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Mikrogliat ovat keskushermoston kudosspesifisid makrofageja, joilla on keskeinen rooli aivojen
kehityksessa, homeostaasissa, kudosvaurioiden korjauksessa ja tautivasteessa. Taman vuoksi
niiden tutkiminen on olennaista neurologisten sairauksien ymmartamiseksi. Normaalitilassa
mikrogliasolut yllapitavat homeostaasia, kunnes ne aktivoituvat hermoston vauriosta peraisin olevien
tekijoiden vaikutuksesta infektion, traumaattisen aivovaurion, aivohalvauksen, tai sairauden
seurauksena. Mikrogliojen aktivaatio johtaa muutoksiin niiden likkkuvuudessa, aineenvaihdunnassa,
ja morfologiassa. Tama myos kaynnistaa tulehdusta edistavien valittajaaineiden erityksen, mika on
usein haitallista ympardivalle kudokselle, edistden neurodegeneraatiota. Aktivoitumisen vaikutuksia
mikrogliasolujen tumiin on tutkittu vain vahan. On tarkedd ymmartaa, millaisia muutoksia tumassa
tapahtuu homeostaasin hairiintyessa, silla tumassa tapahtuvat muutokset voivat vaikuttaa geenien
iimentymiseen, sekd solujen toimintaan ja tulehdusvasteeseen. Tama voi osaltaan valaista
mikrogliasolujen osuutta tautien etenemismekanismeissa.

Taman opinnaytetyon tarkoituksena oli tutkia ihmisen indusoitujen monikykyisten kantasoluperaisten
mikrogliasolujen tuman morfologian ja tumalevyn rakenteen muutoksia tulehduksellisen aktivaation
seurauksena. Tulehduksellinen aktivaatio aiheutettiin lipopolysakkaridikasittelylla. Mikrogliasolujen
kromatiini seka A- ja B- tyypin lamiinit immunovarjattiin ja suoritettiin kvantitatiivinen analyysi niiden
intensiteeteistd ja muotoparametreistd. Analyysit osoittivat, ettd lipopolysakkaridikasittely johti
tumien pienentymiseen seka tumakalvon lisdantyneeseen epatasaisuuteen, sekd kromatiinin ja A-
ja B-tyypin lamiinien intensiteettien kasvuun, mutta muuttumattomaan lamiini A/C:n ja lamiini B:n
intensiteettisuhteeseen. Nama tulokset viittaavat siihen, ettd systeemisen tulehdusvasteen
herattaminen kutistaa tumia ja vaikuttaa kromatiinin jarjestaytymiseen. Taman liséksi lamiinien
lisdantyneet intensiteetit saattavat viitata muutoksiin lamiinien valittdmissa vuorovaikutuksissa
muotonsa muuttaneissa tumissa.

Tama tutkimus osoittaa, ettd lipopolysakkaridin aiheuttamalla tulehdusvasteella on merkittava
vaikutus mikrogliasolujen tumaan ja kromatiiniin. Havaitut muutokset mikrogliasolujen tumien
morfologiassa saattavat olla osallisena aivojen vaurioihin ja infektioon liittyvissd mekanismeissa.
Tama tutkimus avaa mahdollisuuksia tuleville tutkimuksille, jotka pyrkivat parantamaan ymmarrysta
tuman dynamiikoista neurodegeneratiivisissa sairauksissa.

Avainsanat: Mikroglia, lamiini, tuma, kromatiini, LPS, neurodegeneraatio, neurologiset sairaudet,
aivovaurio, tulehdus, neuroinflammaatio
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ABSTRACT

Mio Aleksejev: Effects of neuroinflammation on microglial nuclear morphology and nuclear lamina
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Microglia are resident macrophages of the central nervous system playing a vital role in brain
development, homeostasis, tissue repair and disease response, making their study essential for
understanding neurological disorders. Microglial cells exist in a resting state and maintain
homeostasis until they are activated by factors derived from nervous system damage following
infection, traumatic brain injury, stroke, or disease. Microglial activation results in changes in their
migration, metabolism, and morphology. This induces the secretion of pro-inflammatory mediators
often detrimental to the surrounding tissue, contributing to neurodegeneration. However, the effects
of activation on microglial nuclei have remained understudied. It is important to understand what
kinds of changes occur in the nucleus when homeostasis is disturbed, as nuclear changes can
influence gene expression, cellular function, and the overall inflammatory response, shedding light
on microglial mechanisms in disease progression.

