC (Differential interference 
contrast) microscopy (see a); the DIC image (picture a) was merged 
to fluorescent images to display the pericyte nucleus marked 
with DAPI (picture a´) and the soma stained with TO-PRO-3 
(picture a´́ ). Image is representative of hippocampi of three mice. 
(e) Frequency distribution of the TO-PRO-3+ pericyte-like cells 
density in mice hippocampus (bin 1000, n = 13 hippocampi from 3 
mice). (f) TO-PRO-3 uptake by pericyte-like cells of the mouse at 
different ages. The graph illustrates the TO-PRO-3 uptake (mean 
± SEM) in arbitrary units (AU) for pericytes of hippocampal slices 
derived from mice from three different age ranges; (P06-P14, 
n = 112 pericytes from 3 mice; P20-P30, n = 174 pericytes from 3 
mice; P80-P90, n = 117 pericytes from 3 mice). ns, non-significant, 
comparison between 2 values indicated by horizontal bars, Kruskal–
Wallis-test followed by Dunn post-test. Each dot represents the 
uptake value for a single cell. (g) TO-PRO-3 labels pericyte-like cells 
in rat hippocampus (Stratum Radiatum). The fluorescent image is 
representative of the hippocampi of six rats. (h) TO-PRO-3-labeled 
cells line up to the brain vasculature. Two different hippocampal 
areas displayed in fluorescent (picture a) and inverted fluorescent 
(picture b) images illustrate TO-PRO-3 stained pericyte-like cells in 
close association with vessels marked by Isolectin B4 conjugated 
to fluorescein (FITC-ISOB4). Basement membranes of endothelium 
and pericytes marked by FITC-ISOB4 outline TO-PRO-3-labeled 
somas (same field in pictures c–c´). Images are representative of 
three mice. In all these examples, fixed slices are shown



6  |     Mai-Morente et al.

Wilcoxon matched paired test; n = 123 TO-PRO-3+ cells from 4 mice); 
the mean signal-to-background ratio F/F0 was 50.3 times. Usually, 
healthy slices showed high F/F0 ratios. Fixed sections stored at 4°C, 
preserved the bright stain for at least 1–1.5 months. Increasing the 
fluorescence intensity gain revealed TO-PRO-3+-nucleoli in pyrami-
dal neurons but solely pericyte-like cells displayed bright and exten-
sive labeling. In mouse hippocampi, the mean density of TO-PRO-3+ 

pericyte-like cells was 4,454 ± 451 cells/mm3, most density values 
ranged between 3x103 and 5x103 TO-PRO-3+ cells/mm3 (n = 13 hip-
pocampi from 9 mice) (Figure 1(e)). These values were consistent 
with the densities of pericytes previously identified with NeuroTrace 
500/525 (Damisah et al., 2017). Although we typically used P20-P30 
mice, TO-PRO-3 also labeled pericyte-like cells at earlier stages of 
development (P06-P14 mice) and during adulthood (P80-90 mice) 
(Figure 1(f) and S1). Quantification of TO-PRO-3 uptake by TO-
PRO-3+ pericyte-like cells yielded (mean ± SEM) 19.5 ± 0.97 AU 
for P06-P14 mice (n = 112 cells from 3 mice), 20.1 ± 0.92 AU for 
P20-P30 mice (n = 174 cells from 3 mice), and 21.96 ± 0.99 AU for 
P80-P90 mice (n = 117 cells from 3 mice). We found no differences 
between these groups (ns: non-significant, Kruskal–Wallis-test fol-
lowed by Dunn post-test) (Figure 1(f)). In addition to mouse areas, 
TO-PRO-3 also stained pericyte-like cells in the hippocampus and 
spinal cord of rats (Figure 1(g); Figure S2).

The TO-PRO-3+ pericyte-like cells typically aligned to the 
cerebrovasculature, specifically to the smallest caliber vessels, 
presumably capillaries (Figures 1(h) and 2). Figure 1(h) displays 
the close association between labeled cells and vessel walls iden-
tified by FITC-ISOB4 which specifically binds to α-D-galactose 
residues in basement membranes of endothelium and pericytes 
(Laitinen, 1987; Peters & Goldstein, 1979; Mishra et al., 2014). As 
expected, FITC-ISOB4 staining outlined the somas of TO-PRO-3+ 

pericyte-like cells (Figure 1(h), c-c´). Figure 2, (a)–(c´) depicts the 
general arrangement of TO-PRO-3+ cells in adjacency to thin hip-
pocampal vessels. Figure 2(d)c illustrates a representative labeled 
soma juxtaposed to the abluminal wall of a capillary presenting 
a diameter less than 10 µm and devoid of a continuous layer of 
αSMA; conversely, TO-PRO-3+ cells did not show intimate associa-
tion to arterioles (see picture (d)b).

Cells labeled by TO-PRO-3 exhibited the distinctive morpho-
logical features of pericytes; somas were fusiform while giving rise 
to slim prolongations that extended several micrometers away as it 
is characteristic of pericytes (Figure 3). The TO-PRO-3+ prolonga-
tions originated from somas projected longitudinally along vessels 
(Figure 3, (a) and (b), arrowheads) while branching out to new pro-
cesses (Figure 3, (a) and (b), arrows). The length of the longitudinal 
TO-PRO-3+ processes derived from somas ranged between 2 and 
110 µm and the majority (63%) measured between 12 and 42 µm 

(n = 142 processes from 7 mice) (Figure 3(c)). The characteristic fusi-
form cell bodies of TO-PRO-3+ cells were also found in other areas of 
the nervous system including the somatosensory cortex (Figure S1), 
the spinal cord (Figure S2), and the retina (Figure S3). In the mouse 
retina, however, labeling seemed to span other cell types, mostly at 
the emergence of the optic nerve (not shown).

