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ABSTRACT 

 

Neurodevelopmental disorders (NDDs) 

are chronic disabilities that affect the brain. 

Mutations in the Disrupted-in-Schizophrenia 1 

(DISC1) gene are associated with NDDs, like 

schizophrenia. DISC1 is a scaffold protein with 

a large interactome, including many cytoskeletal 

proteins. The role of DISC1 in microglia, the 

brain's immune cells with key roles in 

neurodevelopmental disorders, is largely 

unknown. Microglial morphology, migration, 

and phagocytosis depend heavily on cytoskeletal 

proteins, including actin and tubulin. Here, we 

aim to discover the effects that DISC1 

impairment has on the cytoskeleton of mouse 

microglia in order to increase the understanding 

of microglial function in NDDs. Using confocal 

microscopy in situ, we revealed that microglial 

morphology is regulated by DISC1 and that the 

brain environment has limited influence on this 

morphology. Confocal microscopy of in vitro 

samples revealed that the actin density was 

decreased, while the tubulin density was 

increased in locus impaired (LI) microglia 

compared to wild type (WT). Moreover, the 

organization and distribution of actin and 

tubulin was altered as well. Furthermore, 

structured illumination microscopy (SIM) 

showed that tubulin dynamics in microglia are 

controlled by DISC1, as LI microglia have a 

higher microtubule movement speed. In 

conclusion, the neurodevelopmental risk gene 

DISC1 is essential for microglial morphology, 

cytoskeleton organization, motility, and 

consequently for microglial functionality in 

general. However, further research is needed to 

reveal the exact molecular interactions between 

DISC1 and the cytoskeleton in microglia.  

 

INTRODUCTION 

 

Neurodevelopmental Disorders –

Neurodevelopmental disorders (NDDs) are defined 

as a group of severe chronic disabilities that affect 

the central nervous system (CNS) and occur early 

in life (1). They are caused by inadequate 

neurological development that can lead to a wide 

range of symptoms, including emotional, cognitive, 

and motor disorders. Examples of NDDs are 

attention deficit hyperactivity disorder (ADHD), 

autism spectrum disorder (ASD), and certain 

mental disorders such as bipolar disorder (BD) and 

schizophrenia (1-3). NDDs are very common, 

depending on the specific type, and although they 

are not necessarily linked with higher mortality, 

they do significantly affect the quality of life of the 

patients and their social environment (4).  

The cellular and molecular mechanisms 

behind NDDs are multifactorial, and the exact 

pathophysiology continues to elude us, however, 

possible mechanisms leading to NDDs have been 

proposed. Certain genetic causalities have been 

found, although there is no Bona Fide genetic 

defect responsible for specific NDDs. For example, 

genes associated with the phosphatidylinositol 3-
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kinase (PI3K)-mTOR pathway are affected in 

several NDDs (5, 6). The PI3K-mTOR pathway 

regulates neuronal progenitor proliferation and 

differentiation during embryonic development. 

Later in life, it is associated with cognitive 

processes (5). Alterations to the circadian rhythm, 

and the CLOCK genes associated with this system, 

have also been linked with certain NDDs such as 

ADHD (7, 8). Changes in both the dopaminergic 

and GABAergic systems have been linked with 

NDDs (7, 9). Finally, the importance of maternal 

immune activation (MIA) has become clearer 

lately. The MIA hypothesis proposes that activation 

of the immune system during pregnancy, in 

response to certain exposures, can affect the 

neurodevelopment of the fetus and increase the 

vulnerability to NDDs (10-12). Possible exposures 

include stress, gut microbiome, diet, sleep, 

exercise, pollution, infection, and socioeconomic 

status (12). Evidence for this theory can be found in 

clinical observations that link acute infections 

during pregnancy with NDDs (13). Furthermore, 

autoimmune disorders, obesity, and other causes of 

(low-grade)-inflammation are also found to be 

associated with an increased risk of NDDs (12). 

These exposures generate pathogen-associated 

molecular patterns (PAMPs) or damage-associated 

molecular patterns (DAMPs), that are subsequently 

recognized by toll-like receptors (TLRs) that 

stimulate pro-inflammatory cytokine production by 

innate immune cells (12, 14). These pro-

inflammatory cytokines, including interleukin (IL)-

6, IL-17, tumor necrosis factor (TNF), and IL-1β, 

produced by the maternal immune system, can 

cross the placenta and reach the fetus. There these 

cytokines can affect neurodevelopment and disrupt 

synapse function. Several other molecules can have 

similar effects on the developing brain, such as C-

reactive protein (CRP), auto-antibodies, and 

complement proteins (11, 12, 15). The main 

cytokine-releasing cells in the CNS are the 

microglia which are therefore important mediators 

of MIA.  

 

The role of microglia in neurodevelopmental 

disorders – Microglia are the resident innate 

immune cells of the CNS, however, their functions 

are diverse. Microglia are hematopoietic cells, 

contrasting the origin of other brain-residing cells, 

such as neurons and astrocytes from 

neuroectodermal origin (16). Their lineage also 

differs from peripheral phagocytic immune cells, 

however, certain studies have shown that bone 

marrow-derived microglia can reside in the CNS 

too (16, 17). In early development, apoptosis is very 

common, and microglia are involved in clearing 

debris of these apoptotic cells. Furthermore, 

microglia have roles in synapse formation, 

maturation, and elimination through cytokine 

signaling and phagocytosis (18, 19). In the normal 

adult brain, microglial functionality consists of 

immune defense in the form of cytokine release and 

pathogen phagocytosis, maintenance of brain 

homeostasis by pruning excess or weak synapses, 

eliminating cellular debris, and scanning the brain 

for possible danger. In addition, microglia use 

cytokine signaling to stimulate neuron and synapse 

survival (19). During this period in life, the 

microglia are in a more passive resting state and are 

highly ramified, meaning that they have an 

abundance of branches, allowing the cells to scan 

their environment (20). When microglia are 

activated, their shape changes, and they become 

less ramified, allowing for easier migration towards 

regions of potential danger. Other characteristics of 

activated microglia include increased 

immunological activation and increased phagocytic 

ability (19). In the brains of patients with NDD, 

there are more activated microglia and less ramified 

cells (20). Similarly, more primed microglia are 

found in certain NDDs, probably due to 

environmental triggers early in life associated with 

MIA (20). NDDs also affect the synaptic density, 

which is aberrant, depending on the specific 

disorder. Brains of ASD patients, for example, have 

an excessive number of synapses, while their 

density in schizophrenia is decreased. These 

aberrations have mainly been attributed to changes 

in microglial gene transcription and functionality, 

and because there is a difference in microglial 

activation in NDDs, as mentioned above (21, 22). 