The aim of this thesis was to study the changes in the nuclear morphology and nuclear lamina
composition in human induced multipotent stem cell-derived microglial cells as a result of
inflammatory activation. Inflammatory activation was induced with lipopolysaccharide. Microglial
cells were immunostained for chromatin and nuclear A and B-type lamins, followed by quantitative
analysis of their respective intensities and nuclear shape parameters. The analyses indicated that
the lipopolysaccharide treatment induced smaller nuclei with increased membrane ruffling and
increased intensity of chromatin and A- and B-type lamins but preserved the lamin A/C-to-lamin B
intensity ratio. These suggest that eliciting a systemic inflammatory response shrinks the nuclei and
influences chromatin organisation. Additionally, the increased lamin intensities might indicate
changes in lamin-mediated interactions in the deformed nuclei.

This study shows that the lipopolysaccharide-induced inflammatory response has a significant
impact on the nucleus and chromatin of microglia. The detected changes in the microglial nuclear
morphology could play a role in the mechanisms of neurodegenerative response to damage or
infection in the brain. This study therefore paves the way for future studies to better understand the
role of nuclear dynamics in neurodegenerative disorders.

Keywords: Microglia, lamin, nucleus, chromatin, LPS, neurodegeneration, neurological disorders,
brain injury, infection, neuroinflammation
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1.INTRODUCTION

Microglia, the resident macrophages of the central nervous system (CNS), have a pivotal role in
brain development, maintenance of homeostasis, tissue repair and disease pathogenesis, making
their study essential for understanding neurological disorders (Lannes et al., 2017). Although
extensive research on microglial mechanisms has been carried out, the role of the nuclei remains

poorly understood and is still a little-known aspect of microglial activation.

Microglia are distributed throughout nervous tissue, constantly monitoring the microenvironment,
and communicating with different cell types to maintain homeostasis. During CNS development, they
eliminate apoptotic neurons and produce growth factors. In the adult brain, they are crucial for
synapse structure and formation and support of normal function, as well CNS remodelling. Microglia
exist in a resting state until they are activated by factors that are derived from damage to the nervous
system as a result of pathological conditions such as infection, traumatic brain injury (TBI), stroke,
or disease. Once the neuroprotective environment of resting microglia is disturbed and the cells are
activated, their metabolism is reprogrammed, and they undergo changes in morphology and become
more migratory. The cell processes get extended or retracted in response to signals, and the cells
surround the damaged area. They also exhibit changes in surface receptor patterns and secrete
soluble factors. Their widespread distribution and ability to rapidly detect and respond to pathological
changes underscore their role as the central nervous system’s first line of defence. (Lannes et al.,
2017) Microglia can be classified into pro-inflammatory M1 and anti-inflammatory M2 based on their
activation status. While this classification is insufficient to fully describe their complex responses to
neurodegenerative diseases, it is satisfactory for this study. It has been shown that microglia are
complex, highly heterogenous cells that are capable of adopting different activation states depending

on the surrounding environment and pathological condition (Gao et al., 2023).

Neurodegeneration refers to pathological conditions primarily affecting neurons that lead to their
progressive dysfunction and loss. The processes leading to neurodegeneration are incompletely
understood but are known to involve a number of signalling pathways and types of cells in the CNS.
Neurodegenerative diseases, such as Huntington’s disease, Amyotrophic lateral sclerosis, and
Alzheimer's disease differ in their pathogenetic causes; however, they all share a common feature:
neuroinflammation. (Zhang et al., 2023) Neuroinflammation, largely driven by activated M1 microglia,

has been recognised as a key player in neurodegenerative diseases (Ghimire et al., 2025).

Activation of induced microglial cells into pro-inflammatory M1 type can be induced with
lipopolysaccharide (LPS) treatment. Specifically, this treatment induces the activation of pattern

recognition receptors, such as Toll-like receptor 4, via damage-associated molecular patterns or



pathogen-associated molecular patterns (Gao et al., 2023). Activation induces the secretion of a
myriad of pro-inflammatory mediators, such as Interleukin-1a, tumor necrosis factor-a (TNF-a) and
complement component 1q. These mediators trigger the activation of other CNS cell types and, for
example, causes astrocytes to lose their homeostatic functions. As a result, they can no longer
support neuronal survival and instead promote neuroinflammation (Gao et al., 2023). While the initial
activation of M1 microglia is necessary in clearing of the pathogen as well as enclosing and
minimising the damage, this process can inadvertently harm the neighbouring neurons, thereby
exacerbating the original injury (Lannes et al., 2017). Activated microglia can also cause disruptions
in the function and structure of the blood-brain barrier (BBB) by secreting reactive oxygen species
as well as pro-inflammatory cytokines, like TNF-a. Breakdown of the BBB structure can lead to
peripheral blood factors leaking into the CNS. (Mayer and Fischer, 2024) Details of the mechanisms
and role of microglia in CNS injury and recovery are not completely understood, but it is known that
many factors are involved in the induction and regulation of neuroinflammation and tissue repair
(Lannes et al., 2017).