In summary, based on their morphology, perivascular location, 
and abundance, the TO-PRO-3+ cells from the murine nervous sys-
tem, looked like pericytes.

To confirm the identity of TO-PRO-3+ cells, we first addressed 
the specificity of TO-PRO-3 labeling by immunofluorescence. To 
do so, mice hippocampal slices previously loaded with TO-PRO-3 
were counter-immunostained with antibodies against the classical 
pericyte markers transmembranous chondroitin sulfate proteo-
glycan neuron-glial antigen 2 and the platelet-derived growth fac-
tor receptor beta antigen (Figure 4(a)) (Hartmann, et al., 2015a,b; 
Lindahl et al., 1997; Ozerdem et al., 2001; Smyth et al., 2018). In the 
hippocampus, the majority of TO-PRO-3+ cells showed co-labeling 
with PDGFrβ or NG2; the immunostaining pattern for both mark-
ers displayed a preferential distribution at the cell membrane unlike 

F I G U R E  2   TO-PRO-3-labeled cells align with blood 
microvessels. (a) and (b) Left panels represent panoramic views 
of mice hippocampus with TO-PRO-3-labeled pericyte-like cells 
associated with the brain vasculature. Right panels depict zoomed 
areas framed by yellow boxes in left pictures. Fluorescent images 
showing TO-PRO-3-stained pericytes and FITC-Dextran-marked 
vessels in (a) and (b) were merged to their respective DIC versions 
in (a´) and the zoomed view of the selected area in (b); note the 
scarcity of pericytes adjacent to large vessels. (c) and (c´) TO-
PRO-3+ cells associate with thin vessels. A general view of a 
hippocampal area illustrates TO-PRO-3-labeled cells resting on thin 
FITC-Dextran-marked vessels; the inverted fluorescent version 
(c´) of the fluorescent field (c) allows visualization of small vessels. 
(d) TO-PRO-3+ cells rest on capillaries but not on arterioles. The 
inverted fluorescent picture (picture a) aims to show pericyte somas 
(green) associated with small diameter vessels (contours of vessels 
in dark violet). Fluorescent photographs of mice hippocampus 
display brightly TO-PRO-3+ cells unrelated to α–SMA+ arterioles 
(picture b) and a TO-PRO-3-labeled pericyte soma adjacent to a 
microvessel (picture c). Each image is representative of five mice
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TO-PRO-3, which labeled the whole cell body (Figure 4, (b) and (c)). 
The TO-PRO-3+ cells protruded from the outer wall of blood ves-
sels reminding the typical “bump-on-a-log” placement of pericytes 
(Rouget, 1873) (arrowheads in Figure 4, (b) and (c)). In tissue sections, 
we found that 98% of TO-PRO-3+ cells were co-labeled with PDGFrβ 

(n = 222 TO-PRO-3+ cells of 49 fields from 5 mice) while 97% of TO-
PRO-3+ cells were co-labeled with NG2 (n = 90 TO-PRO-3+ cells of 
22 fields from 3 mice) (Figure 4(d)). Importantly, most cells identified 
as pericytes captured TO-PRO-3. Accordingly, 91% of PDGFrβ+ cells 
adjacent to capillaries incorporated TO-PRO-3 (n = 244 PDGFrβ+ 

cells of 39 fields from 3 mice), 84% of NG2+ cells associated to ves-
sels took up TO-PRO-3 (n = 110 NG2+ cells of 18 fields from 3 mice), 
whereas 99% of double-labeled PDGFrβ+/NG2+ cells were TO-
PRO-3+ (n = 88 PDGFrβ+/NG2+ cells of 30 fields from 3 mice).

A previous report has recently shown that the Green Fluorescent 
Nissl dye NeuroTrace 500/525 which usually stains neurons in fixed 
brain sections, identifies pericytes in vivo as distinct vascular mural 
cells, different from VSMCs (Damisah et al., 2017). We took advan-
tage of this in vivo approach to label pericytes and adapted it to 
acute brain slices that we used in living or fixed experiments (pro-
cedures in Figure 5, (a) and (c)). In slices, the NeuroTrace 500/525 
staining concentrated at the soma and primary processes similarly 
as TO-PRO-3 (Figure 5, (b), (d) and (e)). About 95% of TO-PRO-3+ 

cells in hippocampus took up NeuroTrace 500/525 (n = 442 TO-
PRO-3+ cells of 55 fields from 4 mice) (Figure 5(f)). Double-labeled 
TO-PRO-3+/NeuroTrace500/525+ cells were associated with blood 
vessels whose walls were occasionally delineated by prolongations 
(Figure 5(e)b´́ ´). During living experiments (up to 6 hr duration), 

TO-PRO-3+ cells showed no signs of toxicity (cellular disintegration, 
swelling or shrinkage) and morphological features remained stable. 
In time-lapse experiments, NeuroTrace 500/525 displayed a greater 
photostability than TO-PRO-3 labeling.