Thus, evidence indicates that microglia in NDD 

have different phenotypes compared to healthy 

microglia.  

 

Microglial cytoskeleton dynamics as a 

necessity for proper microglial functioning – 

Essential microglial functions such as 

phagocytosis, migration, and ramification rely 

heavily on cellular movement, and therefore 

cytoskeletal remodeling is essential for normal 

microglial functionality. The cytoskeleton exists of 
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three main components: actin, microtubules (MTs), 

and intermediate filaments (IFs). The crosstalk 

between these components and linking molecules is 

essential in all movement and structure based 

cellular activities (23). The actin cytoskeleton 

consists of globular actin (G-actin) that can 

polymerize into filamentous actin (F-actin), with 

both forms being in equilibrium. Actinin is a 

protein that crosslinks actin fibers to strengthen the 

meshwork, and myosin motor proteins associate 

with actin as well to provide the contractile forces 

needed for cellular movement. MTs are hollow 

tubes with an outer diameter of 23-27 nm. They 

consist of dimers of α-tubulin and β-tubulin. The 

MTs provide polarity in the cell during cellular 

movement such as migration. Furthermore, MTs 

can accommodate intracellular transport of certain 

groups of (cytoskeletal) molecules and proteins (23, 

24). Finally, there are many different IF proteins, 

and their functions vary significantly (23). 

These cytoskeletal components can form 

certain structures by associating with cytoskeleton-

associated proteins. Focal adhesions (FAs) are 

structures of proteins that connect the cell to the 

extracellular matrix (ECM). At the outside of the 

FA, in contact with the ECM, integrins can be 

found. Linker molecules including vinculin, talin 

and paxillin connect these integrins to the actin 

meshwork. Furthermore, these FAs give rise to 

stress fibers which are actomyosin fibers that span 

the cell body and have the ability to contract (25). 

The FAs are essential for migration in all cell types, 

including microglia, and during CNS development, 

(microglial) migration is crucial. During cell 

migration, the cell polarizes into a rear end, and a 

wide cell protrusion called the lamellipodium. 

Lamellipodia consist mainly of a polymerized actin 

meshwork that is highly dynamic. FAs form in the 

lamellipodia area, and the actomyosin stress fibers 

will contract with the help of Rho GTPases. This 

drags the cell forward, and meanwhile, the FAs in 

the rear end of the cell will disassemble while the 

microtubules transport these disassembled 

components to the leading end of the cell for new 

FA assembly (25). A second type of membrane 

protrusion called the filopodia is sometimes present 

at the leading edge, as well. These are very thin 

membrane protrusions initiating from the 

lamellipodium and consisting mainly of actin. 

During cell migration, the filopodia serve primarily 

as antennae that scan the environment (26).  

 

Disrupted-in-Schizophrenia 1 – Due to the 

importance of cellular movement and migration of 

microglia in NDDs, the cytoskeleton and associated 

proteins and genes are interesting research targets. 

Disrupted in Schizophrenia 1 (DISC1) is such a 

protein that is heavily studied in the context of 

NDDs such as Schizophrenia, BD, ASD and major 

depression disorder. DISC1 is located at 1q42.1 and 

was first discovered in 2000 in a Scottish family 

with a high incidence of mental illness. The original 

disruption in this family consisted of a 

(1;11)(q42.1,q14.3) translocation (27, 28). Later, 

however, more than 50 other mutations linked to 

NDDs have been identified, most of them located 

in the N-terminus part of the protein (27, 29).  

DISC1 is a scaffolding protein, meaning that it 

is involved in many different signaling pathways, 

with a large interactome. DISC1 is associated with 

the Wnt signaling pathway, mitochondrial calcium 

homeostasis, CNS cell proliferation, synapse 

maturation, cell-ECM adhesion, mTOR signaling, 

neuron migration, and microtubule organization 

among other things(30). Most of the research on 

DISC1 has been done in neurons, however, DISC1 

expression has been identified in microglia (31), 

and recently the importance in astrocytes on 

cognitive function has been discovered (32).  

As mentioned above, DISC1 is involved in 

neurodevelopment through pathways such as Wnt 

and mTOR signaling, both essential pathways for 

(neuronal) cell proliferation and differentiation (33-

35). Furthermore, DISC1 has known interactions 

with Ndel1, a cell cycle protein that has a role in 

CNS development, and several cytoskeletal 

proteins (36). 

In neurons, FEZ1 has been found to interact 

with DISC1, a protein that can directly interact with 

F-actin and has functions related to axonal growth 

polarization. Next, DISC1 interacts with motor 

proteins Kinesin-1, dynein, KIF1B, implying a role 

in various cytoskeletal transport methods (37). 

Furthermore, DISC1 interacts with microtubules 

through proteins MIPT3 and MAP1A. Finally, 

DISC1 interacts with TNIK and Kalirin-7, two 

actin-associated proteins that are involved with 

spine regulation and actin depolymerization, 

respectively (38). 

Lastly, research in T cells showed that DISC1 

forms a complex with girdin, and the absence of this 
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complex prevented actin polymerization, a crucial 

part of all cellular movement (39). 

DISC1 is involved with neuronal development 

via several pathways. One way that DISC1 hampers 

development is through the cytoskeleton, a 

subcellular component that is crucial for cellular 

movement. Microglia, important regulator cells of 

the CNS, rely on the cytoskeleton for their 

movement-based functions like migration and 

phagocytosis. There is, however, no research 

conducted regarding the role of NDD risk genes, 

including DISC1, in microglia. Therefore, we will 

focus on finding a link between DISC1 and 

microglial dynamics, as these are essential for 

normal brain development. Gaining a better 

understanding of the molecular basis of microglial 

motility and the influence of DISC1 could lead to 

the discovery of new therapeutic targets for NDDs. 

