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ABSTRACT
Aims: Microglia undergo profound structural and functional changes during Alzheimer's disease, yet the earliest stages of mor-
phological remodelling that occur prior to amyloid deposition remain poorly defined. We hypothesised that microglia in the hip-
pocampus of AppNL-G-F mice would exhibit early, region-specific structural adaptations before local plaque formation, reflecting 
an initial phase of disease-associated structural remodelling.
Methods: Two-month-old AppNL-G-F and wildtype mice were examined using high-resolution confocal microscopy of Iba1-
labelled microglia in the dorsal CA1 apical field. Automated three-dimensional reconstructions were generated in Imaris, and 
quantitative morphometric analyses quantified cell density, Iba1 coverage, process topology and Sholl-based arbor complexity. 
Statistical analyses were performed using linear mixed-effects models incorporating sex as a fixed factor in all analyses.
Results: Microglial density and total Iba1 coverage were unaffected in AppNL-G-F mice at this age. In contrast, Sholl analysis 
revealed significant genotype-dependent reductions in process intersections and total process length, accompanied by reduced 
individual-cell territorial coverage, indicating an early contraction of the surveillance arbor independent of cell number.
Conclusions: These findings demonstrate that hippocampal microglia in AppNL-G-F mice undergo an early, coordinated struc-
tural remodelling before local amyloid deposition becomes apparent. This preplaque adaptation defines an early structural re-
modelling of hippocampal microglia prior to evident local amyloid deposition, providing new insight into the earliest structural 
adaptations associated with neuroimmune engagement in AD pathogenesis.

1   |   Introduction

Microglia are highly dynamic tissue macrophages that contin-
uously remodel their fine processes to survey the brain paren-
chyma [1]. Contemporary frameworks position microglia within 
a multidimensional continuum of context-dependent states 
shaped by age, sex, regional cues and disease milieu. Their mor-
phology integrates transcriptional, metabolic and environmen-
tal inputs rather than reflecting a binary activation state [2, 3]. 

Morphological features therefore provide an accessible, albeit 
indirect, window into this adaptive repertoire [4]. However, 
morphological parameters alone do not directly reflect under-
lying transcriptional or functional states and must therefore be 
interpreted as structural correlates rather than definitive indi-
cators of microglial activation. In the healthy brain, such struc-
tural plasticity underlies continuous surveillance of neuronal 
networks, enabling rapid process motility, chemotaxis and tran-
sient synaptic engagement [5–7].
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Subtle perturbations, ranging from metabolic stress to the 
accumulation of misfolded proteins, can elicit measurable 
structural remodelling. Morphological transitions are best in-
terpreted as indicators of altered microglial engagement with 
the surrounding tissue, though their temporal relationship 
to underlying transcriptomic changes remains uncertain [2]. 
In the mature hippocampus, microglia exhibit highly rami-
fied morphologies characteristic of the postdevelopmental 
brain [8, 9]. At this stage, the hippocampal microglial net-
work is established, displaying stable density and elaborate 
arborisation, although sex differences in function have been 
reported [10, 11]. Reductions in arbor complexity or terri-
tory coverage reflect shifts towards surveillance-limited 
configurations, cytoskeletal reorganisation or metabolic ad-
aptation. Consequently, deviations from this normative archi-
tecture can be interpreted as context-dependent remodelling. 
Defining how such adaptive structural shifts emerge under 
disease-relevant conditions is central to understanding early 
immune engagement in neurodegeneration [12, 13].

Alzheimer's disease (AD) offers a particularly relevant frame-
work in which to investigate microglial remodelling. Genetic 
and imaging evidence place microglia at the centre of AD 
pathogenesis [14–18]. In advanced disease, microglia accumu-
late around amyloid plaques, adopting compact, phagocytic 
morphologies that serve to encapsulate fibrillar Aβ and limit 
parenchymal toxicity [19]. However, whether such remodel-
ling precedes, parallels or follows amyloid deposition remains 
unclear. The preplaque phase, marked by rising soluble Aβ and 
emerging neuronal stress, represents a critical window during 
which microglia may initiate or amplify neuroimmune cascades 
[19]. Although morphology alone does not define functional 
state, it provides a structural correlate of early adaptive changes 
described transcriptomically in AD [2].