In summary, our findings demonstrated that hippocampal TO-
PRO-3+ cells expressed the classical pericyte immunomarkers NG2 
and PDGFrβ and captured the pericyte dye NeuroTrace 500/525 
providing evidence that they represented cerebral pericytes.

3.2 | The contractile protein α-SMA is detected in 
TO-PRO-3+ cells

Consistent with the idea that capillary pericytes play a regulatory 
role in microcirculation, these cells are expected to express the 
contractile protein α-SMA. Herein, we employed different strat-
egies to identify α-SMA in hippocampal TO-PRO-3+ pericytes. 
Results were exemplified and summarized in Figure 6. Classical im-
munocytochemistry applied to hippocampal slices pre-loaded with 

F I G U R E  3   TO-PRO-3 images cellular prolongations of pericyte-
like cells in mouse hippocampus. (a) The fluorescent photograph 
displays a representative field of Stratum Radiatum with TO-
PRO-3 brightly labeled pericyte-like somas that originate primary 
longitudinal prolongations (arrowheads in zoomed yellow box) 
giving rise to secondary processes (arrow in zoomed yellow box). 
(b) Fluorescent views depict hippocampal pericyte somas giving 
rise to TO-PRO-3+ processes (pictures a–c); to aid visualization of 
prolongations, the level of fluorescence was increased within white 
boxes. Arrowheads indicate the emergence of primary processes 
from pericytes somas in the zoomed area (yellow box in picture 
c); arrows point out the sites of bifurcations (pictures a and c). (c) 
Frequency distribution for primary processes length (in µm) of TO-
PRO-3+ pericytes (bin 5, n = 142 pericytes from 7 mice)

F I G U R E  4   Pericyte markers stain TO-PRO-3+ cells in mouse 
hippocampus. (a) The diagram illustrates the procedure employed 
to stain pericytes with TO-PRO-3 and immunomarkers. (b) and (c) 
Fluorescent images display TO-PRO-3+ cells co-stained with (b) 
PDGFrβ (same fields in pictures a-a´ and b-b´́ ) and (c) NG2 (same 
fields in pictures a-a´ and b-b´́ ). Arrowheads (in pictures a-a´) 
point out pericytes contiguous to cerebral vessels that protrude 
reminding the typical “bump-on-a-log” placement of pericytes. Each 
image is representative of four mice. (d) The graph represents the 
percentage of hippocampal TO-PRO-3+ cells co-labeled with the 
markers PDGFrβ (n = 222 TO-PRO-3+ cells of 49 fields from 5 mice) 
and NG2 (n = 90 TO-PRO-3+ cells of 22 fields from 3 mice)
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TO-PRO-3 yielded immunoreactivity against the α-SMA antibody 
in uniquely the 15% of TO-PRO-3+ cells (n = 106 TO-PRO-3+ cells 
of 12 fields from 3 mice). Performing antigen retrieval on fixed hip-
pocampal slices before incubation with the anti-α-SMA primary 

antibody allowed us to detect α-SMA-positive immunoreaction in 
48% of TO-PRO-3+ cells (n = 105 TO-PRO-3+ cells of 40 fields from 
3 mice). Finally, precluding eventual depolymerization of α-SMA by 
pre-treating hippocampal slices with jasplakinolide before fixation 

F I G U R E  5   The pericyte marker NeuroTrace 500/525 stains 
TO-PRO-3-labeled cells in mouse hippocampus. Co-localization 
between NeuroTrace 500/525 and TO-PRO-3 is visualized 
in both fixed and living slices. (a) The diagram illustrates the 
experimental process employed to label pericytes with TO-
PRO-3 and NeuroTrace 500/525 in hippocampal slices. Note that 
incorporation of both dyes into pericytes should be achieved in 
living tissue; slices were then fixed and analyzed. (b) Fluorescent 
pictures depict fixed slices with pericytes stained with TO-
PRO-3 (picture a) and NeuroTrace 500/525 (picture a´) in mice 
hippocampus (same field in a-a´́ ; co-labeling in a+a´ and a´́  where 
the DAPI image was merged). (c) The diagram illustrates the 
experimental process employed to label hippocampal pericytes 
with TO-PRO-3 and NeuroTrace 500/525 in acute sections; 
living slices were then imaged and analyzed through confocal 
microscopy. (d) Representative fluorescent and brightfield pictures 
of mice hippocampal living slices display pericytes stained with 
TO-PRO-3 (green) and NeuroTrace 500/525 (red); co-labeling is 
shown in yellow. Same field in pictures (a-a+a´). Two pericytes 
indicated by arrows (picture a) were zoomed (b–b+b +́b´́ ; same 
field). P: pericyte (b´́ ; b+b +́b´́ ). (e) Fluorescent pictures depict 
three different living pericapillar pericytes stained with TO-PRO-3 
(green) and NeuroTrace 500/525 (red) in mouse hippocampus. 
Images in each file represent the same field. Note pericytes 
adjacent to vessels in brightfield views (a´́ ,́ b´́ ´ and c´́ ´); the 
asterisk indicates blood accumulation in a vessel bifurcation (a´́ ´). 
Each image is representative of four mice. (f) The graph represents 
the percentage of TO-PRO-3+ cells co-labeled with NeuroTrace 
500/525 (n = 442 TO-PRO-3+ cells of 55 fields from 4 mice)