We hypothesize that DISC1 LI microglia have an 

altered morphology, cytoskeleton structure, and 

tubulin dynamics compared to WT microglia.  

In this study, we used confocal imaging to 

study the microglial morphology of brain slices 

from DISC1 locus impaired (LI) mice compared to 

wild type (WT). Next, we used Airyscan 

microscopy and immunostaining to investigate the 

structure of the actin and tubulin cytoskeleton in 

DISC1 WT and LI primary mouse microglia. 

Finally, we used a super-resolution microscopy 

technique called structured illumination 

microscopy (SIM) to study the dynamics of the 

tubulin cytoskeleton in DISC1 WT and LI 

microglia in mice. These experiments allowed us to 

examine the effect of DISC1 locus impairment on 

the cytoskeleton of microglia in mice.  

 

EXPERIMENTAL PROCEDURES 

Animal model – A DISC1 LI mouse model, 

designed by Prof. Dr. Sawa and colleagues at the 

John Hopkins University (Baltimore, USA), was 

used (40). The model lacks the two most important 

DISC1 isoforms because of 40 kilobase pairs (kbp) 

exclusions in exon 1-3, Tsnax/Trax-Disc1 

intergenic splicing, and a microRNA in intron 1. 

Furthermore, a 25 bp loss in exon six can be found. 

DISC+/LI (HET) mice were bred to obtain both 

DISC1+/+ (WT) and DISC1LI/LI (LI) pups. The pups 

were sacrificed around one to three days (P1-3) for 

microglia isolation. 

Next, a bone marrow transfer (BMT) mouse 

model was designed to examine migrating 

microglia-like cells from the bone marrow to the 

brain. 10-weeks old Disc1WT/WT
 and Disc1LI/LI were 

anesthetized intraperitoneally with ketamine 

(30 mg/kg) and xylazine (5 mg/kg) diluted in sterile 

phosphate-buffered saline (PBS). The anesthetized 

mice were irradiated with a lethal dose of 8 grays of 

gamma radiation and were immediately 

intravenously injected with 5×106 bone marrow 

cells dissolved in sterile PBS. The bone marrow 

cells were harvested from the femurs and tibia of 6 

weeks-old gender-matched Disc1WT/WT Cx3cr1eGFP/+ 

and Disc1LI/LI Cx3cr1eGFP/+ mice. Filtered tap water, 

supplemented with Neomycin (100mg/l, Gibco, 

USA) and Polymyxin B sulfate (60 000 U/l), 

Sigma-Aldrich, USA) was administered to the mice 

two weeks before and four weeks after irradiation, 

and the animals were monitored daily for the first 

ten days post-irradiation. One week after BMT, the 

mice received chow containing colony-stimulation 

factor 1 receptor (CSF1R) inhibitor PLX5622 

(1200 mg/kg standard chow, Chemgood, USA) for 

two weeks. CSF1R is necessary for microglia 

survival, and PLX5622 inhibition eliminates viable 

microglia, allowing for an increased repopulation 

of the brain with microglia-like cells from the donor 

bone marrow. Imaging experiments were 

conducted 13 weeks after BMT. 

Mouse genotyping – The KAPA mouse 

genotyping kit (Hoffman – La Roche, Switzerland) 

was used for DNA extraction from the tails or toes 

of the mice. The samples were heated to 75°C for 

10 minutes, followed by 5 at 95°C. Afterward, the 

polymerase chain reaction (PCR) mix, containing 

the DISC1 or CX3CR1-eGFP (10 µM; Integrated 

DNA technologies, USA) was added. The PCR 

process included: one cycle of 3 min at 95°C; 35 

cycles of (1) 15 sec at 95°C, (2) 15 sec at 54°C, and 

(3) 30 sec at 72°C, and finally, another cycle of 3 

min at 72°C. 

The CX3CR1-eGFP genotyping required a 

touchdown PCR, where the annealing temperature 

was reduced by 0,2% each cycle. Here, the PCR 

process included: one cycle of 3 min at 95°C; 35 

cycles of (1) 30 sec at 94°C, (2) 15 sec at 64-58°C, 

and (3) 1 min at 72°C; one cycle of 7 min at 72°C. 

The primers used for genotyping were as follows: 

Disc1 fwd 5’- GCTGTGACCTGATGGCACT-3’, 

Disc1 rev 5’-GCAAAGTCACCTCAATAACCA-

3’, Cx3cr1+/+ fwd 5’-

GTCTTCACGTTCGGTCTGGT-3’, 

Cx3cr1eGFP/eGFP fwd 5’-
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CTCCCCCTGAACCTGAAAC-3’, Cx3cr1 rev 5’-

CCCAGACACTCGTTGTCCTT-3’. 

The 3% agarose gel with 1% GelRed (Thermo 

Fischer Scientific, USA) was loaded with the 

samples and Smart ladder (Eurogentec, Belgium). 

A voltage of 150V was used to execute the gel 

electrophoresis, and the bands were analyzed with 

UV imaging. Amplicons were expected at 196 bp 

(Disc1WT/WT), 171 bp (Disc1LI/LI), 500 bp 

(Cx3cr1eGFP/eGFP) and 410 bp (Cx3cr1+/+). 

Microglia isolation – P1-3 pups were 

decapitated before brain isolation. Meninges and 

the cerebellum were removed, and the brain was 

dissolved in Dulbecco's Modified Eagle Medium 

(DMEM; D5796, Sigma-Aldrich, USA) 

supplemented with 10% Fetal Bovine Serum, 10% 

Horse Serum, and 1% Penicillin/Streptomycin 

(Sigma-Aldrich, USA), named DMEM 10.10.1. 

The cells were kept in Poly-D Lysine (PDL) 

(20µg/ml, Gibco, Thermo Fischer Scientific, USA) 

pre-coated T75 culture flasks (Greiner, Austria) in 

the CO2
 incubator (5% CO2, 37°C) for two weeks. 