Microglial activation is a defining feature of CNS injury and pathology, with chronic activation
contributing to conditions like neuropathic pain and TBI. In TBI, microglial activation can persist for
years and spread beyond the injury site. In neuropathic pain, nociceptive neurons release
neurotransmitters such as glutamate and substance P, which increase the release of cellular
inflammatory factors that, in turn, activate the M1 microglia. These activated microglial cells release
neuroexcitatory molecules, exacerbating pain. (Qin et al., 2023) Microglial activation status can vary
depending on the location in the brain, with different activation states occurring simultaneously.
Neuroprotective M2 microglia are typically present later in the injury, aiding tissue repair and,
frequently, the formation of non-functional scar tissue. (Lannes et al., 2017) Activated microglia are
involved in numerous neurodegenerative diseases, and they show different temporal and spatial
patterns of activation depending on the disease (Qin et al., 2023). Dysregulation of microglia
compromise neuronal activity and can give rise to neurodegeneration through means of impaired
phagocytosis, phenotype switching, propagation of pathological deposits and neuroinflammation.
(Gao et al., 2023)

This thesis aims to uncover the effects of inflammatory activation on microglial nuclei by investigating
morphological and functional changes in the nuclei of activated cells. Studies in the field of
neurodegeneration have largely focused on neuronal cytoplasmic events rather than the nucleus
itself (Eftekharpour, 2023). Although limited research has been conducted on nuclear changes in
neurons (Eftekharpour, 2023), the effects of neuroinflammation on microglial nuclei has remained
understudied. The nucleus houses the genome and serves as the control centre of the eukaryotic
cell (Cooper, 2000). The nuclear lamina —a 10 to 30 nm thick filamentous meshwork located beneath

the inner nuclear membrane — is composed of lamins, which are type V intermediate filament



proteins. These lamins interact with various nuclear components, including transcription factors,
membrane-associated proteins, splicing factors, chromatin regulators, and chromatin itself. The
nuclear lamina is involved in numerous cellular processes, such as DNA replication and repair,
mitosis, transcriptional regulation, and the organisation of genome. (Wong et al., 2022)
Understanding the changes that occur in microglial nuclei during cell activation is essential, as these
nuclear alterations can influence gene expression, cellular function, and direct the inflammatory
response. Gaining insight into how microglial nuclei behave in neurodegenerative conditions could
provide crucial information not only for the development of treatments for neurological disorders, but

also for prevention and possibly even a cure.
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2. MATERIALS AND METHODS

2.1 Cells

human microglia-like cells (iMGLs) were differentiated from induced pluripotent stem cells by using
a previously published protocol (Konttinen et al., 2019). The cultures were maintained in basal
medium containing Iscove’s modified Dulbecco’s medium (IMDM, Thermo Fisher Scientific), 10%
heat-inactivated fetal bovine serum (FBS, Sigma—Aldrich) and 0.5% P/S supplemented with 10
ng/mL M-CSF and 10 ng/mL IL-34 (both from PeproTech). The cells were provided by Title of Docent

Sanna Hagman from the Neuroimmunology research group at Tampere University.

2.2 Microglial activation

To assess changes in the nuclei of activated microglia, iIMGLs were treated with 20 ng/mL
lipopolysaccharide (LPS) (Sigma Sigma—Aldrich) for 24 h, while the control (CTRL) group was left
untreated. The treatment was performed by completely replacing the existing culture medium with

fresh base medium containing LPS.

2.3 Fixing

The cells were fixed with 4 % paraformaldehyde (PFA) in phosphate-buffered saline (PBS) pipetted
onto the cells after the medium was removed. Fixing was done for 10 minutes at room temperature
(RT), followed by two PBS rinses. After the fixation, inverted light microscope was used to confirm

the cells were intact. After this, the cells were left in PBS and stored in the dark in 4° C.