(a)

(b)

(c)

(d) (e)

(f)

F I G U R E  6   TO-PRO-3 pericyte-like cells express α-SMA. 
(a) Fluorescent pictures (a-a´́ , same field) of pericyte-like cells 
identified with TO-PRO-3 show the expression of α-SMA detected 
through conventional immunofluorescence. Note that pericytes 
resting on α-SMA-expressing vessels (arrowheads in a-a+a´) 
exhibit larger levels of α-SMA stain than pericytes adjacent to 
non-expressing α-SMA structures (asterisks in pictures a -́a+a´). 
The field within the white rectangle (pictures a-a´́ ) was zoomed 
and is shown below. In zoomed views, the level of fluorescence was 
increased within the yellow boxes to visualize an α-SMA-expressing 
TO-PRO-3+ cell (α-SMA+; cell 1) next to a non-expressing TO-
PRO-3+ cell (α-SMA-; cell 2). (b) Fluorescent pictures (a-a´́ , same 
field) show the expression of α-SMA by TO-PRO-3+ pericyte-like 
cells (1 and 2) detected through the antigen retrieval procedure. 
Fields within white rectangles (a-a´́ ) were zoomed and are shown 
below. Note the strong stain of α-SMA in pericyte 2 adjacent to 
the α-SMA-expressing vessel as compared to pericyte 1. Note in 
(a) and (b) that TO-PRO-3+ cells displaying more stain for α-SMA 
exhibit lower levels of TO-PRO-3 than TO-PRO-3+ cells with low 
or no labeling for α-SMA. (c) The graph represents the percentage 
of hippocampal TO-PRO-3+ cells co-labeled with α-SMA. IF: 
α-SMA detected by conventional immunofluorescence (n = 106 
TO-PRO-3+ cells of 12 fields from 3 mice); AR: α–SMA detected 
by antigen retrieval (n = 105 TO-PRO-3+ cells of 40 fields from 3 
mice) and Jasp: α-SMA detected by immunofluorescence in slices 
pretreated with jasplakinolide (n = 114 TO-PRO-3+ cells of 17 fields 
from 3 mice)
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(Alarcón-Martínez et al., 2018; Holzinger, 2009), further enhanced 
the total number of double-labeled α-SMA+/ TO-PRO-3+ cells by 
66% (n = 114 TO-PRO-3+ cells of 17 fields from 3 mice).

In summary, we found here that TO-PRO-3+ pericytes from hip-
pocampal slices were able to express α-SMA under specific immuno-
histochemical conditions.

3.3 | TO-PRO-3+ cells associate to other 
components of the neurovascular unit

To investigate whether TO-PRO-3+ cells relate to other constituents 
of the NVU, hippocampal sections were counter-immunostained 
with specific antibodies against neurons, astrocytes, and endothe-
lium (Figure 7). Figure 7(a) illustrates hippocampal TO-PRO-3+ 

pericytes neighboring CA1 pyramidal neurons; the neuron-specific 
nuclear protein NeuN imaged hippocampal CA1 neurons, as ex-
pected we observed no matching between NeuN+ and TO-PRO-3+ 

cell populations (picture c). Likewise, we found non-overlapping 
labeling patterns between TO-PRO-3 and the glial fibrillary acidic 
protein (GFAP), a specific marker of astrocytes (Figure 7(b)). At the 
NVU, pericytes, vessels and astrocytes are intimately related. In 
line with this, GFAP+ astrocyte processes either enwrapped TO-
PRO-3+ cells juxtaposed to the vessel wall or contacted the vessel 
in the vicinities of pericytes (Figure 7(b)b). As is typical for pericytes, 
TO-PRO-3+ cells rested on the abluminal wall of vessels as shown 
in Figure 7(c) where the vascular endothelium was identified with 
the specific antibody against the platelet endothelial cell adhesion 
molecule (PECAM-1).

3.4 | Which mechanisms underlie the passage of 
TO-PRO-3 through the pericyte membrane at the 
NVU?

The fluorophore TO-PRO-3 (MW 671.4 g/mol) is cell impermeant 
(Suzuki et al., 2007) and therefore requires relatively large pores 
to diffuse through the membrane or else a transport mechanism to 
enter into cells when applied extracellularly. Neither the injection of 
TO-PRO-3 in the retro-orbital venous sinus nor the intraperitoneal 
injection of TO-PRO-3 yielded labeled cells.

We first ruled out the possibility that the membrane integrity 
of TO-PRO-3+ cells has been impaired allowing the passage of rel-
atively large molecules through an altered lipid bilayer. For this, we 
incubated slices in ACSF solution containing the membrane non-per-
meant FITC-dextran (70 000 kDa). The FITC-dextran disposed out-
side pericytes and delineated the silhouette of the TO-PRO-3+ cell 

somas suggesting that an intact membrane impeded the entry of the 
dye into pericytes (Figure S4).