The medium was refreshed after 5-7 days and 

supplemented with 30% colony stimulating factor 

1-conditioned medium from cultured L929 cells, in 

order to improve the microglial growth. After two 

weeks, the microglia were isolated from the other 

glial cells with the use of the orbital shaker (3h, 6g 

at 37°C), and they were seeded (105 cells/well) on 

coverslips or µ-Slide 8 well plates (Ibidi, Germany) 

coated with PDL (20µg/ml) with DMEM 10.10.1. 

Microglia morphology – The BMT mice were 

anesthetized 9 weeks after the BMT with 20% 

dolethal (Vibrac AH, USA) diluted in 0.4% 

heparin-PBS solution (LEO Pharma, Denmark). 

The mice were first transcardially perfused with 

PBS-heparin and afterward with 4% 

paraformaldehyde (Thermo Fisher Scientific, USA) 

enriched with 0.002% heparin. After brain 

isolation, slices of 100 µm were obtained with the 

use of the vibrating HM650 V microtome (Thermo 

Fisher Scientific, USA). Brain slices were mounted 

on glass coverslips and imaged with the Plan-

ApoChromat 63×/1.40 Oil DIC M27 objective of 

the Zeiss LSM880 microscope (Carl Zeiss AG, 

Germany). The slices were excited with the CW 

Argon Laser at 488 nm, and Z-stacks containing 20 

slices were made. Analysis of the morphology of 

the microglia included cropping out the cell in 3D 

in FIJI (ImageJ, USA) in order to determine the 

cellular skeleton with the Vaa3D software. This 

skeleton was analyzed using the sholl analysis and 

MATLAB software. 

Immunostaining – Primary microglia were 

fixated with 4% paraformaldehyde for 15 min at 

room temperature (RT). The cells were washed 

with washing buffer (0.2% Triton X-100 in 1X 

PBS) 3 times for 5 min. Afterward, the cells were 

incubated with a blocking buffer with sucrose 

(0.2% Triton X-100, 0.3% Tween-20, 5% bovine 

serum albumin (BSA), and 5% sucrose in 1X PBS) 

for one hour at RT. The primary antibody against β-

tubulin (1:1000, St Johns Laboratory, UK) was 

incubated at 4°C overnight in a blocking buffer 

without sucrose (0.2% Triton X-100, 0.3% Tween-

20, 5% BSA in 1X PBS). The cells were washed 

with washing buffer and incubated for one hour at 

RT with the secondary antibody, goat anti-rabbit 

Alexa Fluor 555 (1:1000 Thermo Fisher Scientific, 

USA), and Alexa Fluor 647-Phalloidin (1:40 

Thermo Fisher Scientific, USA). The cells were 

washed, incubated with DAPI (1:10 000) for 15 min 

at RT, and mounted onto glass slides with 

fluoromount-G (Thermo Fisher Scientific, USA). 

Imaging was done with the Plan-ApoChromat 

63×/1.40 Oil DIC M27 objective of the Zeiss 

LSM880 microscope (Carl Zeiss AG, Germany) 

and the Airyscan detector. A Z-stack was obtained 

for each cell, and analysis was done with FIJI and 

ImageJ plugins, including the Actin Distribution 

Quantification (41). 

Structured illumination microscopy (SIM) – 

Microglia, seeded on a µ-Slide 8 well plate (Ibidi, 

Germany), were stained with SPY555-tubulin 

(Spirochrome, Switzerland) in a 1:1000 dilution. 

Zeiss Elyra PS.1 (Carl Zeiss AG, Germany) was 

used with the Plan-ApoChromat 63×/1.40 Oil DIC 

M27 objective for the SIM imaging with an 

excitation at 561 nm. Sixty images were made per 

cell with a time interval between images of 5 

seconds. The images were analyzed with the PIVlab 

app (42) designed for MATLAB. 

Statistics – The results were analyzed with 

GraphPad Prism 9. Error bars represent the standard 

deviation (SD) unless stated otherwise. 

Distributions were tested for normality (Shapiro-

Wilk test) and parametric or non-parametric two-

tailed tests were applied accordingly. Specific 

information for each statistical analysis is provided 

in the figure legends. P values < 0.05 were 

considered significant and are represented by *, p 
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values < 0.01 are depicted with **, p < 0.001 is 

annotated by ***, and finally, **** represents  

p < 0.0001.  

 

RESULTS 

DISC1 regulates microglia morphology – The 

morphology of microglia is a good indication of 

their functionality. For example, ramified microglia 
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Figure 1: Cell area and shape are disrupted in DISC1 LI microglia. (A-B) Representative merged 

overview images of in vitro (A) WT and (B) DISC1 LI microglia stained with a β-tubulin antibody 

(Yellow) and Phalloidin-AF647 (Red) (Scale bar is 25 µm as indicated). (C) Cell area of WT microglia 

(n = 103) compared to DISC1 LI (n = 65). The horizontal bars represent the median. *p < 0.05; unpaired 

two-tailed Mann-Witney test. (D-E) Proportion of different protrusion types in (D) WT microglia 

compared to (E) DISC1 LI microglia, divided in three different types: large round lamellipodia; small 

spikey filopodia and other/irregular shapes. Arrows indicate an example per different protrusion type. 
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are passive and scan the environment for threats, 

while rounded cells without ramifications are 

activated microglia (20). For the purpose of 

studying the effect of DISC1 on the morphology of 

microglia, we first explored the differences in size 

between WT and DISC1 LI mice microglia in vitro. 

Confocal images of microglia stained for β-tubulin 

and F-actin were used (Figure 1A-B). The total cell 

area was determined (Figure 1C). WT microglia 

were significantly larger in size, with a median area 

of 593,9 µm2, while DISC1 LI microglia had a 

median area of 494.6 µm2 (p = 0.0409). This result 

indicates that DISC1 LI cells are smaller and that 

DISC1 plays a role in obtaining a normal cell size. 

