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Abstract

Pericytes in the central nervous system are essential for maintaining blood-brain barrier function, regulating
blood flow, modulating immune responses, and interacting closely with surrounding cells of the neurovascular
unit to support brain homeostasis. Increasing evidence has highlighted their involvement in age-related
neuroinflammation, where their dysfunction may contribute to sustained inflammatory states associated with
neurodegenerative disorders. Here, we compared inflammatory responses to lipopolysaccharide (LPS) in primary
cerebral pericytes from neonatal and adult mice and adult humans. Our findings indicate that neonatal mouse
pericytes display heightened inflammatory activation, with elevated levels of ICAM-1 and several cytokines,
compared to adult mouse pericytes reflecting a more reactive phenotype. In contrast, adult mouse pericytes
exhibited a significantly reduced cytokine release profile, suggesting lower responsiveness. Notably, while cytokine
secretion patterns in adult human pericytes, in part, mirrored those in neonatal mouse pericytes, nitric oxide
production, which was observed in mouse pericytes, was absent in the human cells. These results underscore
species- and age-dependent variations in cellular behavior, emphasizing the importance of utilizing human
brain cell systems when conducting research on neuroinflammation. Understanding these distinctions is vital for
designing accurate studies and developing targeted therapies for neuroinflammatory conditions.
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Cerebral pericytes are important cells within the central
nervous system (CNS), residing along the walls of capil-
laries. Here, they regulate key physiological functions
including blood-brain barrier (BBB) integrity, cerebral
blood flow, and maintenance of the extracellular environ-
ment. This provides structural and functional stability to
the neurovascular unit [1]. Their location along the blood
vessels uniquely positions them to directly interact with
endothelial cells, neurons, and glial cells, allowing peri-
cytes to serve as key communicators within the CNS
microenvironment. These cells not only support the vas-
cular barrier by controlling permeability but also play a
vital role in immune surveillance, modulating immune cell
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Fig. 1 (See legend on next page.)
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Fig. 1 Neonatal mouse pericytes, adult mouse pericytes, and adult human pericytes display differential inflammatory responses. Representative images
of primary adult mouse pericytes, primary neonatal mouse pericytes, and primary adult human brain pericytes displaying A) PDGFR@ expression, B)
ICAM-1 expression after 24 h treatment with vehicle or LPS (40 ng/mL), C) MCP-1 expression after 24 h treatment with vehicle or LPS (40 ng/mL) and D)
VCAM-1 expression after 24 h treatment with vehicle or LPS (40 ng/mL). Immunocytochemistry quantification of E) ICAM-1, F) VCAM-1, and G) MCP-1
expression after treatment with vehicle or LPS (40 ng/mL) in adult mouse pericytes, neonatal mouse pericytes and adult human pericytes. Quantification
of cytokines and chemokines released into the media via cytometric bead array (CBA) for H) IL-6, 1) MCP-1, J) GM-CSF, K) G-CSF and L) RANTES between
vehicle and LPS (5 ng/mL or 40 ng/mL) in adult mouse pericytes, neonatal mouse pericytes, and adult human pericytes. M) Nitrite concentration quanti-
fied by Griess assay in adult mouse pericytes, neonatal mouse pericytes and adult human pericytes. Data was presented as the standard error of the mean
from three independent culture sets (passages 5-7) from three independent biological replicates in all experiments. Data were statistically analyzed using

Graphpad Prism 8 and a two-way ANOVA with Tukey’s multiple comparisons. *p < 0.05, **p < 0.01, ***p <0.001

trafficking, and mediating neuroinflammatory responses
[1, 2]. As “gatekeepers” of the neurovascular unit, peri-
cytes respond to inflammatory cues by releasing cyto-
kines and chemokines, which can influence immune cell
recruitment, making them central players in maintaining
CNS homeostasis and neurovascular health [2, 3].

In recent years, pericytes have gained significant atten-
tion for their role in neuroinflammation and disease
processes, particularly in aging and neurodegenerative
diseases such as Alzheimer’s and Parkinson’s disease [1,
2, 4]. During aging, pericytes often exhibit a decline in
function and structural integrity, which can impair their
ability to maintain BBB stability and effectively regulate
immune responses [5]. Dysfunctional pericytes contrib-
ute to a chronic state of low-grade inflammation, exacer-
bating the neuroinflammatory milieu that underlies many
neurodegenerative conditions [6]. Their dysfunction and
increased vulnerability in the aged brain may not only
compromise BBB function but also amplify inflammatory
signals, promoting a sustained inflammatory state that
accelerates neurodegeneration [2-5]. The central role
of pericytes in these processes positions them as early
responders to neuroinflammatory triggers [7].