We then assessed the possible contribution of large pore 
membrane channels formed by pannexin1 (Panx1-pannexons) 
or connexin43 (Cx43 hemichannels or connexons); in other sys-
tems, pannexons act as pathways for TO-PRO-3 influx (Chekeni 

et al., 2010; Chiu et al., 2017; Good et al., 2018; Poon et al., 2014). 
To do so, in acute hippocampal slices, we evaluated the effects of 
the general Cx/Panx1 inhibitor, carbenoxolone (CBX; 100 µM) (Ma 
et al., 2009) and the Panx1 blocker, the mimetic peptide 10Panx1 
(150 µM) (Pelegrin & Surprenant, 2006) on TO-PRO-3 uptake 
(Figure 8(a)a). None of these blockers, CBX or 10Panx1 prevented 
the capture of TO-PRO-3. The TO-PRO-3 uptake ratios for CBX and 
10Panx1 treatments, respectively, 1.02 ± 0.03 (n = 302 pericytes 
from 4 mice) and 0.99 ± 0.03 (n = 291 pericytes from 4 mice) were 
not different from control, 1.00 ± 0.03 (n = 424 pericytes from 4 
mice) (non-significant as compared to control, Kruskal–Wallis-test 
followed by Dunn post-test) (Figure 8(a)b). These results indicated 
that non-opposed Cx43 hemichannels and Panx1 channels were 

F I G U R E  7   TO-PRO-3+ pericyte-like cells are components of 
the neurovascular unit in mouse hippocampus. (a) Fluorescent 
images display pericytes stained with DAPI (arrowhead in picture 
a) and with TO-PRO-3 (b ;́ arrowhead in c) and NG2 (b-b´́ , same 
field) neighboring CA1 pyramidal neurons. In picture c, neuronal 
bodies were immunolabeled with the neuronal marker NeuN; the 
nucleus of CA1 pyramidal neurons stained with DAPI are evident 
in pictures a, b´́  and c (b) Fluorescent images depict the rapport 
between TO-PRO-3-labeled pericytes and astroglial GFAP-stained 
prolongations. An astrocyte foot enwraps a pericyte soma, which 
rests on a blood vessel (a-a´́ ,́ same field), whereas astrocyte feet 
contact vessel walls neighboring a pericyte lying on the vessel 
(b-b ,́ same field). Inverted fluorescent pictures a´́ ´ and b´ aim 
to facilitate the visualization of relationships between pericytes, 
astrocyte feet and vessel walls. (c) Pictures illustrate a TO-PRO-3-
labeled pericyte lining up endothelial cells stained with PECAM-1 
(a-a´́ ,́ same field). The DIC field (picture a) was merged to the 
fluorescent image (a´́ ) in (a´́ ´). Each image is representative of 
three mice
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not the main routes for dye incorporation suggesting that an ad-
ditional mechanism might account for TO-PRO-3 entry into brain 
pericytes.

As an approach to characterize the transport of TO-PRO-3 
into pericytes, we evaluated the dye uptake kinetics, by determin-
ing the effects of different concentrations of TO-PRO-3 on uptake 
after 20 min of exposure. Increasing TO-PRO-3 concentrations 
(0.1, 1, 2, and 5 µM) yielded increasing levels of the uptake ratio 

until a maximum rate of transport was achieved between 2 and 5 
µM, respectively, 2.99 ± 0.11 (n = 130 pericytes from 6 mice) and 
3.29 ± 0.14 (n = 49 pericytes from 3 mice) (ns, non-statistically dif-
ferent, Kruskal–Wallis test followed by Dunn post-test) (Figure 8(b)). 
The maximal capacity to uptake TO-PRO-3, which reflected a satu-
ration of the transport mechanism, suggested that an integral mem-
brane protein (channel or carrier) contributed to transfer the dye 
into pericytes; this could have happened through either a facilitated 
diffusion or an active transport (Berne and Levy, 2008; Albert et al., 
2002). To discriminate between both mechanisms, we assessed the 
effect of the temperature on TO-PRO-3 uptake. The mean uptake 
ratio at 30°C, 5.02 ± 0.18 (n = 324 pericytes from 6 mice) was signifi-
cantly higher than the one at 20°C, 1.00 ± 0.04 (n = 314 pericytes 
from 6 mice) (p < .001, two tail Mann–Whitney test) (Figure 8(c)). 
Consequently, the calculated temperature coefficient or Q10, that is, 
the factor by which the mean uptake changed upon a 10°C increase 
in temperature (from 20°C to 30°C), was 5.02. This magnitude of Ql0 
indicated that TO-PRO-3 uptake was highly sensitive to temperature 
and suggested that the transport mechanism could have involved 
protein conformational changes and energy expenditure.

In summary, based on our findings, we suggest that pericytes 
selectively captured TO-PRO-3 through an active protein-transport 
mediated system.

4  | DISCUSSION

In the present study, we demonstrate that the fluorescent nuclear 
tracer TO-PRO-3 Iodide (642/661) acts as a specific dye to image 
capillary pericytes at the NVU of murine. After brief exposure, the 
fluorophore was preferentially incorporated by pericytes in live 
slices of the cortex, hippocampus, spinal cord, and whole-mount 
retinas. Selective uptake of TO-PRO-3 by cerebral pericytes has 
been previously reported in the mice subventricular zone from acute 
slices where TO-PRO-3-loaded pericytes were used for calcium im-
aging and immunohistochemistry post-fixation (Lacar et al., 2012). 
However, to our knowledge, a comprehensive study of TO-PRO-3 
imaging of pericytes has not been further described.