2.4 Antibodies

Immunostaining was done by using a mouse monoclonal primary antibody against lamin A/C-N (E1)
(1:500 in 3 % bovine serum albumin (BSA) -PBS, sc-376248, lot E2317, Santa Cruz Biotechnology,
Dallas, TX, USA), a rabbit polyclonal Ab (RpAb) against lamin B1 (1:500 in 3 % BSA-PBS, ab16048,
lot GR3398321-1, Abcam, Cambridge, UK), and a RpAb Iba1 (1:500 in 3 % BSA-PBS, 019-19741,
Fujifilm Wako, Osaka, Japan). Iba1 was used to confirm the effectiveness of LPS treatment as well
as to assess the cell morphology (Figure 1).The primary Abs were detected with goat anti-mouse
and anti-rabbit IgG (H+L) cross-adsorbed secondary Abs Alexa Fluor™ 488 (1:200 in 3 % BSA-PBS,
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A-11001, Thermo Fisher Scientific, Waltham, MA, USA) and Alexa Fluor™ 568 (1:200 in 3 % BSA-
PBS, A-11011, Thermo Fisher Scientific, Waltham, MA, USA), respectively.

2.5 Immunostaining

Cells were stored in PBS, which was first removed. Next, the cells were permeabilised by using a
permeabilisation buffer (PB) containing 0.5 % BSA and 0.5% Triton X-100 in 1xPBS (10 min, at RT).
After this, the primary Ab dilution (in 3% BSA-PBS) was added to each sample and incubated for 1
h at RT. After the primary Ab incubation, the Ab solution was removed and washed with, PB, PBS,
and again with PB (a 10 min at RT). Once the permeabilisation buffer was removed, the secondary
Ab solution (in 3% BSA-PBS) was pipetted onto the samples and incubated for 1 h at RT. After
incubation, the samples were washed once with PBS and once with deionised water (dH2O) for five
minutes each. Samples were mounted with Prolong™ Diamond Antifade mountant with 4',6'-
Diamidino-2-phenylindole dihydrochloride (DAPI). Samples were left to cure at RT overnight and

stored at 4° C in the dark before microscopy imaging.

2.6 Confocal microscopy

Confocal microscopy of the fixed samples was done using a Nikon A1R in Ti2 Eclipse (Nikon
Instruments Europe BV, Amsterdam, Netherlands). The bandpass filters used were 450/50 nm,
525/50 nm and 595/50 nm. The imaging was done using a Plan-Apochromat 63x/1.4 numerical
aperture (NA) oil immersion objective. The data was collected as images of size 1024 x 1024 pixels,
with a pixel size of 70 nm in x/y, and as an optical Z-section series containing 51 slices with 200 nm
intervals. Five fields of the three technical replicates of the non-treated control samples and three

technical replicates of the LPS-treated samples were acquired.

2.7 Image analysis

The microscopy images were analysed using open access software Imaged Fiji distribution
(Abramoff et al., 2004). The following parameters were measured for all samples: shape descriptors
(aspect ratio, circularity, minor axis, major axis, angle, roundness, and solidity); statistical parameter
(standard deviation, SD); and size parameters (area and perimeter). The mean fluorescent
intensities of lamin A/C, lamin B1, and their intensity ratios were calculated, along with the DAPI

mean fluorescence intensity.

2.8 Statistical testing
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Statistical significance was measured using an unpaired two-tailed Student’s t-test for data
containing two groups. All statistical tests were conducted at a 5 % significance level (p<0.05).

Microsoft Excel was used to calculate the statistical significances.
3.RESULTS

To activate iIMGLSs, the cells were treated with LPS and stained with DAPI and Iba1 to confirm
activation and to assess cell morphology. iIMGLs change their morphology in response to stimuli,
and this change serves as a valuable marker for severity of tissue damage and inflammation.
Reactive microglia typically retract their microglial branches and adopt a more enlarged cell body.
(Green and Rowe, 2024) The immunostaining indicated that untreated iMGLs maintained their
ramified, elongated morphology, while LPS-treated cells showed a change in appearance,
becoming more rounded and exhibiting fewer processes, which is typical for activated microglia, as

shown in Figure 1.

DAPI Iba1 Merge

CTRL

LPS

Figure 1. Representative fluorescence microscopy images of CTRL and LPS - treated microglia
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stained with DAPI to detect the nuclei and Iba1 as a pan-microglial marker to visualise morphology.

Scalebars, 50 um.

To observe how LPS treatment affected the microglial nuclei, the cells were immunostained for
chromatin (DAPI), A-type lamins (lamins A and C, lamin A/C) and B-type lamin (lamin B1), and
imaged with a laser scanning confocal microscope (n=30 nuclei per treatment in 3 technical
replicates). First, the nucleus size and shape descriptors—including nuclear area, aspect ratio,
roundness, major and minor axis length, perimeter, circularity, solidity and nuclear angle—were
determined and compared between the LPS-treated and CTRL groups (n=30 nuclei per treatment

in 3 technical replicates).