Much of our understanding of pericyte neuroinflam-
mation comes from rodent models, yet species differ-
ences raise concerns about their relevance to human
conditions. Neonatal mouse pericytes are commonly
used in in vitro studies due to their accessibility, despite
potential species- and age-dependent differences in
inflammatory responses. This study aimed to compare
the inflammatory responses of neonatal and adult mouse
brain pericytes with adult human brain pericytes follow-
ing bacterial endotoxin lipopolysaccharide (LPS; 5 or
40 ng/mL) [2] stimulation. Our results provide critical
insights into species- and age-related differences to assess
the suitability of rodent pericyte models and emphasize
the need for more human-relevant models in neuroin-
flammation research.

Here, we cultured primary brain pericytes from wild-
type neonatal and adult mice (C57BL/6], postnatal day
3-7 and 7-12 months, respectively) and adult human
tissue using established protocols (Additional file 1). To
ensure consistency in culture conditions and facilitate
direct comparison of inflammatory responses across

species and ages, we used the same culturing protocol for
both mouse and human brain pericytes (Additional file
1).

Our immunocytochemistry (ICC) results indicate that
neonatal mouse pericytes display an exaggerated inflam-
matory state upon LPS exposure (24 h in vitro) when
compared to mature adult mouse pericytes (Fig. 1A-G).
This hyperactivity is reflected by the significantly ele-
vated expression of intracellular adhesion molecule-1
(ICAM-1) (Fig. 1B, E). However, there were no statisti-
cally significant differences between neonatal and adult
mouse pericytes for the expression of vascular adhesion
molecule-1 (VCAM-1) (Fig. 1F) and monocyte chemoat-
tractant protein-1 (MCP-1) (Fig. 1G). Elevated expression
of ICAM-1 suggests that neonatal pericytes could adopt
a more reactive phenotype, potentially driving greater
immune cell recruitment and promoting an amplified
inflammatory response within the CNS. Interestingly,
neonatal and human brain pericytes showed similar
levels of ICAM-1 and VCAM-1 expression (Fig. 1E, F),
though primary human pericytes exhibited a signifi-
cant increase in MCP-1 expression as assessed by ICC
(Fig. 1G).

To further delineate age and species-specific inflam-
matory profiles, we analyzed cytokine and chemokine
secretion patterns across neonatal mouse, adult mouse,
and adult human pericytes via measuring their secretions
in conditioned media 24 h post LPS treatment using a
cytometric bead array (CBA) analysis (Additional file 1).
Adult mouse pericytes demonstrated a markedly attenu-
ated cytokine secretion profile, with significantly lower
levels of most cytokines investigated, compared to both
neonatal and human pericytes (Fig. 1H-L). Notably, neo-
natal mouse pericytes exhibited hypersecretion of granu-
locyte-macrophage colony-stimulating factor (GM-CSF),
granulocyte colony stimulating factor (G-CSF) and regu-
lated on activation normal T cell expressed and secreted
(RANTES) (Fig. 1J-L) when compared to both human
and adult mouse pericytes, highlighting an age-depen-
dent elevation in the release of specific pro-inflamma-
tory mediators. In contrast, human pericytes displayed
cytokine release patterns that were comparable to neo-
natal mouse pericytes for IL-6 and MCP-1 (Fig. 1H-I),
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suggesting partial overlap in inflammatory response
pathways despite species differences.

Lastly, we investigated nitric oxide (NO) release, a
powerful pro-inflammatory agent. In mice, pericyte-
derived NO can modulate BBB integrity, immune cell
recruitment, and local oxidative stress, all of which are
key factors in neurodegenerative disease pathology [8].
Both neonatal and adult mouse pericytes responded to
LPS by releasing NO, as demonstrated by an increased
nitrite concentration, an inert metabolite of NO oxida-
tion and thus a proxy for NO production, via the Griess
assay (Fig. 1M; Additional file 1). This was consistent
with previous findings [8]. However, human pericytes did
not release NO under similar conditions, underscoring a
clear species-dependent difference in response to inflam-
matory stimuli.

Together, our data revealed age- and species-related
differences in pericyte-mediated inflammation. Neonatal
mouse pericytes displayed a hyper-inflammatory phe-
notype with elevated ICAM-1 expression and increased
secretion of GM-CSF, G-CSF, and RANTES compared to
adult pericytes. This aligns with studies showing height-
ened inflammatory activity observed in neonatal microg-
lia [9] supporting the idea that the developing brain is
highly vulnerable to infection and stress, which may lead
to long-term CNS dysfunction [10]. In contrast, adult
mouse pericytes demonstrated an attenuated inflam-
matory response, possibly due to immunosenescence, a
process in which aging is associated with immunosup-
pressive activity, impairing the immune system’s ability
to mount an efficient response to inflammatory stimuli
while contributing to low-grade inflammation [11-13].

