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Abstract: The complement is a component of the innate immune system designed to fight infections
and tissue- or age-related damages. Complement activation creates an inflammatory microenviron-
ment, which enhances cell death. Excessive complement inflammatory activity has been linked to
alterations in the structure and functions of the blood–brain barrier, contributing to a poor prog-
nosis for Alzheimer’s disease (AD). In the AD preclinical phase, individuals are often clinically
asymptomatic despite evidence of AD neuropathology coupled with heightened inflammation. Con-
sidering the involvement of the complement system in the risk of developing AD, we hypothesize
that inhibiting complement activation could reduce this inflammatory period observed even before
clinical signs, thereby slowing down the onset/progression of AD. To validate our hypothesis, we
injected complement inhibitor factor H into the brain of APP/PS1 AD mice at early or late stages
of this pathology. Our results showed that the injection of factor H had effects on both the onset
and progression of AD by reducing proinflammatory IL6, TNF-α, IL1β, MAC and amyloid beta
levels. This reduction was associated with an increase in VGLUT1 and Psd95 synaptic transmission
in the hippocampal region, leading to an improvement in cognitive functions. This study invites a
reconsideration of factor H’s therapeutic potential for AD treatment.
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1. Introduction

Alzheimer’s disease (AD) is an increasingly prevalent pathology associated with
the aging of the world. The number of affected populations is often underestimated
due to late diagnosis, which is currently based on scoring clinical symptoms, including
the loss of cognitive functions, such as trouble remembering recent events, and eventual
total memory loss, that interfere with individuals’ ability to perform daily tasks. Most
neurodegenerative diseases, including AD, share common processes such as angiopathy
and vascular dementia, which are associated with inflammation. These processes ultimately
lead to neuronal death, resulting in cognitive impairments. The two major hallmarks of
AD are the accumulation of extracellular deposits of amyloid beta (Aβ) into plaques and
abnormal intracellular or hyperphosphorylated tau protein (neurofibrillary tangles) in
brain regions related to memory [1]. Prior to neuronal loss, the synapse has consistently
been considered a vulnerable and critical target within AD. This dysregulation of synapses,
fundamental in learning and memory processes, can lead to widespread neurophysiological
dysfunction. In AD post-mortem brain tissue, we note that synapse loss correlates well with
cognitive abnormality [2]. Alterations and loss of several synaptic markers are observed,
associated with changes in the structure and type of synapse, leading to cognitive function
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impairments [3]. Synaptic receptor expression is also involved in the regulation of synaptic
transmission in AD, including a reduction in the expression of glutamate receptors [4].

Currently, there is no real treatment for AD. Previous treatments have focused on
addressing the consequences rather than the causes of the disease. Treatment strategies
encompass a range of approaches, including comprehensive medical and psychosocial
support, as well as caregiving [5]. Therefore, nonpharmacologic measures and behavioral
treatments are the first lines of cure. For several decades, treatment strategies targeting
Aβ protein have been developed around immunization with Aβ itself. This approach has
shown improvement in cognitive functions and the subsequent reduction of pathology
in AD models [6]. Recent clinical trials of lecanemab (Leqembi) or donanemab in AD
provide evidence that reducing brain Aβ has a clear benefit to cognitive functions, with
improvements reaching up to 27% [7] and 35% [8], respectively, consistent with the amyloid
hypothesis [9]. New lines of evidence from research studies and clinics worldwide support
the concept that the regulation of Aβ peptide production and clearance is often involved
in the onset and progression of AD. Aβ deposits are observed around neuronal and glial
cells in brain regions responsible for memory and cognitive functions. Moreover, in rodent
AD models, Aβ enhances long-term synaptic depression in the hippocampus [10], and
the intraventricular injection of Aβ oligomers in healthy adult mouse brains impairs their
cognitive functions [11], suggesting a remarkably important role of Aβ in the progression
of AD. However, anti-Aβ treatments are not effective for all patients (mild cognitive
impairment or at an early stage of the disease) and carry some risks (the main adverse
event identified is edema in the brain) [7].