The analysis indicated that the LPS treatment led to a significantly decreased nuclear area (mean +
standard deviation (SD): 63.13 + 15.18 ym?, unpaired two-tailed Student’s t-test, p < 0.001) in
comparison to the non-treated CTRL group (79.62 + 20.45 um 2), but did not significantly influence
the nuclear XY aspect ratio (major axis/minor axis, 1.37 £ 0.26 in CTRL vs. 1.46 + 0.40 in LPS),
roundness ((4*area)/(r*maximum diameter?): 0.75 £ 0.13 in CTRL vs. 0.72 £ 0.14 in LPS), and major
axis length (11.67 £2.12 ym in CTRL vs. 10.74 £ 2.15 ym in LPS) (Figure 2 and Table 1). In addition,
the LPS-treated cells also had a significantly reduced minor axis length (7.48 £ 1.03 um in LPS vs.
8.62 +1.10 ym in CTRL, p < 0.001) and nuclear perimeter (31.96 + 4.77 ym in LPS vs. 34.43 + 4.51
Mm in CTRL, p = 0.04) in comparison to the CTRLs (Figure 2 and Table 1). Furthermore, the
circularity (4r*(areal/perimeter?)) and solidity (area/convex area) were significantly reduced as a
result of LPS treatment. Specifically, the circularity of 0.83 + 0.04 and the solidity of 0.98 in the CTRL
was decreased to 0.78 + 0.08 (p = 0.001) and 0.96 + 0.02 (p < 0.001), respectively, following the
LPS treatment (Figure 2 and Table 1). These analyses indicate that the LPS treatment induced

nuclear shrinking, increased height, elongation, and nuclear membrane ruffling or irregularities.
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Figure 2. Boxplots showing A) area, B) aspect ratio, C) roundness, D) major axis length, E) minor
axis length, F) perimeter, G) circularity and H) solidity for both CTRL and LPS-treated cells. Each
boxplot displays the median (line), mean (x), upper and lower quartiles (top and bottom edge of the
box), minimum and maximum values (ends of whiskers), as well as outliers (dots). P-values showing
the unpaired Student’s T-test statistical significance are shown at the top of each blot.

Next, to analyse how the LPS-treatment affected the intranuclear chromatin organisation, the mean
fluorescence intensity of DAPI was quantified in the LPS-treated and non-treated CTRL groups
(Figure 3 and Figure 4). This experiment enabled the analysis of the amount and organisation of
chromatin. Moreover, the structural organisation and composition of the nuclear lamina following
LPS-treatment was assessed in treated and non-treated cells by determining the lamin A/C and
lamin B1 mean fluorescence intensities and their lamin A/C-to-lamin B1 -ratios, as well as

normalising lamin A/C and lamin B1 intensities to DAPI (Figure 3 and Figure 4).

The analysis indicated a significant ~20 % higher DAPI intensity in the in LPS-treated cells (1859.60
+ 395.30 arbitrary units [a.u.], p = 0.002) in comparison to that in the non-treated CTRL cells (1539.23
+ 406.46 a.u.) (Figure 4 and Table 1). Similarly, both lamin A/C and lamin B1 intensity levels were
elevated following the LPS treatment. The lamin A/C intensity increased from 1358.26 £ 384.04 a.u.
(p < 0.001) in the control group to 2165.74 + 641.86 a.u. in the LPS-treated group, indicating ~60 %
increase in response to the LPS treatment (Figure 4 and Table 1). Additionally, the lamin B1 intensity
in the LPS-treated group (2107.80 + 364.33 a.u., p < 0.001) was increased by ~39 % in comparison
to the control group (1513.40 £ 299.29 a.u.) (Figure 4 and Table 1).

Interestingly, the lamin A/C-to-B1 -ratio in the LPS-treated nuclei (1.03 + 0.27) remained unchanged
in comparison to the control group (0.93 + 0.29) suggesting proportional increases in both studied
lamin proteins (Figure 4 and Table 1). In addition, it suggests that either the amount of A- and B-type
lamins increased, or the lamins were concentrated in a smaller area following, for example, nuclear

lamina thickening in response to nuclear shrinking after LPS-treatment.
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To further assess whether the measured changes in lamin were proportional to chromatin content,
the lamin A/C and lamin B1 intensities were normalised to DAPI intensity. This analysis revealed
that lamin A/C relative to chromatin content was significantly increased in LPS-treated cells (1.17
0.24) compared to CTRL cells (0.94 £ 0.33, p < 0.05), as was lamin B1 (1.17 £ 0.25 in LPS vs. 1.01
+0.18in CTRL, p < 0.05) (Figure 4 and Table 1). These results indicate that the observed increases
in both lamin A/C and lamin B1 likely reflect genuine upregulation of lamin proteins, rather than

merely changes in chromatin.