The AppNL-G-F knock-in mouse [20] provides a physiologically 
relevant model for examining microglial remodelling under 
native App regulation. By introducing three familial AD muta-
tions (Swedish, Iberian and Arctic) into the endogenous locus 
and maintaining physiologically relevant expression, this model 
avoids artefacts associated with transgenic overexpression. 
AppNL-G-F mice develop progressive, Aβ42-biased amyloid pa-
thology and associated cognitive deficits [21]. At early ages (e.g., 
2 months), amyloid deposition is detectable in cortical regions 
but remains minimal in the hippocampus, particularly within 
the CA1 field [20, 22]. The dorsal CA1 apical field, a region crit-
ical for spatial and memory processing, is among the earliest 

hippocampal sites affected in AD and provides a well-defined 
domain for quantitative morphological assessment [8, 23]. This 
regional heterogeneity offers an intrinsic internal control, en-
abling evaluation of microglial architecture within a plaque-
sparse hippocampal territory embedded in an amyloid-positive 
brain, thereby isolating processes that occur upstream of direct 
plaque interaction but downstream of systemic amyloidogenic 
influence.

Microglial morphology encompasses multiple structural di-
mensions, from somatic distribution to process complexity and 
territorial organisation. Quantitative morphometric approaches 
allow these features to be captured in three dimensions, pro-
viding a sensitive means of detecting subtle alterations in ar-
chitecture before overt pathology [24]. Assessing cell density, 
parenchymal coverage and process topology together offers a 
multidimensional view of microglial state transitions that aligns 
with contemporary frameworks of cellular heterogeneity [2]. In 
the earlier years of microglial research, microglial activation 
was detected by morphological observation as they transformed 
from their ramified phenotype in the normal brain to amoeboid 
morphological appearance in the diseased brain [25]. Although 
morphology alone cannot define microglial identity, such anal-
yses, applied within a regionally and temporally constrained 
context, represent a tractable, hypothesis-driven strategy for 
identifying the earliest manifestations of altered microglial en-
gagement in disease.

Here, we hypothesised that microglia in the dorsal CA1 api-
cal field of AppNL-G-F mice would exhibit measurable, region-
specific structural alterations before local amyloid deposition 
becomes evident. To test this, we applied automated, relatively 
high-throughput morphometric analysis to quantify microglial 
density, parenchymal Iba1 coverage and three-dimensional in-
dices of process complexity and territorial organisation. Our 
findings demonstrate that preplaque hippocampal microglia un-
dergo a coordinated contraction of their arbor, defining an early 
morphological signature of adaptation to amyloidogenic stress 
within a plaque-sparse environment.

2   |   Materials and Methods

2.1   |   Animals

All experimental procedures were approved by the Animal 
Welfare and Ethical Review Body, a subgroup of the Biological 
Standards Committee, and conducted in accordance with 
UK Home Office regulations and the Animal (Scientific 
Procedures) Act 1986, incorporating EU Directive 2010/63/
EU on the protection of animals used for scientific purposes. 
Experimental cohorts comprised five male and five female 
wildtype (WT) C57BL/6J mice and four male and four female 
AppNL-G-F/NL-G-F mice (total n = 18). The AppNL-G-F knock-in 
line harbours three familial Alzheimer's disease mutations, 
Swedish (KM670/671NL), Iberian (I716F) and Arctic (E693G), 
inserted into the endogenous App locus, modelling amyloid-
driven pathology under physiological expression. Animals 
were maintained under specific-pathogen-free conditions 
with a 12-h light/dark cycle and ad libitum access to food and 
water. Both sexes were included, and sex was incorporated 

Summary

•	 High-resolution 3D morphometry revealed early re-
ductions in microglial arbor complexity and territorial 
domain in the CA1 region of AppNL-G-F mice.

•	 Microglial density and parenchymal Iba1 coverage 
remained preserved, indicating a structural shift in-
dependent of cell number.

•	 These findings define a distinct preplaque micro-
glial phenotype that precedes hippocampal amyloid 
deposition.
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as a biological variable in all analyses. Mice were aged to 
2 months, corresponding to a preplaque stage in the hippo-
campal CA1 region.

2.2   |   Tissue Preparation

Mice were euthanised via intraperitoneal overdose of Euthatal 
(Merial Animal Health Ltd.) and perfused transcardially with 
phosphate-buffered saline (DPBS; Gibco, 14190136). Brains were 
post-fixed in 1.5% paraformaldehyde (PFA; Sigma, 1.00496) for 
at least 72 h at 4°C to preserve fine process morphology. Fixed 
brains were transferred to DPBS containing 0.1% sodium azide 
(Sigma, S2002) and stored at 4°C until sectioning. Coronal sec-
tions (50 μm) were cut on a Leica VT1200S vibratome (Leica 
Biosystems) and maintained as free-floating sections. Sections 
corresponding to −1.34 to −2.18 mm relative to bregma were se-
lected using a standard mouse brain atlas to target the dorsal 
CA1 apical field.