Hence, it has been reported that AD pathology settles in the brain 15 to 20 years before
presenting clinical signs [12]. This early-stage formation presents cerebral neuroinflam-
mation that, over time, becomes uncontrollable. This becomes a favorable factor for the
installation of the pathology, leading to neuron loss and associated cognitive function
impairments. In this preclinical phase, individuals are often clinically asymptomatic but
show evidence of AD neuropathology [13]. Several studies have noted that the patholog-
ical changes characterizing AD could all result from complement activation in neuritic
Aβ plaques; since the complement system activates various cell types with the release of
cytokines, it alters cellular functions and induces cell damage [14–16]. The Aβ plaques are
associated with inflammation, such as activated complement protein deposits. Both events
could reflect an aggressive level of activity, which might be an important contributor to
AD pathogenesis [17,18]. Among the genetic risks for developing AD are polymorphisms
for complement proteins, CR1 (Complement Receptor 1) or C1s (Complement protein
1s), which are inducers of complement activation [19,20]. Interestingly, there are some
indications that a Y402H polymorphism in domain 7 of factor H (FH), the main inhibitor
of complement activation, could also be associated with AD, although conflicting results
on this association have been found in different genetic studies [21–23]. In addition, it has
been shown that overactivation of this pathway is an aggravating factor in AD [17,18].

The complement system is a collection of blood and cell surface proteins grouped
together to be activated. Activated complement acts as a powerful amplifier of both innate
and acquired immunity by increasing antibody responses and immunologic memory. It
functions by lysing cells, clearing immune complexes and apoptotic cells. The major event
leading to the activation of the three complement pathways (classical/lectin or alternative)
is the cleavage of C3 (Complement protein 3) by a C3 convertase complex into a C3a anaphy-
lactic protein and a C3b opsin protein (Supplemental Figure S1a). The latter is involved in
phagocytosis and the formation of the C3/C5 convertase complex. The C5 convertase com-
plex induces the cleavage of C5 (Complement protein 5) into an anaphylactic/chemotactic
C5a product and a C5b molecule, which participates in the formation of a membranolytic
complex (C5b-9 or MAC (complement Membrane Attack Complex), Supplemental Figure
S1a). In tissue lesions, C3a/C5a, C3b and MAC serve as markers of activated complement,
functioning as mediators in local inflammatory processes. Activation of the complement
system must be tightly regulated, as it has the potential to be extremely damaging to host
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tissues. The main soluble inhibitor of the complement alternative pathway is complement
factor H (FH), a 155kda sushi protein that acts in body fluids and on cell surfaces. FH
prevents the formation and accelerates the decay of the C3/C5 convertases and assists in
the degradation of C3b, thereby breaking the complement-positive C3 convertase complex
feedback loop (Supplemental Figure S1a). FH may also regulate complement-independent
processes such as apoptosis, angiogenesis or oxidative stress, which are involved in the de-
velopment of AD [24,25]. In the brain of AD patients, the levels of C3, the major compound
of complement activation, are upregulated [26]. In AD mice models, blocking this protein
rescues synapse loss, improving neurophysiological and behavioral measurements [26,27].
Previous studies of the C5aR signaling pathway indicate that the anaphylactic C5a produces
a proinflammatory microenvironment, leading to the generation of cytokines, many of
which are known to be implicated in AD progression [28–30]. Altogether, these data clearly
show a role of complement activation in the progression of AD.

Considering the role played by complement in the pathogenesis of AD, we hypothesize
that complement overactivation may participate in the onset and/or progression of AD
disorders and that the inhibition of complement activation by FH could prevent or treat AD.

Our data point to improvements in cognitive functions after FH injection in the
APP/PS1 cerebrospinal fluid (CSF) during both early and late stages. These results concur
with the reduction in inflammation and Aβ deposits, as well as with the enhancement of
synaptic transmission.