DAPI Lamin A/C Lamin B1 Merge

CTRL

LPS

Figure 3. Representative confocal microscopy images of DAPI, lamin A/C and lamin B1
immunostained CTRL and LPS -treated microglia. Scalebars, 10 um.
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Figure 4. Boxplots showing intensities for A) DAPI, B) lamin A/C, C) lamin B1, and D) lamin A/C-to-
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Student’s T-test statistical significance are shown at the top of each blot.

Table 1. Table showing the mean values and p-values for CTRL and LPS groups, along with
statistical significance for all parameters, including mean lamin A/C intensity normalised to DAPI and
mean lamin B1 intensity normalised to DAPI.

Parameter CTRL mean | LPS mean | Student’s T-test p-value | Statistical Significance
Area 79.62 pm? 63.13 um?2 0.00041 Significant p < 0.05
Circularity 0.83 0.78 0.0013 Significant p < 0.05
Perimeter 34.43 um 31.96 um 0.038 Significant p < 0.05
Minor Axis 8.62 um 7.48 um 6.83 x 10 Significant p < 0.05
Solidity 0.98 0.96 6.70 x 10 Significant p < 0.05
Aspect Ratio 1.37 1.46 0.27 Not Significant p > 0.05
Roundness 0.75 0.72 0.27 Not Significant p > 0.05
Major Axis 11.67 pym 10.74 pm 0.086 Not Significant p > 0.05
Angle 99.83° 95.97° 0.77 Not Significant p > 0.05
DAPI intensity 1539.23 a.u. 1859.60 0.0022 Significant p < 0.05
a.u.
Lamin A/C intensity 1358.26 a.u. | 2165.74 5.75 x 107 Significant p < 0.05
a.u.
Lamin B1 intensity 1513.40 a.u. 2107.80 4.74 x 10° Significant p < 0.05

a.u.
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Lamin A/C:B1 Ratio

0.93

1.03

0.13

Not Significant p > 0.05

Mean lamin A/C
intensity normalised
to DAPI

0.94

0.0025

Significant p < 0.05

Mean lamin B1
intensity normalised
to DAPI

1.01

0.0091

Significant p < 0.05

4. DISCUSSION

The main objective of this study was to investigate nuclear changes in activated M1 microglia which
have been identified as a major driver of neuroinflammation (Ghimire et al., 2025). Microglial
activation is a central feature in neurodegenerative diseases, acquired brain injuries, and
neuropathic pain. Abnormalities in the nuclear shape have long been used as a diagnostic marker
for various diseases, and this trait is particularly observed in mechanically demanding environments.
Examples of these include muscle cells affected by muscular dystrophy and progeria. (Stephens et
al., 2019) Understanding the nuclear events in microglia during neurodegeneration is essential for
uncovering the underlying mechanisms of CNS injury or disease progression, and for identifying

diagnostic targets and therapeutic strategies.

To examine the effect of neuroinflammation on microglial nuclei, the cells were treated with LPS and
immunostained, followed by analysis of nuclear shape descriptors and fluorescence intensities of
DAPI and nuclear lamin A/C and B1. After analysing the treated and non-treated control cells, the
results indicated that the LPS treatment changed the morphology of the nucleus. While the LPS
treatment retained the nuclear XY aspect ratio, it induced a reduction in the size of the nucleus as
detected by the smaller mean nuclear area, reduced circularity, and perimeter in the LPS-treated
cells compared to the control group. This was further supported by the significantly decreased minor
axis in LPS-treated cells in comparison to that of the control group, which indicated that the cell
nucleus becomes narrower as a result of activation with LPS. These changes in nuclear morphology
may reflect the cell’s activation state, as the cell shape is known to be altered during activation to
include retracted branches that increase the efficacy of migration, and to adopt a hyper-ramified
cellular appearance in the resting state to better survey the environment (Green and Rowe, 2024).
Once the cellular shape changes, the nucleus can act as an intracellular mechanosensor that
measures these morphological changes, deforms accordingly, and controls morphodynamic cell

behaviour, enabling it to respond to environmental cues both rapidly and reversibly (Venturini et al.,
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2020). The altered nuclear morphology may contribute to cell migration— for instance, through tight
spaces within three-dimensional tissues—thereby influencing the cellular response to damage or
infection in the brain. Both the nucleus, which is the largest organelle in the cell and presents a
physical challenge for migration, and the extracellular matrix can adapt to improve migration. (Friedl
et al., 2011)