2.3   |   Immunofluorescence Staining

Free-floating sections underwent heat-induced epitope re-
trieval in citrate buffer (Abcam, ab93678) at 95°C for 30 min, 
followed by permeabilisation in 1% Triton X-100 (Merck, 
X100) for 5 min. Sections were washed three times in 0.05% 
Tween-20 in DPBS (Promega, H5152) and blocked for 1 h at 
room temperature in 5% normal goat serum (Thermo Fisher 
Scientific). Primary antibody incubation was performed at 4°C 
for 48 h using rabbit anti-Iba1 (1:2000; FUJIFILM Wako, 019-
19741). After washing, sections were incubated with Alexa 
Fluor 647-conjugated secondary antibody (1:500; Invitrogen, 
A48285) for 2 h at room temperature. During optimisation, 
isotype and secondary-only controls were included to confirm 
antibody specificity. Nuclei were counterstained with DAPI 
(Invitrogen, D1306), and autofluorescence was quenched with 
TrueBlack Plus (Biotium, 23014).

For detection of amyloid plaques, brain sections were stained 
with 10 μM X34 (Sigma, SML1954-5MG), a fluorescent Congo 
Red derivative that binds β-sheet secondary protein structures, 
diluted in 40% ethanol (vol/vol) in DPBS containing 20 mM 
NaOH for 20 min at room temperature [26]. Sections were then 
washed for 5 min in 40% ethanol (vol/vol) in DPBS with 20 mM 
NaOH, followed by rehydration in water and PBS. X34 labelled 
sections were nuclei counterstained with TOPRO-3 (Invitrogen, 
T3605), and autofluorescence quenched with TrueBlack Plus 
(Biotium, 23014). Sections were mounted in VECTASHIELD 
Vibrance (Vector Laboratories, H-1700) and stored at 4°C in the 
dark until imaging (within 1–2 weeks).

2.4   |   Confocal Image Acquisition

Images were acquired on a Leica SP8 Lightning confocal mi-
croscope equipped with HyD detectors and LAS X software 
(v4.3.0). Acquisition parameters were standardised across 
samples, with laser power and detector gain fixed (10% gain). 
The CA1 hippocampal region was imaged using a 20× objec-
tive (field of view: 581.25 × 581.25 μm; voxel size: 0.284 μm) 

with two fields captured per animal. Z-stacks spanning 25 μm 
were collected at 0.5-μm intervals (8-bit depth). Scans were 
performed at 600 Hz with fivefold line averaging in BrightR 
mode and 1× optical zoom. Fluorescent channels included 
DAPI/X34 (405 nm) and Iba1/TOPRO-3 (638 nm), with an 
additional nonfluorescent channel (488 nm) acquired to mon-
itor residual autofluorescence. Imaging and analysis were 
performed blind to App genotype and pseudo-coloured for 
visualisation.

2.5   |   Morphometric Analysis

All analyses were performed in Imaris (v10.0.1; Bitplane). 
Raw Leica (.lif) files were converted to .ims format and pro-
cessed through a standardised batch pipeline. Z-stacks were 
normalised using the Normalise Layers function to correct 
for depth-related attenuation. The CA1 apical field was man-
ually delineated using the Surface tool, and autofluorescent 
artefacts were excluded by masking a Gaussian-filtered non-
fluorescent channel. Images were compiled into a pseudo-
time series and normalised with Normalise Time Points to 
ensure comparability across samples. Processed images were 
exported as TIFFs and reconverted into .ims format using 
Imaris Converter (v10.0.1).

For segmentation, the DAPI channel was processed using 
Linear Stretch (set to 8) with Gaussian filtering, and the Iba1 
channel similarly processed (Linear Stretch set to 2). This 
approach was preferred over Background Subtraction or 
Threshold Cutoff as it yielded superior detection of fine mi-
croglial processes.

For microglial density and Iba1 coverage, images were pro-
jected to 2D using Project to 2D (MATLAB XTension). Iba1+ cell 
bodies were detected with the Spot function (diameter = 10 μm; 
minimum intensity = 5; DAPI intensity sum ≥ 3.5 × 104). Iba1 
coverage was quantified using the Surface function (smooth-
ing = 0.1 μm; intensity threshold = 15; minimum surface 
area = 30 μm2), and coverage ratios were calculated relative to 
the delineated CA1 field.