2. Results
2.1. Factor H Plays a Protective Role against Complement-Induced Lysis in Blood Endothelial Cells

Complement cascade activation has been previously identified in many pathological
states, including vascular disorders associated with neurodegeneration, two processes
implicated in AD progression. Since one of the major events in AD pathogenesis is small
vessel disease (SVD), we investigated complement activation in APP/PS1 network brain
vessels at the late stage of pathology (15 Months). Our data show significant deposits
of the activated complement marker, MAC (C5b-9), in/around and on the brain vessels
(Figure 1a), suggesting that vessel alterations could be induced by an overactivation of
the complement system. This was also confirmed by significantly higher levels of C3 and
C3 cleaved fragments (C3a) on brain endothelial cells in APP/PS1 mice compared to WT
mice (Figure 1b). In addition, we demonstrated that lysed brain vessels with high levels of
MAC staining coincided with albumin leakage (Figure 1b), suggesting that complement
overactivation could contribute to AD-breached vascular wall through MAC lysis function.
Interestingly, no albumin vessel leakage was observed in endothelial cells presenting strong
FH deposits (Figure 1b). Altogether, these data suggest that the accumulation of FH on
endothelial cells could prevent complement overactivation, thus preventing the blood
vessel damage observed in AD.

Dysregulation, impairment or inadvertent activation of complement fragments as
well as their regulators contribute to the inflammatory toxicity in the microenvironment
of the brain. To determine the critical and optimal stage of complement overactivation in
the APP/PS1 brain, we first evaluated the level of complement C3, its activated fragment
(C3b) and its inhibitor FH using total brain protein extractions at 6 to 15 months, ages at
which the vascular damages progress in this AD murine model [31,32]. We investigated
complement activation by measuring the C3b concentration using an anti-C3 antibody
that recognizes the alpha (α~115 kDa), alpha-cleaved chain (α′~110 kDa) and beta chain
of C3 (β~75 kDa) (Figure 2a). The ratio of C3- α′cleaved chain/C3- β chain represents
the production of C3b, while the ratio C3- α chain/C3- β chain represents uncleaved
C3. Compared to WT mice, we found a constant higher concentration of uncleaved C3
in the brain of APP/PS1 at all stages studied (Figure 2a), suggesting an upregulation of
C3 in the brain of APP/PS1. Concerning C3b, we also observed a higher production in
the brain of APP/PS1 mice vs. WT, with a maximum observed at 9 months (Figure 2a),
demonstrating an optimal complement activation system at 9 months in the brain of
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APP/PS1 mice. Increased levels of C3b were accompanied by increased production of FH
in the brain of APP/PS1 between 6 and 9 months, but it significantly decreased between
9 and 15 months (Figure 2a), suggesting a slight inhibition of the complement system in
the later stages. We then focused on hippocampal tissue, the major target of AD, where
we observed a high level of activated complement MAC starting at 6 months, reaching
its optimum at 9 months (Figure 2b). These data were associated with a decrease in FH
concentration between 9 and 15 months in APP/PS1 mice, consistent with an overactivation
of complement (Figure 2b). In parallel with overactivation of complement, our data show a
significant increase in Aβ deposits starting at 9 months in the hippocampus of APP/PS1
mice (Figure 2b). Together, all these data provide evidence that the overactivation of
complement in the hippocampus of APP/PS1 mice starts at 6 months (early stage) before
the deposits of Aβ and reaches its optimum at 9 months (late stage), despite the increase in
FH levels between 6 to 9 months. Based on these results, we hypothesized that injecting a
high concentration of FH could decrease complement activation at an early stage (early:
6 months) or later stage (late: 9 months) and thus could protect the hippocampus from
irreversible complement overactivation damage leading to AD cognitive impairments.
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against albumin leakage. n = 5 to 7 animals per experimental group. Scale bar = 50 µm, Alb. = Albu-
min. 
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clearing experiments: MAC (C5b-9, red) was detected in/on/around brain vessels of APP/PS1 mice
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With the aim to evaluate the human potential therapeutic effect of FH in AD and
since the APP/PS1-AD mouse model expresses two mutated human transgenes, we have