A key finding is the species-dependent difference in
NO production. Unlike mouse pericytes, human peri-
cytes did not produce NO in response to LPS. Previ-
ous studies suggest that species-specific regulation of
nitric oxide synthase-2 (NOS2 or iNOS) in immune
cells, such as macrophages, occurs via differential gene
promoter activity and post-transcriptional mechanisms
[14]. Whether pericytes exhibit similar regulatory dif-
ferences remains unclear. Since endothelial cells produce
NO via constitutive NOS3 (eNOS) activity, it is possible
that human pericytes require endothelial-derived NO
for signalling, rather than producing NO autonomously
[15-17].

We acknowledge that the use of human pericytes from
epilepsy patients, a condition associated with heightened
neuroinflammation [18], is a limitation. Additionally,
inherent age-related differences in human biopsy sam-
ples may have contributed to variability in our pericyte
response. It is also possible that species- and age-depen-
dent differences in pericyte physiology necessitate dis-
tinct in vitro requirements, which may have influenced
the observed inflammatory outcomes. Moreover, we
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examined primary pericyte monocultures, though neu-
roinflammation involves multiple interacting cell types.
The attenuated inflammatory response from adult mouse
pericytes and the absence of NO production in human
pericytes may stem from the lack of multi-cellular inter-
actions or could represent an in vitro artifact, highlight-
ing the need for in vivo validation or multi-cellular in
vitro models.

Our findings highlight the need for strategic consider-
ation of cell origin, age, and species in neuroinflamma-
tion research to ensure that comparative conclusions in
in vitro systems are relevant and applicable to human
conditions. Based on our data, human pericytes exhibit a
more similar inflammatory profile to neonatal rather than
adult mouse pericytes, particularly in terms of ICAM-1
expression and cytokine release patterns such as IL-6
and MCP-1. However, important species-specific differ-
ences remain, most notably the lack of NO production
in human pericytes despite robust NO release from both
neonatal and adult mouse pericytes. This underscores the
limitations of relying solely on mouse models to study
pericyte-mediated neuroinflammation, as key regulatory
mechanisms may differ between species. While neonatal
mouse pericytes may serve as a closer approximation of
human cells than adult mouse pericytes, careful interpre-
tation is required when extrapolating findings to human
conditions.

Abbreviations

BBB Blood Brain Barrier

CBA Cytometric Bead Array

CNS Central Nervous System

GM-CSF  Granulocyte Macrophage Colony-Stimulating Factor
G-CSF Granulocyte Colony-Stimulating Factor

ICAM-1 Intercellular Adhesion Molecule-1

ICC Immunocytochemistry

LPS Lipopolysaccharide

MCP-1 Monocyte Chemoattractant Protein-1

PDGFRB  Platelet Derived Growth Factor Receptor 3

NO Nitric Oxide

NOS Nitric Oxide Synthase

RANTES  Regulated on Activation, Normal T Cell Expressed and Secreted
VCAM-1  Vascular Cell Adhesion Molecule-1

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/513041-025-01209-7.

[ Supplementary Material 1 J

Acknowledgements

We would like to thank all the members of the Dragunow and Montgomery
laboratories, the Vernon Janssen Unit, all the staff involved in the Hugh Green
BioBank (TJ.S, S.L, M.D), the Neurological Foundation (T.J.S, K.Y.L) and the
Health Research Council (JM.M,, K.Y.L, M.D) for their support.

Author contributions

T.J.S: Conceptualization, methodology, validation, formal analysis,
investigation, supervision, visualization, writing— original draft writing- review
and editing. K.L: Methodology, formal analysis, investigation, visualization.

S.L: Methodology, investigation. JM.M: Methodology, resources, supervision,


https://doi.org/10.1186/s13041-025-01209-7
https://doi.org/10.1186/s13041-025-01209-7

Stevenson et al. Molecular Brain (2025) 18:37

funding acquisition. K.Y.L.: Conceptualization, methodology, validation,
formal analysis, investigation, supervision, visualization, writing— original
draft writing- review and editing. M.D: Methodology, resources, supervision,
funding acquisition.

Funding

Health Research Council Programme Grant (21/710 Programme), Neurological
Foundation (1954 SRF to K\Y.L; 2244 FFE to T.J.S), and the Hugh Green
Foundation.

Data availability
No datasets were generated or analyzed during the current study.

Declarations

Ethics approval and consent to participate

All animal and human work described in this study was approved by the
University of Auckland Ethics Committee (AEC002344) and the Health
and Disabilities Ethics Committee New Zealand (AKL/88/025/AM2217),
respectively.