Different pieces of evidence here obtained indicate that TO-
PRO-3 specifically labels pericytes at the neurovascular interface. 
First, morphological features, that is, protruding spindle-shaped TO-
PRO-3+ somas giving origin to longitudinal processes, were typical 
of pericytes. In line with this, Isolectin B4 that labels the basement 
membrane, which encloses pericytes (Mishra et al., 2014), delin-
eated TO-PRO-3+ pericyte-like cells and disclosed their perivascu-
lar location. Besides, the length of primary longitudinal processes 
of TO-PRO-3+ cells agreed with those published for pericytes of 
cortices from the NG2-tdTomato transgenic mouse Cre line, which 
is driven by the promoter for the NG2 proteoglycan to target peri-
cytes (Hartmann, et al., 2015a,b; Ozerdem et al., 2001). Second, 
TO-PRO-3+ cells exhibited the classical intimate apposition to mi-
crovasculature and the characteristic anatomical rapports shown by 
pericytes at the NVU. Accordingly, TO-PRO-3+ cells leaned on the 

F I G U R E  8   Mechanisms underlying TO-PRO-3 uptake by 
pericytes from mouse hippocampus. (a) Connexin hemichannels 
and pannexin channels are not the main pathways for TO-PRO-3 
influx into mouse cerebral pericytes. a, Diagrams represent the 
experimental procedure employed to evaluate whether TO-PRO-3 
uptake by hippocampal pericytes is mediated via Cx-hemichannels/
pannexons. b, The graph illustrates TO-PRO-3 uptake ratios (mean 
± SEM) for control (n = 424 pericytes from 4 mice), CBX-treated 
(n = 302 pericytes from 4 mice), and 10Panx1-treated (n = 291 

pericytes from 4 mice) pericytes. Uptake values were normalized 
to the control mean. Each dot represents the value of an individual 
TO-PRO-3+ pericyte. ns; non-significant as compared to control, 
Kruskal–Wallis-test followed by Dunn post-test. (b) TO-PRO-3 
uptake by mouse hippocampal pericytes shows saturation. The 
graph illustrates the TO-PRO-3 uptake ratios (mean ± SEM) for 
pericytes exposed for 20 min to different doses (0.1–5 µM) of 
TO-PRO-3 (0.1 µM, n = 218 pericytes from 6 mice; 1 µM, n = 132 

pericytes from 3 mice; 2 µM, n = 130 pericytes from 6 mice; 5 µM, 
n = 49 pericytes from 3 mice). Each dot represents the ratio for 
a single pericyte. Uptake values were normalized to the mean 
obtained at the lower dose (0.1 µM). *p < .05; ***p < .001; as 
compared to 0.1 µM; ns, non-significant; &&& p < .001, comparison 
between 2 values indicated by horizontal bars, Kruskal–Wallis-
test followed by Dunn post-test. (c) Uptake of TO-PRO-3 by 
hippocampal pericytes is temperature dependent. The graph 
illustrates TO-PRO-3 uptake ratios (mean ± SEM) for pericytes 
obtained during incubation of slices in TO-PRO-3-containing 
ACSF at 20°C (n = 314 pericytes from 6 mice) and 30°C (n = 324 
pericytes from 6 mice). Each dot represents the ratio for a single 
pericyte. Uptake values were normalized to the mean obtained at 
20°C. ***p < .001, Mann–Whitney test (two-tail)
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vasculature in close association to astrocyte feet and vessel endo-
thelium to which they partially enwrapped. Assembly between peri-
cytes, vessels and astrocytes is known to favor the exchange across 
the blood–brain interface (Mathiisen et al., 2010) that is crucial for 
BBB functions (Abbott et al., 2010). By using electronic microscopy 
3D reconstruction in CA1 rat hippocampus, other authors showed 
that about one-third of endothelium is covered by pericytes (somas 
and processes), whereas most of the abluminal surface of pericytes is 
covered by astrocyte endfeet (Mathiisen et al., 2010). Recent data in-
dicate that the vessel coverage depends on the pericyte morphology 
and vascular territory being maximum (95%) for ensheathing peri-
cytes at pre-capillary arterioles and minimum (51%) for thin-strand 
pericytes at small diameter capillaries (Grant et al., 2019). Third, TO-
PRO-3+ cells expressed NG2 and PDGFrβ antigens, classical markers 
of pericytes (Hartmann, et al., 2015a,b; Lindahl et al., 1997; Ozerdem 
et al., 2001; Smyth et al., 2018) and captured the recently described 
pericyte dye NeuroTrace 500/525 that is exclusively taken up by in 
vivo pericytes (Damisah et al., 2017). Fourth, almost all cells identi-
fied as pericytes (i.e., double-labeled NG2/PDGFrβ cells associated 
with vessels), were stained by TO-PRO-3. Finally, the abundance of 
TO-PRO-3+ cells was in line with the densities of cortical pericytes as 
determined by NeuroTrace 500/525 labeling (Damisah et al., 2017).