For single-cell morphometrics, 3D datasets were retained. 
DAPI+ nuclei were segmented (Surface tool; smooth-
ing = 0.1 μm; threshold = 5) and filtered by volume (100–
800 μm3) and Iba1 intensity (> 3 × 104). Microglia were 
segmented from the Iba1 channel (threshold = 10; smooth-
ing = 0.05 μm) with inclusion criteria of DAPI overlap 
> 50 μm3, volume ratio > 0.2 and exclusion of XY borders 
< 2 μm. Segmented surfaces were masked and validated man-
ually across representative datasets.

Three-dimensional filament reconstruction was performed 
with the Filament Tracer module. The Iba1 channel was 
Gaussian smoothed and traced automatically (Autopath, no 
spines) with a starting point diameter of 20 μm and seed thresh-
old of 2.25. Processes were defined as seed points ≥ 10 μm 
from the soma with a minimum process diameter of 0.2 μm. 
The Classify Segments tool was trained on > 300 positive and 
100 negative traces from 10 representative datasets. A maxi-
mum connection gap of 5 μm prevented merging of adjacent 
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cells. All traces were inspected manually with minimal cor-
rection where necessary. Sholl intersections were computed 
at 1-μm radial increments from the soma. Summary statistics 
were exported using the Batch Statistics function. Territorial 
field coverage per cell was quantified using the Convex Hull 
(MATLAB XTension).

The final dataset comprised 609 wildtype and 390 AppNL-G-F 
microglia (total = 999 cells), representing an average of 
55.5 ± 15.5 cells per mouse (mean ± SD). Approximately 2% 
of cells were excluded during Convex Hull analysis, likely 
due to overlapping territorial boundaries exceeding software 
constraints.

2.6   |   Statistical Analysis

Statistical analyses were conducted in RStudio (v2023.12.1 
Build 402) running R (v4.3.1) and Jamovi R interface (v2.5, 
https://​www.​jamovi.​org). Microglial density, Iba1 coverage and 
single-cell morphometric parameters (excluding Sholl data) 
were analysed using linear mixed-effects models (LMMs) with 
App genotype and sex as fixed effects and animal identity as a 
random intercept. Model residuals were assessed for normality 
(Shapiro–Wilk test) and homogeneity of variance (Levene's test); 
log or square root transformations were applied where neces-
sary and this is indicated in the relevant text. Sholl analyses 
were performed in R using adapted pipelines for LMM of Sholl 
profiles [27], with intersection counts square root transformed 
to improve normality. All p-values significance was defined as 
p < 0.05, apart from radii-specific interaction p-values, which 
used the significance threshold of p < 0.01 due to the number of 
repeated measures. Data are reported as mean ± SD, except for 
Sholl profiles (mean ± SEM).

3   |   Results

3.1   |   Microglial Number and Iba1-Defined 
Coverage Remain Stable at the Preplaque Stage

In the AppNL-G-F mouse model, amyloid deposition at 2 months 
of age manifests as early diffuse focal plaques in the cortex, 
whereas deposition in the hippocampus, particularly within 
the CA1 region, has not yet progressed to this stage (represen-
tative example, Figure  1a). To assess whether early amyloid 
pathology influences microglial distribution, Iba1-labelled 
microglia were quantified in the dorsal hippocampal CA1 re-
gion, where overt amyloid deposition is not yet detectable, in 
wildtype and AppNL-G-F mice at 2 months of age (Figure  1b). 
Microglial density was comparable between App genotypes 
(Figure  1c), indicating that overall cell number remains sta-
ble at this early stage. Similarly, total Iba1 coverage across the 
CA1 apical field was unchanged (Figure 1d), suggesting that 
microglial parenchymal representation is preserved despite 
emerging amyloid pathology in other brain regions. No effects 
of sex were apparent from these datasets. These data demon-
strate that microglial population density and overall territo-
rial occupancy are maintained within the dorsal CA1 before 
local plaque deposition. Although total Iba1 coverage reflects 
population-level parenchymal occupancy across the CA1 

field, convex hull analysis and individual tracings capture the 
spatial domain of individual cells, allowing these measures to 
distinguish between global coverage and single-cell territorial 
organisation.