Next, we examined the type of protrusions that 

were present in microglia. The protrusions of 

microglia can vary from cell to cell. Lamellipodia 

are wide, rounded protrusions, while filopodia 

possess a very small, spiked shape. The majority of 

WT protrusions consisted of lamellipodia (76%), 
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with only a small portion of filopodia (10%) and 

irregular protrusions (14%) (Figure 1D). Every 

protrusion that was not thin and spiked 

(filopodium), or big and round with an actin border 

(lamellipodium), was classified as an irregular 

protrusion. The cellular shape of DISC1 LI 

microglia, on the other hand, consisted mostly of 

filopodia (41%) but the other types were also 

decently represented with 30% of lamellipodia and 

28% of irregular protrusions (Figure 1E). These 

results indicate that DISC1 LI microglia have less 

consistent types of protrusions. Lamellipodia are 

seen in migrating microglia as they allow them to 

move their cell body. This means that the migration 

of LI microglia could be impaired.  

 The morphology of microglia in vitro may, 

however, differ significantly from the in situ 

morphology as there are external stimuli and an 

extra dimension that can influence the morphology. 

Moreover, DISC1 is widely known to affect 

neurons, and the environment of microglia could 

affect the morphology as well. Therefore, a BMT 

experiment in mice was designed, where native 

microglia are eliminated, and bone marrow is 

transplanted, causing microglia-like cells to 

migrate to the brain. These cells are genetically 

modified to express eGFP and were later 

skeletonized (Figure 2A-D). This skeleton was used 

to analyze the microglial morphology with sholl 

analysis. The sholl analysis determines the amount 

of branches in a certain radius from the middle of 

the cell. This parameter is called intersections 

(Figure 2D). The sholl analysis did not reveal 

striking differences between DISC1 LI microglia-

like cells in a DISC1 WT or DISC1 LI environment. 

Only at 20 and 24 µm from the soma, statistical 

differences (p < 0.05) can be found. Microglia of 

Disc1WT/WT recipients of Disc1WT/WT bone marrow 

(WT-WT) are also relatively similar to microglia of 

Disc1LI/LI recipients of Disc1WT/WT bone marrow (LI-

WT), but mostly at shorter distances from the soma 

(ns at 10 and 12 µm from soma and p < 0.05 at 6, 8 

and 14 µm). Meanwhile, the other conditions 

including Disc1LI/LI recipients of Disc1LI/LI bone 

marrow (LI-LI) and Disc1WT/WT recipients of 

Disc1LI/LI bone marrow (WT-LI), have significantly 

H I 

Figure 2: Morphology of DISC1 LI microglia is genotype-dependent. (A-D) Representative 

skeletonized cells of BMT microglia including (A) WT acceptor with WT bone marrow transplantation, 

(B) LI acceptor with LI donor marrow, (C) WT acceptor that received LI donor marrow, and finally (D) 

LI acceptor receiving WT marrow. Sholl analysis showing the (E) amount of intersections and (F) 

amount of tips for each radius from the soma of the cell. (G) Average branch length, (H) number of 

branch points and (I) total branch length for all 4 genotypes. nWT-WT = 280, nLI-LI = 212, nWT-LI = 194, nLI-

WT = 185, all from 6 different animals with 3 males and 3 females. The horizontal bar represents the 

mean. The error bars in E+F represent the SEM. The Kruskall-Wallis test was performed in G-I.  

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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more intersections from 6 to 32 µm from the soma 

(p < 0.05). At longer distances from the soma, the 

amount of intersections seems to be closer between 

genotypes, although WT-WT only converges with 

the other genotypes at around 34 µm (See 

Supplementary Table 1 for a full overview of all p-

values). These results demonstrate that the grade of 

ramification is mostly dependent on the donor 

genotype. However, there are still differences 

between the same donor types, implying that the 

environment might influence the morphology as 

well, although less pronounced than the genotype 

effect. These results also reveal that the changes in 

morphology can be found mostly in the shorter 

ranges rather than the larger ones. 

Besides the number of intersections, the number of 

tips for each radius can be calculated with the sholl 

analysis as well (Figure 2E). Here we can see 

roughly the same trend as seen in the intersections. 

LI-LI microglia have significantly more tips from 8 

to 18 µm from the soma than WT-WT microglia (p 

< 0.0001). LI-WT microglia have fewer tips from 

10 to 22 µm from the soma, while WT-LI has 

significantly more tips from 8 to 18 µm (p < 0.05). 

Furthermore, LI-LI and WT-LI microglia tip 

numbers are not significantly different from each 

other (all p-values will be represented in 

Supplementary Table 2). The conclusion of this 

analysis is mostly the same as that of the 

intersections, meaning that the donor genotype has 

the biggest influence on the phenotype of the cell.  

In Figure 2G, the average branch length per 

genotype is shown. The highest average branch 

length belongs to the WT-WT category with 

Figure 3: Representative immunofluorescence stainings of actin and tubulin in WT and DISC1 LI 

microglia. (A-D) Phalloidin-AF647 stained (A-B) WT and (C-D) DISC1 LI microglia show actin in red. 

(E-H) β-tubulin antibody stained (E-F) WT and (G-H) DISC1 LI microglia show tubulin in yellow. (I-

L) Actin and tubulin channels are merged. Scale bar is 5 µm. 
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5,711 µm (LI-LI = 5.171 µm; WT-L I= 4.273 µm; 

LI-WT = 4.868 µm). The average branch length of 

this genotype is significantly different from all 

other genotypes (p < 0.0001). The other genotypes 

are more similar, but there are still significant 

differences between LI-LI and WT-LI (p = 0.0199) 

and WT-LI and LI-WT (p = 0.0084). These results 

suggest that the average branch length is mainly 

regulated by the donor genotype, but the effect is 

smaller than that seen in the tips and intersections 

of the sholl analysis. The mean number of branch 

points for each genotype is depicted in Figure 2H. 

Here we see that the WT-LI microglia have the 

highest mean number of branch points with 38.3 

(WT-WT = 16.3; LI-LI = 31.0; LI-WT = 28.5). All 

conditions are significantly different from each 

other (p < 0.0001) except LI-LI and LI-WT. 

Finally, the total branch length shown in Figure 2I 

is higher in LI donor conditions (LI-LI = 249.4 µm; 

WT-LI = 264.7 µm), while the WT donor 

genotypes have the lowest total branch length (WT-

WT = 177.1 µm; LI-WT = 205.6 µm). All 

conditions are significantly different from each 

other (p < 0.01) except LI-LI and WT-LI.  