A subset of TO-PRO-3+ pericytes expressed the contractile 
protein α-SMA. In line with a previous report (Alarcón-Martínez 
et al., 2018), preventing F-actin depolymerization allowed us to 
identify a larger percentage of α-SMA-expressing TO-PRO-3+ cells 
(α-SMA+ pericytes) than antigen retrieval or classical immunofluo-
rescence. Despite this, we could not detect the protein in a pool of 
TO-PRO-3+ cells (α-SMA- pericytes). The differential expression of 
α-SMA exhibited by TO-PRO-3+ cells might reflect the heterogeneity 
of the pericyte population already described by others. Accordingly, 
ensheathing pericytes at pre-capillary arterioles and capillary peri-
cytes closer to the arteriole end of capillaries would express more 
α-SMA than mid-capillary ones (Nehls & Drenckhahn, 1991; Ehler 
et al., 1995; Bandopadhyay et al., 2001; Attwell et al., 2016; Grant 
et al., 2019). Although we did not perform additional studies to ad-
dress the precise location of α-SMA-expressing TO-PRO-3+ cells 
within the vascular tree, our data suggested that both the capillary 
pericytes close to arterioles (α-SMA+ pericytes) and those located 
in the mid-capillary bed (α-SMA- pericytes) captured TO-PRO-3 
(Figure 2; Figure 6). Moreover, pericytes located near the arteriole 
could exhibit lower levels of TO-PRO-3 uptake than pericytes lo-
cated in the mid-capillary bed (Figure 6, (a) and (b)). Previous work 
suggested that NeuroTrace 500/525 and α-SMA labeling are in-
versely related (Grant et al., 2019).

While some groups successfully detected α-SMA in capillary 
pericytes through IHC procedures and quantitative immunoblotting 
(Le Beux and Willemot, 1978; Bandopadhyay et al., 2001; Alarcón-
Martínez et al., 2018), others obtained negative results by using an-
tibody staining (Grant et al., 2019) or reporter lines driven by α-SMA 
promoters (Damisah et al., 2017; Hill et al., 2015). This discrepancy 
could be because of experimental procedures regarding differences in 
the sensitivity of the detection methods employed (Alarcón-Martínez 

et al., 2018) or in definition of pericytes (Attwell et al., 2016; Hill 
et al., 2015; Grant et al., 2019; Grutzendler and Nedergaard, 2019). 
Alternatively, it may be because of the differential expression pat-
tern of α-SMA exhibited by some preparations (Ehler et al., 1995; Hill 
et al., 2015; Smyth et al., 2018; Nortley et al., 2019).

The presence of contractile machinery is consistent with peri-
cyte function to actively modify their tone and modulate the capil-
lary diameter and blood flow (CBF) (Kawamura et al., 2003; Peppiatt 
et al., 2006; Lacar et al., 2012; Hall et al., 2014; Mishra et al., 2016; 
Kisler, et al., 2017; Isasi et al., 2019; Nortley et al., 2019; Kisler 
et al., 2020; Nelson et al., 2020; Hartmann et al., 2020 Preprint; 
Ivanova et al., 2020 Preprint) although this role has not been estab-
lished by some studies (Fernández-Klett et al., 2010; Hill et al., 2015; 
Wei et al., 2016). It is accepted that ensheathing pericytes from 
pre-capillary arterioles express α-SMA and regulate blood flow (Hill 
et al., 2015; Hartmann et al., 2020 Preprint) but the mechanisms un-
derlying the contractility of mid-capillary pericytes involved in CBF 
regulation remain unknown. How to reconcile that mid-capillary 
pericytes regulate the CBF if they express low or undetectable lev-
els of α-SMA? Interestingly, recent papers have proposed that peri-
cytes may use alternative contractile proteins (Nelson et al., 2020; 
Hartmann et al., 2020 Preprint) expressed by them as determined by 
transcriptomic studies (He et al., 2018; Vanlandewijck et al., 2018). 
Additionally, changes in the polymerization status of cytoskeletal 
F-actin and α-SMA were proposed to regulate the stiffness and con-
tractility of mid-capillary pericytes (Kureli et al., 2020). Future stud-
ies are still required to decipher this ongoing key issue.

Our results suggest that uptake of TO-PRO-3 is mediated through 
an yet unidentified transporter expressed by brain pericytes, namely, 
(a) TO-PRO-3 does not permeate membranes (Suzuki et al., 2007) and 
thus requires a transport system to enter into cells; (b) TO-PRO-3 con-
centrated into pericytes, and (c) dynamics of dye uptake displayed max-
imal capacity. Uptake saturation might have reflected the unavailability 
of additional transporters to carry more dye (Berne and Levy, 2008; 
Albert et al., 2002). The transporter-mediated transfer of TO-PRO-3 
through the pericyte membrane might be passive (facilitated diffusion) 
or active depending on the sign of the net driving force generated 
by the electrochemical gradient. Our findings highly suggested that 
TO-PRO-3 incorporation into brain pericytes is an actively mediated 
mechanism. First, TO-PRO-3 significantly accumulated into pericytes 
to a higher concentration as compared to other cells/extracellular solu-
tion; second, dye uptake showed high dependence on the tempera-
ture (Q10~5.02), and third, a diffusion-based entry of TO-PRO-3 into 
pericytes through Panx1 channels or Cxs hemichannels was ruled out 
through pharmacological tools. Besides, hippocampal pericytes from 
global knock-out mice for Pannexin1 (Panx1−/−) were also strongly la-
beled by TO-PRO-3 (data not shown). That activity of Panx1 channels 
was dispensable for TO-PRO-3 influx was not consistent with previous 
studies reported in Jurkat cells where uptake of TO-PRO-3 is Panx1 
dependent (Chekeni et al., 2010; Chiu et al., 2017; Good et al., 2018; 
Poon et al., 2014). If connexons/pannexons eventually admitted a TO-
PRO-3 influx, their contribution was negligible as compared to the ac-
tive transport. Interestingly, previous studies already postulated that 
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living pericytes can incorporate the large-molecular weight fluores-
cent probes dextran-conjugated fluorescent calcium indicator Calcium 
Green I (Hirase et al., 2004), Fluoro-Gold (Edwards et al., 2013) and 
NeuroTrace 500/525 (Damisah et al., 2017). Accordingly, an active 
transport mechanism specifically expressed by pericytes was also 
proposed to underlie NeuroTrace 500/525 entry into living pericytes 
(Damisah et al., 2017). NeuroTrace 500/525 and TO-PRO-3 Iodide 
642/661 share additional properties, that is, both markers stain nucleic 
acids in fixed sections but they shift their staining profile in living tis-
sue where they selectively label pericytes and both display a similar 
labeling pattern. At present, whether they also employ the same trans-
porter to enter into pericytes is unknown. The high expression of mem-
brane transporters reported for capillary pericytes (Vanlandewijck 
et al., 2018) is consistent with the preferential uptake of fluorescent 
probes by these cells as compared to mural cells from other sections 
of the vasculature (Berthiaume et al., 2018). Finally, as aforementioned 
(see results), pericytes from mice aged between P06 and P90 also in-
corporated TO-PRO-3. These findings suggest that the transport sys-
tem carrying TO-PRO-3 into pericytes might be present from the early 
stages of development and maintained during adulthood.