3.2   |   Early Simplification of Microglial 
Arbor Complexity

To determine whether hippocampal microglia exhibit early 
structural remodelling prior to local amyloid deposition, three-
dimensional reconstructions and quantitative Sholl analyses 
were performed on Iba1+ microglia within the dorsal CA1 apical 
field (Figure 2a). Individual cells were traced using the Imaris 
Filament Tracer module and manually verified for process con-
tinuity. Sholl analysis quantified the number of process intersec-
tions at successive radial distances from the soma, providing a 
distance-resolved measure of arbor complexity. In total, 999 mi-
croglia were reconstructed from 18 mice (WT = 10 [5 male and 5 
female]; AppNL-G-F = 8 [4 male and 4 female]), corresponding to 
an average of 55.5 ± 15.5 (mean ± SD) cells per mouse.

Linear mixed-effects modelling [27], incorporating App gen-
otype, sex and their interaction as fixed factors with mouse 
identity as a random intercept and radius as a repeated mea-
sure, revealed a main effect of App genotype and a strong App 
genotype-radius interaction, indicating distance-dependent al-
terations in branching complexity in AppNL-G-F mice compared 
to wildtype. A modest three-way interaction with sex was also 
detected, suggesting subtle sex-dependent modulation of the 
App genotype effect, although no independent main effect of sex 
was observed.

Consistent with these statistical outcomes, Sholl profiles showed 
a downward shift in intersection counts, indicating reduced 
arbor complexity, in AppNL-G-F microglia relative to wildtype 
(Figure  2b). When stratified by sex, microglial complexity re-
mained broadly comparable between males and females within 
each genotype (Figure  2c,d), yet App genotype-dependent re-
ductions persisted when analysed within sex (Figure  2e,f). 
Collectively, these data demonstrate that AppNL-G-F microglia 
exhibit an early, distance-dependent simplification of arborisa-
tion in the hippocampal CA1, consistent with the onset of mor-
phological adaptation preceding plaque formation.

3.3   |   Microglial Morphological Indices

To extend the Sholl-based analysis, additional morphometric pa-
rameters were derived from the three-dimensional reconstruc-
tions, including total intersections, cumulative process length, 
total branch points per cell and convex hull volume representing 
the territorial domain and cell complexity of individual microg-
lia (Figure 3a). Each metric provides a complementary measure 
of structural elaboration, capturing either local branching be-
haviour or the overall spatial footprint of single cells.

Linear mixed-effects modelling revealed consistent and sig-
nificant App genotype-dependent reductions across sev-
eral indices of process complexity. Both total intersections 
(Figure  3b) and cumulative process length (Figure  3c) were 

https://www.jamovi.org
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reduced in AppNL-G-F microglia relative to wildtype, indepen-
dent of sex. Branch point number did not differ significantly 
between genotypes, although a trend towards a sex-dependent 
App genotype interaction was observed driven by reduced 
branching in AppNL-G-F females relative to wildtype counter-
parts (Figure 3d). Convex hull analysis, a geometrical measure 

of cell territory coverage, revealed a marked reduction in mi-
croglial territorial volume in AppNL-G-F mice compared with 
wildtype controls (Figure  3e). These findings suggest that 
reduced Sholl intersections and process length reflect arbor 
contraction rather than branch loss, consistent with more 
compact processes within a smaller surveillance field.

FIGURE 1    |    Microglial density and Iba1 coverage are maintained in the dorsal CA1 of 2-month-old AppNL-G-F mice. (a) Representative example of 
an AppNL-G-F cortex and hippocampus at 2 months of age stained with X34 (red) and counterstained with TOPRO-3 (blue), highlighting the presence 
of amyloid in the cortex and the relative absence of plaque deposition in the CA1 hippocampal region. Scale bar = 500 μm. (b) Representative con-
focal images showing DAPI (blue) and Iba1 (green) immunofluorescence in the dorsal CA1 apical field of wildtype (WT) and AppNL-G-F mice. Scale 
bar = 100 μm. (c,d) Quantification of (c) Iba1+ microglial cell density and (d) Iba1 coverage. All data points represent individual mice (WT = 10 [5 ♂, 
5 ♀]; AppNL-G-F mice = 8 [4 ♂, 4 ♀]); males are indicated by squares and females by circles. Data are summarised as mean ± SD and represent the aver-
age of two dorsal CA1 apical hippocampal fields per animal, each encompassing a 0.338-mm2 field of view (20× objective). Statistical analyses (c,d) 
were performed using linear mixed-effects models with App genotype and sex as fixed factors. (c) Interaction p = 0.0941; sex p = 0.5391; app genotype 
p = 0.3692. (d) Interaction p = 0.3019; sex p = 0.9695; app genotype p = 0.3047.
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Principal component analysis (PCA) was performed using 
the above datasets both per-mouse and as single-cells 
(Figure  3f–h). The PCA plots were able to show divergence 
between the two genotypes. The first two principal compo-
nents captured the majority of morphological variance. In 
the per mouse analysis (Figure  3f), PC1 was dominated by 
Sholl intersections, process length and territory, representing 
overall arbor elaboration, whereas PC2 reflected minor varia-
tion between territory and branching. In the single-cell PCA 
(Figure 3g,h), all variables loaded strongly and positively on 
PC1, again reflecting global complexity, whereas PC2 captured 
smaller differences in branching and territory. Cell distribu-
tions overlapped but were showing early signs of a directional 
shift between the genotypes. Together, these analyses provide 