It was recently reported that nuclear mechanical softening in response to activation along the pro-
inflammatory pathway may promote macrophage movement through narrow stromal environments
to carry out their functions (Jiao et al., 2023). Specifically, treatment with LPS was shown to induce
nuclear softening by decreasing the levels of nuclear envelope -embedded SUN1 and SUN2
proteins, which act as mechanoregulators remodelling the nucleus and chromatin in response to
altered mechanical conditions. The loss of SUN1/SUN2 proteins was shown to promote inflammation
by M1 polarisation of macrophages. In addition, the LPS treatment was detected to induce wider
perinuclear spacing (distance between outer and inner nuclear membranes) in the macrophages.
(Jiao et al., 2023) Although these observations focused on different cell types, they share similarities
with microglia, and the findings of this study align with those reporting nuclear shrinking in response
to activation. Solidity, a parameter used to measure the smoothness and how closely the shape of
the nucleus approaches a convex form, was reduced in LPS-treated cells in comparison to the
control group, suggesting that the nuclei became more compact and irregular in shape. The
decreased circularity and solidity together indicate significant deformation of the nucleus, which
could indicate that the nucleus becomes less rigid and more deformable following the LPS treatment.
These results show that LPS treatment induces clear morphological changes in the nuclear

envelope.

In eukaryotic cells, chromatin, lamins and the cytoskeleton work together to maintain nuclear shape
and cellular mechanical tension, and alterations in these components are associated with
morphological changes in the cell (Stephens et al., 2019). Chromatin has been characterised as a
stiff meshwork acting like an elastic spring, contributing to the nuclear mechanics by interacting with
both itself and the nuclear periphery (Stephens et al., 2019). Lamins are interconnected with
chromatin, and this interaction regulates not only nuclear genome functions but also the shape, size,
and mechanical properties of the nucleus (Lammerding et al., 2004). Chromatin primarily resists
small, few-micron-sized deformations in the nucleus, while A-type lamins (lamin A/C) deform easily
under strain and stiffen to resist larger deformations. Depletion of A-type lamins leads to decreased
nuclear stiffness, whereas depletion of Lamin B1 results in increased nuclear shape abnormalities,
nuclear fragility, DNA damage, and changes in nuclear mechanosensing, but does not significantly

influence nuclear stiffness. (Stephens et al., 2019)

In this study, increases in the intensities of DAPI, lamin A/C and lamin B1 were observed alongside

nuclear deformations. However, the ratio of lamin A/C-lamin B1 remained unaltered in response to
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the LPS treatment. This suggests that the relative structural composition of the lamins remained
unaltered, but the nuclear shrinking induced either a gathering of lamins into a smaller area or a
thickening of the lamina. However, the thickness of the lamina was not measured in this study and
could be done in the future studies. Despite the unaltered lamin ratio, the increased amount of lamins
at the NE might indicate nuclear mechanical adaptation. This implies that the deformations were
likely small enough to be primarily resisted by chromatin (Stephens et al., 2019), without engaging
the stiffening role of lamin A. To better evaluate the mechanical status of the nuclei in LPS treatment,

direct measurements of nuclear lamina mechanical tension (Danielsson et al., 2023) should be done.