Herein, TO-PRO-3 labeled pericytes of rats and mice neural 
structures. We do not know whether pericytes from other spe-
cies or systems (i.e., kidneys, heart) also exhibit selective uptake of 
TO-PRO-3. Regional differences concerning labeling properties of 
pericytes have been reported (Edwards et al., 2013). Interestingly, 
studies on human microvasculature are emerging (Hill et al., 2015; 
Nortley et al., 2019; Smyth et al., 2018) and using TO-PRO-3 to tar-
get pericytes in human tissues would be particularly convenient. 
Then, future studies might assess if TO-PRO-3 enables pericytes 
imaging in the human brain and other mammallian tissues.

Ex vivo, labeling pericytes with TO-PRO-3 displayed an out-
standing and selective bright fluorescence, which, together with 
its extensive cellular filling, allowed high-resolution optical images 
in live and fixed murine sections. Although the TO-PRO-3 fluores-
cence was highly stable in PFA-fixed slices, we found photobleach-
ing in living time-lapse experiments. Optimization of exposure 
times during image acquisition could overcome these limitations 
making TO-PRO-3 appropriate for live imaging (see Figure 5; 
Lacar et al., 2012). As a DNA-binding dye (Martin et al., 2005), 
TO-PRO-3 can interfere with cellular processes generating dam-
age. However, herein, we did not find signs of cytotoxicity in long-
term experiments (up to 6 hr). Accordingly, the far-red emitting 
probe TO-PRO-3 Iodide (642/661) displays minimal autofluores-
cence and phototoxicity (Suseela et al., 2018) compared to fluo-
rophores endowed with other excitation/emission spectra (mostly 
those excited with UV light). Among these dyes, the above-men-
tioned dextran-conjugated fluorescent calcium indicator Calcium 
Green I (506/531) (Hirase et al., 2004), and the neuronal markers 
Fluoro-Gold (UV) (Edwards et al., 2013) and NeuroTrace (500/525) 
(Damisah et al., 2017) also label CNS pericytes when administered 
to living parenchyma. As with TO-PRO-3 labeling, NeuroTrace also 
yields a remarkable signal-to-noise rapport stain in hippocampal 
slices. However, as opposed to NeuroTrace which diffuses out of 

pericytes during immunostaining procedures (Damisah et al., 2017), 
the TO-PRO-3 mark could bear antibody labeling; this behavior of 
TO-PRO-3 was similar to Fluoro-Gold, whose compatibility with 
immunofluorescence has been reported (Edwards et al., 2013). 
Importantly, TO-PRO-3 displays exclusive emission at 633 exci-
tation in the far-red channel avoiding interference with other flu-
orescence channels (Bink et al., 2001). This represents a benefit 
over probes with wider emission profiles and favors its use during 
multi-labeling, especially in association with widespread used FITC-
conjugated probes or green fluorescent protein (GFP) reporters.

5  | CONCLUSIONS

We show here that low concentrations of TO-PRO-3 Iodide (642/661) 
are selectively taken up by ex vivo living pericytes from the neurovascu-
lar unit through an active transporter-mediated process; as a result, per-
icytes become brightly stained. In addition to the good stability and high 
signal-to-background ratio exhibited by the TO-PRO-3-fluorescence, 
the labeling procedure is rapid, non-toxic, and affordable and shows 
great reproducibility making it a convenient method to trace cerebral 
pericytes. On top of that, this dye fluoresces in the far-red region of the 
spectrum well separated from the green and red fluorophores, making 
it suitable for multiple labeling in fluorescence microscopy. Importantly, 
tracking TO-PRO-3-marked pericytes circumvents the need for geneti-
cally engineered mice or immunohistochemical counter-staining and 
thus, it can be easily employed in transgenic murine models.

In summary, we conclude that TO-PRO-3-labeling provides a 
specific and reliable tool to study pericytes at the neurovascular 
interface. Futures studies are required to determine whether this 
dye also recognizes pericytes from other organs or species including 
human tissues.
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