an unbiased confirmation that preplaque microglia in the hip-
pocampal CA1 exhibit a consistent and measurable simplifica-
tion of their structural processes.

4   |   Discussion

Microglia are highly dynamic cells whose morphology inte-
grates transcriptional, metabolic and environmental cues. Here, 
we demonstrate that microglia within the dorsal CA1 apical 
field of AppNL-G-F mice undergo an early, coordinated simplifica-
tion of process architecture (Figure 2) and a reduction in territo-
rial coverage (Figure 3), while maintaining normal density and 
overall Iba1 coverage (Figure 1). These findings define an initial 

FIGURE 2    |    Sholl analysis reveals subtle early alterations in microglial arborisation in the dorsal CA1 of AppNL-G-F mice. (a) Representative three-
dimensional reconstructions of single Iba1+ microglia from the dorsal CA1 apical field of wildtype (WT) and AppNL-G-F mice, illustrating overall 
process architecture. Scale bar = 25 μm. (b–f) Quantitative Sholl analyses of microglial arbor complexity across increasing radial distances from 
the soma. Mean intersection profiles (±SEM) are shown for (b) combined sexes, (c) WT males versus females, (d) AppNL-G-F males versus females 
and (e,f) App genotype comparisons stratified by sex. Shaded red regions indicate distance intervals showing significant effects derived from linear 
mixed-effects models. Each data point represents an individual cell traced from the dorsal CA1 apical field. In total, 999 microglia were reconstruct-
ed (WT = 10 mice [5 ♂, 5 ♀]; AppNL-G-F = 8 mice [4 ♂, 4 ♀]; WT males = 70.0 ± 4.8 cells/mouse, WT females = 51.8 ± 13.7, AppNL-G-F males = 47.2 ± 9.6, 
AppNL-G-F females = 50.2 ± 15.5; mean ± SD). Statistical analyses were performed using linear mixed-effects models with App genotype, sex and their 
interaction as fixed factors, radius as a repeated measure and mouse identity as a random intercept. Model outputs revealed significant effects of App 
genotype (p < 0.0001) and App genotype × radius (p < 0.0001), and a modest three-way interaction App genotype × radius × sex (p = 0.0222), with no 
independent effect of sex (p = 0.0887).
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and distinct phase of structural remodelling that precedes hip-
pocampal amyloid deposition and is consistent with an adaptive 
transition in microglial state rather than a loss of homeostatic 
capacity.

In the mature amyloid-laden brain, microglia undergo marked 
morphological and molecular transformations in response 
to plaque deposition. In  vivo imaging and histopatholog-
ical studies consistently show that microglia located near 
plaques adopt a compact, amoeboid morphology character-
ised by enlarged somata, thickened primary branches and re-
tracted distal processes. These cells form dense radial clusters 

around fibrillar Aβ deposits, reminiscent of responses to 
injury and other insults [19, 28, 29]. This periplaque organ-
isation generates a physical barrier that constrains plaque 
growth and limits the diffusion of neurotoxic Aβ species [19]. 
Transcriptionally, plaque-associated microglia reprogram 
into the ‘disease-associated microglia’ (DAM) or ‘activated 
response microglia’ (ARM) state, marked by upregulation of 
Apoe, Trem2, Clec7a and lysosomal genes, alongside downreg-
ulation of homeostatic markers such as P2ry12 and Tmem119 
[18, 30]. Collectively, these changes reflect a shift from diffuse 
parenchymal surveillance to a compact, phagocytic pheno-
type specialised for amyloid containment.