A-type lamins bind both heterochromatin and euchromatin, whereas lamin B1 is primarily restricted
to the nuclear periphery and associates exclusively with heterochromatin, suggesting the lamin B1,
together with A-type lamins, anchors heterochromatin to the nuclear periphery (Gesson et al., 2016).
The observed increase in both lamin A/C and lamin B1 fluorescence intensities may indicate
condensation of the nuclear lamina, and possibly greater chromatin anchoring to the NE. Overall,
changes in spatial chromatin organisation, such as decreased heterochromatin compaction due to
histone modifications have been shown to weaken chromatin-based nuclear rigidity, leading to
abnormal nuclear morphology, and even rupture (Stephens et al., 2019). In this study, the lamin A/C
intensity was also increased in LPS-treated cells and correlated with the increased DAPI intensity.
The DAPI-normalised lamin A/C and lamin B1 intensities were unaltered in response to the LPS
treatment. This is reasonable, as A-type lamins are involved in the maintenance of heterochromatic
lamina-associated domains at the nuclear periphery, as well as in overall chromatin compaction in
differentiated cells (Hoskins et al., 2021). Notably, Mehl et al., (2022) showed an upregulation of pro-
inflammatory genes alongside a downregulation of lamin A/C mRNA in cell lines, tissue-resident
macrophages, and multiple species, indicating an inverse correlation between lamin A/C mRNA and
pro-inflammatory gene expression levels. However, these findings are based on mRNA data, while
this study focused on lamin A/C and B1 protein levels. While in Jiao et al., (2023) the remodelling of
chromatin was associated with SUN1/2 through mechanical rather than direct interactions with
lamins or nesprins, their downregulation—shown by decreased fluorescence intensity of SUN
proteins following LPS treatment—did not appear to affect lamin A/C levels in hBM- and THP-1-
derived macrophages (Jiao et al., 2023). As the DAPI-normalised lamin A/C levels remained
unaltered in this study, it might therefore be interesting to study the SUN1/2 expression in microglia.
Despite the concurrent rise in DAPI intensity following LPS treatment, lamin signals remained
significantly elevated after normalisation to DAPI intensity, implying that lamin levels increased more
in respect to the chromatin content. This supports the idea that the relationship between lamin
intensity and chromatin compaction is not strictly linear, and that LPS-treatment might influence

binding of chromatin to the nuclear envelope.
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The increased DAPI intensity in LPS-treated cells in this study could indicate an increase in
heterochromatin, suggesting it plays a protective role by resisting deformations and safeguarding
the nucleus from abnormal shape changes and potential rupture, as shown by Stephens et al.,
(2019). In general, the intensity of DNA minor groove binder DAPI staining correlates linearly with
chromatin compaction and is observed to be higher in regions with greater heterochromatin content
(Mascetti et al., 2001). Thus, the elevated DAPI intensity in LPS-treated microglia may reflect
increased heterochromatin and reduced transcription (Allshire and Madhani, 2018), or increased
amount of chromatin per volume unit following nuclear shrinking. However, it was recently reported
that LPS treatment in macrophages led to nuclear shrinkage and softening, along with increased
chromatin accessibility and decreased DAPI-staining due to reduced levels of SUN1/2 proteins (Jiao
et al., 2023). Interestingly, while nuclear shrinkage and changes in chromatin staining were also
observed in this study, the elevated DAPI intensity indicated an increase in heterochromatin,
seemingly contradicting these results. This suggests a possible cell-type-specific response and
acknowledges that SUN1/2-mediated nuclear remodelling mechanism may not be conserved across

different cell types in the brain.

Further research is needed to better characterise the behaviour of activated microglial cells. Future
studies could benefit from including the cytoskeleton—for example, by staining actin filaments with
phalloidin—to provide insight into the interaction between the nucleus and the cytoskeleton. This
study focused solely on M1 microglia, and including the neuroprotective M2 microglia would allow a
comparison between the two activation states. Additionally, the detection of lamin B2, along with
structural proteins involved in nuclear morphology, such as SUN1/2 and nesprins, could provide a
deeper and more comprehensive understanding of nuclear dynamics. It would also be beneficial to
assess the migration speed of the cells and to induce microglial activation using stimuli other than

LPS, for example, interferon-gamma (IFN-y).

To conclude, the results of this study indicate that LPS- induced activation of microglia along the pro-
inflammatory pathway leads to significant changes in nuclear morphology and chromatin
organisation, underlining the importance of the nucleus as a dynamic regulator of microglial function
during activation, rather than merely a structural component. Investigating how microglial activation
affects the nuclear structure and mechanics provides critical insights into the cellular responses
underlying neuroinflammation and neurodegeneration, the details of which are currently widely
unknown. Since microglia play a key role in many CNS diseases and injuries, they represent an
attractive target for early detection, monitoring of disease progression, and therapeutic intervention.
Changes in nuclear mechanics are involved in both the normal functions of microglial cell as well as
in disease. Chromatin, lamins and associated structural proteins work together to modulate how
microglial cells respond to their environment. Dysregulation of these components can lead to and

maintain pathological conditions. Activation alters both the nuclear envelope and chromatin
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organisation, leading to transcriptional changes that can vary depending on the cytokine
environment. Uncovering the intricate nuclear mechanics and chromatin organisation associated

with microglial activation could transform how we approach the diagnosis, prevention, and treatment
of CNS disease and injury.
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