From these experiments, we can conclude that 

DISC1 LI microglia have an altered morphology 

and that the morphology is mainly dependent on the 

microglial genotype rather than the environmental 

genotype. 

 

Microglial actin and tubulin cytoskeleton is 

altered by DISC1 locus impairment – In order to 

examine the effect that DISC1 has on the actin and 

tubulin cytoskeleton, we used the Airyscan detector 

to make high resolution and high brightness images 

of immunostained WT and DISC1 LI primary 

microglia (Figure 3). Some differences are clearly 

visible when observing the confocal images. First, 

the WT microglia have a much more regular cell 

shape that is more rounded than the DISC1 LI 

counterpart. This observation is in line with the 

conclusions of the experiment shown in Figure 1 

D+E, where we saw that the protrusions were very 

different in both genotypes. In the actin channel 

(Figure 3 A-D), we see that the WT microglia have 

a round border of actin, resulting from the presence 

of the lamellipodium. In the LI actin channel, we 

see a less organized actin distribution. The total 

actin density of WT microglia seems to be higher 

as well. Further, it seems like there are more FAs in 

the WT microglia compared to the LI cells (FAs can 

be seen as little round points in the actin channel). 

The tubulin distribution (Figure 3E-F) in LI 

microglia appears to be much denser than the WT 

counterpart, where the individual microtubule 

fibers are clearly visible.  

To confirm if the actin and tubulin density was 

defined by the genotype of microglia, the mean 

Figure 4: DISC1 LI microglia have 

different actin and tubulin densities 

compared to WT microglia. Mean 

fluorescence intensity (MFI) was determined 

for all cells for both the (A) actin channel and 

the (B) tubulin channel. Error bars represent 

the SD. MFI has AU as unit. (A) uses the 

Mann-Whitney test, (**p = 0.0073) while (B) 

uses an unpaired t-test (****p < 0.0001). N = 

15 cells per genotype. 
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fluorescence intensity (MFI) was calculated (Figure 

4). WT microglia had a significantly higher actin 

density (14 744 AU) than DISC1 LI microglia 

(13 173 AU) (p = 0.0073). The tubulin density was 

significantly higher in the DISC1 LI microglia 

(25 922 AU) compared to WT microglia 

(20 027AU) (p < 0.0001). These results confirm the 

observations made from the confocal microscopy 

images and it indicates that DISC1 plays a crucial 
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Figure 5: Subcellular actin and tubulin distribution is disrupted in DISC1 LI microglia. An ImageJ 

macro was used that make a line through the cell and measures the fluorescence intensity over this line; 

the line is divided into a chosen amount of bins in order to compare cells of all sizes. (A-B) The mean 

fluorescence intensity for each bin was measured for both (A) actin and (B) tubulin. A two-way ANOVA 

was used to determine the significance. (C-E) One representative cell from each genotype was used to 

compare actin distribution. The bin length of the WT example is 1.9 µm while the LI example has a bin 

length of 1.1 µm. (F-H) One representative example for each genotype was used to compare the tubulin 

distribution. The bin length of the WT example is 0.077 µm while the LI bin length is 0.060 µm. 
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role in maintaining normal actin and tubulin 

densities.  

Next, we wanted to see how the network 

distribution of actin and tubulin was affected by 

DISC1 locus impairment. Therefore, we used an 

analysis tool to measure the intensity over a line 

that crosses the cell. The line was divided into a 

predetermined number of bins in order to compare 

cells of all sizes. Actin distribution has some 

significant differences between WT and DISC1 LI 

WT LI
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Figure 6: Tubulin dynamics are increased in DISC1 LI microglia. (A-B) Representative heatmaps 

based on vector velocities of (A) WT and (B) DISC1 LI tubulin in microglia. Scaled from 0 (dark blue) 

to 2 (yellow) µm/min (C) Histogram that includes all vectors obtained from 20 cells per condition (n = 

20), each with 20 frames analyzed per cell for a total of 656 641 vectors for each genotype. Bin width 

is 0.05 µm/min. (D) Boxplot showing the distribution of all vectors. Mann-Witney test was performed. 

(E) Bar graph dividing the vectors into two categories: Slow and Fast. The cut-off point is the mean of 

all vectors (WT+LI). ****p < 0.0001 
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microglia (Figure 1A). The first 2 bins and the last 

bin had a significantly higher MFI (p < 0.001). 

These increases in fluorescent intensity are likely to 

originate from the thick actin border that is seen in 

WT microglia but not in LI microglia (Figure 3A-

D). Overall, the WT actin intensity is higher than 

LI, confirming the data in Figure 4A. A similar 

analysis could not determine the individual fibers 

observed only in the tubulin cytoskeleton of WT 

microglia but absent in LI microglia. However, the 

overall fluorescence intensity of tubulin was higher 

in the LI microglia, something that can also be seen 

in Figure 4B. Next, we used one representative cell 

for each genotype to compare the distribution in 

more detail (Figure 5C-H). The actin distributions 

(Figure 5E) are similar to the averaged intensity of 

Figure 5A, although there are some big peaks in the 

WT distribution. These probably arise from FAs. 

The tubulin distribution of a representative example 

(Figure 5H) fluctuates heavily for both the WT and 

LI microglia. This is due to the high number of bins 

(500 bins) and the structure of the microtubules. It 

appears that the fluctuations of the WT microglia 

are sharper while the LI peaks are generally 

rounder, suggesting larger tubulin fibers and more 

densely packed tubulin in LI microglia.  

These results indicate that the actin and tubulin 

distribution and organization are disrupted in 

DISC1 LI microglia.  

Tubulin dynamics are increased in DISC1 LI 

microglia – So far, we have only investigated the 

structure of the cytoskeleton of microglia. 

However, the dynamics of the cytoskeleton are also 

crucial in understanding the effect of DISC1 on 

microglial functions. Therefore, we produced SIM 

images that follow the tubulin structure over time. 

These images were analyzed in a way that provided 

us with vectors that describe the speed of the 

tubulin cytoskeleton from one frame to another. 