FIGURE 3    |    Derived morphometric indices show altered microglial arborisation in AppNL-G-F mice. (a) Representative three-dimensional recon-
structions of individual Iba1+ microglia from the dorsal CA1 apical field of wildtype (WT) and AppNL-G-F mice, illustrating reduced process elabora-
tion and contracted territorial coverage. Scale bar = 25 μm. (b–e) Quantitative morphometric indices derived from microglia process reconstructions 
analysis showing (b) total number of intersections (area under sholl curve; AUC), (c) total process length, (d) number of branch points and (e) terri-
tory coverage. (f–h) Principal component analysis (PCA) of the microglial morphometric features. (f) Per mouse PCA: each symbol represents one 
mouse (WT, blue; AppNL-G-F, orange); males are squares and females circles. (g,h) Single-cell PCA pseudocolour density maps shown separately for 
WT (g) and AppNL-G-F (h); colour corresponds to local sample density on a shared scale. Each data point represents a single mouse (mean of recon-
structed microglia per animal); bars indicate mean ± SD WT = 10 mice [5 ♂, 5 ♀]; AppNL-G-F = 8 mice [4 ♂, 4 ♀]; WT males = 70.0 ± 4.8 cells/mouse, WT 
females = 51.8 ± 13.7, AppNL-G-F males = 47.2 ± 9.6, AppNL-G-F females = 50.2 ± 15.5; mean ± SD. Males are indicated by squares and females by circles. 
Data are summarised as mean ± SD and represent the average of all reconstructed microglia from the dorsal CA1 apical field per animal. Statistical 
analyses (b–e) were performed using linear mixed-effects models with App genotype, sex and their interaction as fixed factors and mouse identity 
as a random intercept. (b) Interaction p = 0.1251; sex p = 0.1621; App genotype p = 0.0055. (c) Interaction p = 0.1355; sex p = 0.1722; App genotype 
p = 0.0085. (d) Interaction p = 0.0552; sex p = 0.2641; App genotype p = 0.2354. (e) Interaction p = 0.3192; sex p = 0.1850; App genotype p = 0.0002.
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Our data describe an earlier stage of structural adaptation that 
precedes amyloid deposition and is mechanistically distinct 
from the mature, plaque-associated microglial response. The 
AppNL-G-F knock-in model provides a physiologically relevant 
context for detecting such changes, as familial AD mutations 
are introduced into the endogenous App locus, preserving na-
tive expression and regulation [20]. At 2 months of age, amyloid 
accumulation is largely confined to cortical regions, whereas the 
hippocampal CA1 field remains plaque-free, offering an inter-
nal comparison between amyloid-exposed and amyloid-naïve 
territories. Using high-resolution confocal imaging and auto-
mated three-dimensional reconstructions, we analysed nearly 
1000 individual Iba1+ microglia from a total of 18 mice.

It is important to emphasise that microglial morphology alone 
does not define transcriptional identity or functional state [2]. 
Although structural parameters such as process complexity 
and territorial coverage often correlate with changes in cel-
lular engagement, these measures cannot be assumed to map 
directly onto specific molecular programmes. Accordingly, 
the phenotype described here should be interpreted as a well-
defined structural state that generates hypotheses regarding un-
derlying biological processes, rather than as direct evidence of 
mechanism.

Quantitative morphometry revealed a coordinated contrac-
tion of process architecture and reduced territorial coverage 
despite preserved cell density and Iba1 immunoreactivity. 
Although individual microglia exhibited reduced convex hull-
defined territorial domains, total Iba1 coverage across the 
CA1 field was preserved. These measures capture distinct 
spatial features: convex hull analysis reflects the surveillance 
territory of individual cells, whereas Iba1 coverage represents 
aggregate parenchymal occupancy across the microglial pop-
ulation as a whole. Their divergence is therefore not contra-
dictory but instead indicates preserved overall tissue coverage 
alongside contraction of single-cell territorial architecture. 
These findings reveal microglial arbor contraction occurring 
alongside preserved Iba1+ cell density and overall coverage. 
This pattern is consistent with a reorganisation of single-cell 
territorial architecture in the early stages of exposure to an 
amyloidogenic environment. Both sexes were included, and 
no sex-dependent differences were detected; however, given 
increasing evidence for sexual dimorphism in microglial biol-
ogy [31–33], future studies should interrogate this aspect more 
directly.