Consent for publication
All authors consent to publication.

Competing interests
The authors declare no competing interests.

Received: 13 December 2024 / Accepted: 10 April 2025
Published online: 18 April 2025

References

1. Sweeney MD, Ayyadurai S, Zlokovic BV. Pericytes of the neurovascular unit:
key functions and signaling pathways. Nat Neurosci. 2016;19:771-83.

2. Jansson D, Rustenhoven J, Feng S, Hurley D, Oldfield RL, Bergin PS, Mee EW,
Faull RL, Dragunow M. A role for human brain pericytes in neuroinflamma-
tion. J Neuroinflammation. 2014;11:104.

3. Rustenhoven J, Jansson D, Smyth LC, Dragunow M. Brain pericytes as media-
tors of neuroinflammation. Trends Pharmacol Sci. 2017;38:291-304.

4. Winkler EA, Bell RD, Zlokovic B.V. Central nervous system pericytes in health
and disease. Nat Neurosci. 2011;14:1398-405.

5. Knox EG, Aburto MR, Clarke G, Cryan JF, O'Driscoll CM. The blood-brain barrier
in aging and neurodegeneration. Mol Psychiatry. 2022,27:2659-73.

Page 5 of 5

6. Torok O, Schreiner B, Schaffenrath J, Tsai H-C, Maheshwari U, Stifter SA, Welsh
C, Amorim A, Sridhar S, Utz SG, Mildenberger W, Nassiri S, Delorenzi M, Aguzzi
A, Han MH, Greter M, Becher B, Keller A. Pericytes regulate vascular immune
homeostasis in the CNS. Proc. Natl. Acad. Sci. U.S.A. 118,e2016587118 (2021).

7. Duan L, Zhang X-D, Miao W-Y, Sun Y-J, Xiong G, Wu Q, Li G, Yang P, Yu H, Li H,
Wang Y, Zhang M, Hu LY, Tong X, Zhou W-H, Yu X. PDGFR Cells Rapidly Relay
Inflammatory Signal from the Circulatory System to Neurons via Chemokine
CCL2. Neuron 100, 183-200.e8 (2018).

8. Kovac A, Erickson MA, Banks WA. Brain microvascular pericytes are immuno-
active in culture: cytokine, chemokine, nitric oxide, and LRP-1 expression in
response to lipopolysaccharide. J Neuroinflammation. 2011;8:139.

9. Christensen LB, Woods TA, Carmody AB, Caughey B, Peterson KE. Age-related
differences in neuroinflammatory responses associated with a distinct
profile of regulatory markers on neonatal microglia. J Neuroinflammation.
2014;11:70.

10.  PrabhuDas M, Adkins B, Gans H, King C, Levy O, Ramilo O. Siegrist, C.-A.
Challenges in infant immunity: implications for responses to infection and
vaccines. Nat Immunol. 2011;12:189-94.

11. Salminen A, Kaarniranta K, Kauppinen A. Tissue fibroblasts are versatile
immune regulators: an evaluation of their impact on the aging process. Age-
ing Res Rev. 2024,97:102296.

12. Frasca D, Blomberg BB. Inflammaging decreases adaptive and innate
immune responses in mice and humans. Biogerontology. 2016;17:7-19.

13.  Ladomersky E, et al. Advanced age increases immunosuppression in the
brain and decreases immunotherapeutic efficacy in subjects with glioblas-
toma. Clin Cancer Res. 2020;26:5232-45.

14.  Schneemann M, Schoeden G. Macrophage biology and immunology: man is
not a mouse. J Leukoc Biol. 2007;81:579-579.

15. Vanlandewijck M, He L, Mde MA, Andrae J, Ando K, Del Gaudio F, Nahar K,
Lebouvier T, Lavifia B, Gouveia L, Sun'Y, Raschperger E, Rdsdnen M, Zarb Y,
Mochizuki N, Keller A, Lendahl U. Betsholtz, C. A molecular atlas of cell types
and zonation in the brain vasculature. Nature. 2018;554:475-80.

16. Forstermann U, Sessa WC. Nitric oxide synthases: regulation and function. Eur
Heart J. 2012,33:829-37.

17. Underly RG, Shih AY, Rapid. Nitric oxide Synthesis-Dependent activation of
MMP-9 at pericyte Somata during capillary ischemia in vivo. Front Physiol.
2021;11:619230.

18.  Rana A, Musto AE. The role of inflammation in the development of epilepsy. J
Neuroinflammation. 2018;15:144.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Heterogeneity in pericyte inflammatory responses across age and species highlight the importance of human cell models
	﻿Abstract
	﻿References