These vectors are represented in a heat map (Figure 

6 A-B). The LI heatmap has more activity 

compared to the WT heatmap, indicating faster 

tubulin dynamics in LI microglia. Furthermore, all 

vectors were plotted in a histogram (Figure 6 C), 

showing the distribution of the vectors for each 

genotype. The distribution of the LI vectors is 

shifted towards the right, indicating that the vector 

speed for tubulin dynamics is higher in LI 

microglia. This is confirmed in Figure 6D, a 

boxplot that further summarizes the distribution of 

the vectors. Here we see that the median (WT = 

0.3933 µm/min; LI = 0.4339 µm/min) is 

significantly higher for the LI microglia (p < 

0.0001). Finally, we divided all vectors into two 

categories: slow and fast vectors, with the mean of 

all vectors as the cut-off point. Here we see that 

52.2% of WT vectors are slow, whilst only 47% of 

LI vectors are classified as slow. These results 

indicate that tubulin is more dynamic in DISC1 LI 

microglia compared to their WT counterpart.  

 

DISCUSSION 

In his study, we aimed to investigate how 

DISC1 affects the cytoskeletal organization and 

dynamics in microglia and, consequently, 

microglial morphology in vitro and in situ. The 

results suggested that DISC1 locus impairment 

decreases the size of microglia and provides the 

cells with more aberrant protrusions in vitro. In situ 

experiments, however, showed that LI microglia 

were more ramified than WT microglia and that this 

is mostly a microglia-autonomous effect of DISC1. 

Immunostaining experiments revealed that the actin 

and the tubulin cytoskeletal organization and 

density are disrupted in DISC1 LI microglia. The 

final results showed that the tubulin movement of 

DISC1 LI microglia was slightly but significantly 

increased compared to WT microglia. All these 

results suggest that DISC1 has a significant 

influence on the cytoskeletal structure, distribution, 

and dynamics, either direct or indirect, explaining 

why important cellular activities including 

migration, ramification, and even phagocytosis are 

impaired in NDDs. 

DISC1 affects microglial morphology – 

Microglia in their resting state are very ramified in 

order to scan their environment, while activated 

microglia are rounded with fewer ramifications. In 

vitro experiments showed that LI microglia were 

significantly smaller in size and their protrusions 

deviated from the WT protrusions (Figure 1). WT 

microglia had lamellipodia 76% of the time, which 

were only observed in 30% of LI microglia. 

Lamellipodia are essential for migration, and 

although filopodia, which are more common in LI 

microglia, are also important here, they are not 

necessary for successful cell migration (25). 

Furthermore, the filopodia are mostly not located 

on lamellipodia and largely oriented in different 

directions. This suggests that DISC1 LI microglia 

are less effective at migrating. 



                           Senior internship- 2nd master BMW 

14 
 

 In situ experiments showed that LI microglia 

were more ramified, even in a DISC1 WT 

environment (Figure 2). These results were 

unexpected as microglia in patients with NDD seem 

to be more active due to a less ramified morphology 

(43, 44). Furthermore, previously unpublished in 

situ data from the research team of Prof. Brône 

show that DISC1 LI microglia are less ramified 

than WT. However, these experiments were 

performed in full DISC1 WT or LI mice without 

irradiation, bone marrow transplantation, and 

CSF1R inhibition. These technical procedures 

could be an explanation for the discrepancy seen in 

the outcomes. Moreover, the cells studied in this 

project are infiltrated microglia-like monocytes that 

arise from the transplanted bone marrow. 

Therefore, this is not a perfect model for evaluating 

the morphology of microglia in the brain. However, 

it is a model that allows us to determine whether the 

effect of DISC1 on the morphology of microglia, or 

microglia-like cells, is due to external signals or the 

intrinsic DISC1 genotype. We do see that the 

morphology is mostly dependent on the microglial 

DISC1 genotype and not on the external 

environment, however, the level of ramification 

does not overlap between the same donor types, and 

there are significant differences among them. This 

indicates at least some level of external 

environmental influence on the morphological 

phenotype. In the CNS, neurons influence 

microglial activation and thereby, their morphology 

(45). Moreover, neuronal pathways can be affected 

by DISC1, so it would be sensible to assume that 

neuronal signals directed at microglia can be altered 

in a DISC1 LI environment as well (46). 

Furthermore, in this experiment, there was a 

significant period where no microglia were present 

in the brain parenchyma. Microglia are essential for 

maintaining brain homeostasis. Therefore, when 

the transplanted microglia-like cells arrived, there 

would have been more activation signals. Although 

the images were made 13 weeks after the BMT, it 

could be that it takes longer to return to a new state 

of brain homeostasis. In that case, it would be 

logical to see more activated, less ramified 

microglia. Meanwhile, the LI microglia are more 

ramified, so this could mean that they cannot be 

activated effectively in this experiment, and they 

stay in resting mode even though activation signals 

are present. 

In addition, these transplanted cells need to 

migrate towards the brain, and DISC1 is known to 

be important for this process. It could be that only a 

certain subtype of microglia-like cells reached the 

brain parenchyma. A type that has the ability to 

migrate despite DISC1 locus impairment is perhaps 

more likely to be in a ramified resting state instead 

of the more classical activated microglia state seen 

in NDDs. 

Cytoskeletal organization and distribution are 

disrupted in DISC1 LI microglia – A closer look at 

the microglial cytoskeleton revealed that the actin 

density was decreased and tubulin density was 

increased in LI microglia compared to WT 

microglia (Figure 4). Moreover, the cellular 

distributions and organization appeared to be 

altered as well (Figure 5). The density alterations 

are probably due to a difference in actin or tubulin 

recruitment and organization that changes the 

structure and, therefore, the density of the actin and 

tubulin fibers. However, it must be noted that this 

could also be because of a difference in the 

efficiency of the immunostaining, although this is 

unlikely.  

The possible explanation for the actin and 

tubulin distribution and organization aberrations is 

that DISC1 has a huge interactome that includes 

many cytoskeleton-associated proteins. Disrupting 

DISC1, therefore, affects the cytoskeletal structure. 