The mechanisms driving this early remodelling are not directly 
addressed here but may reflect predispositional cues arising 
during the initiation of amyloidogenesis. Even in the absence 
of fibrillar plaques, soluble Aβ oligomers, heightened neuronal 
activity and early metabolic stress can modulate microglial cyto-
skeletal dynamics and process motility [34]. These changes may 
be driven by purinergic and TREM2-dependent pathways that 
govern actin remodelling and energy utilisation [35, 36]. Thus, 
reduced distal process elaboration may reflect an early adaptive 
reorganisation of cellular architecture, rather than a degenera-
tive loss of structure. This contracted yet responsive morphology 
could denote an early transitional state, morphologically distinct 
from the plaque-engaged phenotype but potentially positioned 
to respond to diffuse amyloidogenic or neuronal stress signals.

Recent findings suggest that microglia not only respond to amy-
loid pathology but also participate in its initiation [26]. Microglial 
depletion in AppNL-G-F mice before plaque onset markedly reduces 
insoluble Aβ and plaque number, whereas later depletion impairs 
plaque compaction [26]. This supports a dual-phase framework in 
which homeostatic microglia seed amyloid aggregates, and reac-
tive microglia subsequently remodel and compact them. Within 
this model, the early contraction of microglial arbors observed in 
dorsal CA1 may be compatible with an early phase of amyloid in-
teraction preceding overt plaque deposition. Such structural adap-
tation may reflect altered microglial engagement with diffuse Aβ 
species or nascent aggregates, internalising them to generate sub-
threshold seeds that later nucleate mature plaques. The transition 
from homeostatic to amyloid-responsive states is increasingly rec-
ognised as being orchestrated by TREM2-APOE signalling, which 
regulates lipid metabolism, phagocytosis and cytoskeletal stability. 
Our findings therefore provide in vivo structural evidence for an 
early stage of microglial remodelling that precedes overt plaque 
deposition and is compatible with proposed frameworks of amy-
loid interaction.

Although informative, our findings should be interpreted 
within the context of the following limitations. We used 20× 
confocal imaging, which enabled large-scale sampling (~1000 
cells across 18 mice), though it may lack the resolution required 
to capture the finest terminal filopodia visible with 63× oil 
objectives. Likewise, Iba1 immunolabelling, while robust for 
general morphology, underrepresents the most delicate ramifi-
cations contributing to the analysis of the surveillance coverage. 
Furthermore, microglial processes were reconstructed using the 
Imaris Filament Tracer module, which used machine learning 
algorithms for automated process detection. Although this ap-
proach ensures high-throughput and objective analysis, some 
minor mistraced or incomplete processes are inevitable com-
pared to manual traces. Nonetheless, imaging of relatively thick 
(50 μm) free-floating sections with 25-μm optical depth pre-
served three-dimensional fidelity, supporting reliable volumet-
ric quantification. Future studies could address this limitation 
by integrating higher-resolution imaging, multiplexed labelling 
and live functional assays to directly link these structural signa-
tures with dynamic behaviours such as process motility, phago-
cytosis and calcium signalling.

The present study focuses on the dorsal CA1 apical field, a region 
that remains largely plaque-free at this stage despite amyloid 
deposition elsewhere in the brain [37, 38], providing a controlled 
context for examining preplaque microglial architecture within 
an otherwise amyloid-exposed environment. Extending this 
analysis to additional brain regions with differing temporal pro-
files of amyloid deposition would be of interest to determine the 
regional and stage specificity of this phenotype. However, in the 
AppNL-G-F model, such comparisons are complicated by the in-
tersection of early amyloid deposition with ongoing microglial 
maturation at younger ages, which may confound interpretation 
of subtle morphological differences and limit the ability to dis-
sociate disease-related remodelling from developmental effects 
[39]. Future studies using complementary models or longitudi-
nal approaches will be required to resolve these dynamics.

In conclusion, this study identifies an early, preplaque phase of 
microglial structural remodelling within the hippocampus of 
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AppNL-G-F mice. The observed contraction of arbor complexity 
and surveillance territory, occurring without changes in den-
sity, is consistent with a coordinated reorganisation of microg-
lial architecture that may represent an early adaptive response 
to amyloidogenic stress. These findings extend current models 
of AD pathogenesis by highlighting a transitional morpholog-
ical state that bridges homeostatic surveillance and plaque-
associated activation, providing a tractable in vivo framework 
for probing the earliest microglial responses to amyloidogenic 
stress.
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