Tubulin-associated proteins, including MIPT3, a 

cilia-associated protein, and Ndel1, a protein 

associated with motor proteins dynein and kinesin 

and microtubule organization, are included in the 

DISC1 interactome (38, 47). Girdin is an actin-

associated protein involved in cytoskeletal 

remodeling and motility and has been known to 

form a complex with actin that is essential for actin 

polymerization in T cells (39). The AKT-mTOR 

pathway, a large pathway that signals the actin 

cytoskeleton, can be modulated by DISC1 as well 

(34). Additionally, other risk genes for 

neurodevelopmental disorders have been 

associated with cytoskeletal disorganization in 

microglia as well, suggesting that cytoskeletal 

disruption in microglia is present in NDDs (48, 49). 

Migration of microglia is essential for proper 

brain wiring. The disruption of the actin 

organization in DISC1 LI microglia is crucial in the 

impairment of microglial migration. The thick ring 

formation of actin in the lamellipodia is not present 

in the LI microglia (Figure 3A-D, Figure 5A, C-E). 
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Instead, there are often irregular-shaped 

lamellipodia or filopodia that contain the actin 

instead. This irregularity is not in favor of efficient 

migration (23). Tubulin is denser and has less 

structured microtubules (Figure 3E-H, Figure 4B, 

Figure 5F-H). This density difference could be 

linked with the smaller size of microglia (Figure 

1C). Migration is thought to be more efficient with 

lower microtubule densities (50), which suggests 

that the increased tubulin density seen in these 

results could prove to be important in 

understanding NDD pathology. Future experiments 

could focus on migrating cells, using specific 

migrating assays, and examine the cytoskeletal 

structure and organization during migration. 

Tubulin dynamics are affected by DISC1 – The 

cytoskeleton is highly dynamic, therefore, we 

investigated the tubulin dynamics in WT and 

DISC1 LI microglia. The results showed a 

significant increase in LI microglial tubulin 

dynamics compared to WT microglia. These 

findings are not in line with the expectations as we 

would expect higher motility in WT microglia 

because their cytoskeleton is more structured, and 

we expect them to migrate more efficiently. 

However, this experiment measures mainly 

background movement. These movements are not 

coordinated and do not lead to any cell migration or 

other meaningful cellular functions. This may be 

explained by the unstructured actin and tubulin 

cytoskeleton that is unable to coordinate the 

movements due to suboptimal cytoskeletal 

organization or motor protein support. Evidence 

suggests that microtubules are essential for cell 

locomotion, and the absence of microtubules makes 

movement more random (51). This makes it likely 

that unorganized tubulin, as seen in DISC1 LI 

microglia, hampers cell locomotion and migration, 

and increases random movement.  

Limitations – This study has provided 

evidence of DISC1 as a regulator of microglial 

structure, organization, and movement of the 

cytoskeleton in mice. However, an animal model 

does not necessarily represent human pathology. 

The mouse Disc1 gene is also significantly different 

from the human DISC1 counterpart, however, the 

function appears to be conserved (52). Next, a BMT 

model was used to study microglial morphology 

and the effect of the environment. As mentioned 

above, this model is not perfect for this purpose. A 

superior experimental design would include a 

conditional DISC1 LI model that utilizes the Cre-

Lox system in CX3CR1 positive cells. 

Unfortunately, such a model is not available for 

DISC1. Other limitations included the imaging 

quality, as the SIM pictures used for the results in 

Figure 6 were high in background noise. The noise 

in the SIM pictures probably did not influence the 

conclusion of the experiments as we plotted the data 

in a histogram (Figure 6B) in order to visually filter 

out the background movement from the real 

movement, and because all images had the same 

amount of background. Furthermore, the 

immunostained cytoskeleton images were 

supposed to be segmented and analyzed by 

designated software tools in order to quantify more 

parameters from these images. However, the 

DISC1 LI microglia were too aberrated that 

software packages did not successfully interpret 

these pictures. Therefore, the line analysis was 

used, although this method is not ideal as it only 

takes into account a small portion of the cell. 

However, it was made sure that the examined part 

of the cell was representative. Moreover, the actin 

staining (Phalloidin-Alexa Fluor 647) did not show 

the classical actin fibers that you expect to see from 

an actin staining, and a vinculin staining was 

attempted, but it did not represent the FAs, a crucial 

component in migration, in a meaningful way. 

 

CONCLUSION 

The results in this paper indicate that DISC1 

plays an important role in the regulation and 

organization of the microglial cytoskeleton. This 

link is crucial evidence for the hypothesis that 

DISC1, a neurodevelopmental risk gene that is 

mostly linked to neurons, is associated with 

microglia in NDDs. Microglia are key players in 

neurodevelopmental disorders and their 

cytoskeleton is of the utmost importance for 

microglial functionality. Therefore, these results 

could contribute to potential therapeutic targets for 

NDDs. 
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Supplementary Figures 

Table 1: p- values associated with sholl analysis intersections: All p-values not represented in this 

table are not significant (p<0,05). 

6 µm WT-WT LI-LI WT-LI  8 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   

LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       

         

10 µm WT-WT LI-LI WT-LI  12 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   

LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       

         

14 µm WT-WT LI-LI WT-LI  16 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   

LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       

         

18 µm WT-WT LI-LI WT-LI  20 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   

LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       

         

22 µm WT-WT LI-LI WT-LI  24 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   

LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       

         

26 µm WT-WT LI-LI WT-LI  28 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   

LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       

         

30 µm WT-WT LI-LI WT-LI  32 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   
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LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       

         

34 µm WT-WT LI-LI WT-LI  LEGEND:    

WT-WT /    NS    

LI-LI   /   p<0.05    

WT-LI     /  p<0.0001    

LI-WT            
Table 2: p-values associated with sholl analysis tips: All p-values not represented in this table are 

not significant (p<0,05). 

6 µm WT-WT LI-LI WT-LI  8 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   

LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       

         

10 µm WT-WT LI-LI WT-LI  12 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   

LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       

         

14 µm WT-WT LI-LI WT-LI  16 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   

LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       

         

18 µm WT-WT LI-LI WT-LI  20 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   

LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       

         

22 µm WT-WT LI-LI WT-LI  24 µm WT-WT LI-LI WT-LI 

WT-WT /    WT-WT /   

LI-LI   /   LI-LI   /  

WT-LI     /  WT-LI     / 

LI-WT        LI-WT       
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LEGEND:         

NS         

p<0.05         

p<0.0001         
 