chosen to inject human plasmatic FH (plFH). This form of FH contains all expected human
glycosylations. Moreover, we have previously shown that the injection of human plFH is
active in regulating endogenous complement activation in mice by reducing the cleavage
of C3 into C3b [25]. A quantity of 50 µg of plFH was chosen based on our previous
results obtained for the treatment of laser-induced age-related macular degeneration in
mice [25]. We decided to inject plasmatic human FH into the cerebrospinal fluid (CSF)
of APP/PS1 mice at two stages of AD development: the early stage (6 months) and the
late stage (9 months) (Supplemental Figure S1b,c). The injections in the CSF were favored
over systemic injections since the latter may lead to lower host immune defense and avoid
the blood–brain barrier function, which is impermeable to large molecules such as FH
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(155 kDa). The ependymal cells, which constitute the ventricles and ducts carrying the CSF,
present tight junctions only on the choroidal plexuses interface and looser junctions for the
other regions of the brain, which increase its exchanges with cerebral tissues. So, at first, we
confirmed with a CSF Evans blue injection that the plFH stereotaxic coordinates targeted
the left lateral ventricle. Secondly, we determined the fate of exogenous injected human
plFH by a single injection in the CSF of a histidine-tagged FH (FH-HisTag). We confirmed
that FH-HisTag diffused into the hippocampus and cortex regions of APP/PS1 at 24 h
and one month post-injection (Supplemental Figure S2a). In contrast, no more FH-HisTag
was detected 3 months post-injection (Supplemental Figure S2a). Finally, we showed
that the injection of plFH in the brain of WT mice did not lead to cognitive dysfunctions
(Supplemental Figure S2b). Given our results, we decided to evaluate the therapeutic
effect(s) of plFH in early-stage (6 months) and late-stage (9 months) APP/PS1 mice at 1, 3
or 6 months post-injection.
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Figure 2. Complement activation markers and FH kinetic immunostaining in the brain and hip-
pocampus of APP/PS1 vs. WT mice. (a) Western blotting experiments were used to characterize the
C3 cleavage and FH expression in the total brain of APP/PS1 vs. WT mice between 6 and 15 months
(n = 10 mice). The ratio of C3- α′cleaved chain/C3- β chain represents the production of C3b while the
ratio C3- α chain/C3- β chain represents uncleaved C3. (b) Immunostaining experiments analyzed
MAC (red), FH (white) and Aβ (green) production in the hippocampus of APP/PS1 mice vs. WT at 6,
9 and 15 months (n = 5 to 7 mice). For both the hippocampus immunostaining and brain Western
blot experiments, semiquantitative analyses were performed. As WT mice do not produce human
Aβ and the antibody used (6E10) recognizes human Aβ, we considered the Aβ signal observed in
WT mice tissue as zero, and then we subtracted this signal level from the APP/PS1 signal level.
Results were expressed as the staining intensity ± the standard error of the mean (SEM). Spatial fre-
quency threshold across ages and genotypes (C57BL/6J (WT) vs. APP/PS1) was analyzed using the
Mann–Whitney U test. p-values of 0.05 or less were considered significant. (◦ ,* p < 0.05; ◦◦ ,** p < 0.01;
◦◦◦ ,*** p < 0.005). Scale bar = 50 µm.

2.2. Factor H Transiently Improves Cognitive Functions in Early-Stage AD-APP/PS1 Mice

plFH effects on APP/PS1 mice were determined by investigating levels of Aβ deposits,
proinflammatory markers, survival cell death markers, synaptic transmission and cognitive
functions. Our results showed that one month post-injection in 6-month-old APP/PS1
mice, plFH significantly reduced complement activation, as indicated by decreased levels
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of both C3a and MAC in the hippocampus (Figure 3a), demonstrating the efficiency of
human plFH on endogenous complement regulation in mice. Moreover, we observed a
significant decrease in Aβ deposits in plFH-injected mice at 7 months (6 months + 1 month
post-injection) compared to APP/PS1 mice injected with PBS (Figure 3a). Additionally,
plFH injection modulated the inflammatory microenvironment, evidenced by a decrease
in TNF-α, IL6 and IL1β levels in the hippocampus compared to APP/PS1 mice injected
with PBS (Figure 3b and Supplemental Figure S3). Furthermore, our results showed
an increase in macrophage (type 2: MMR2) infiltration in APP/PS1 plFH-treated mice
compared to PBS-treated animals (Figure 3b and Supplemental Figure S3). The NeuN
immunostaining showed no difference between plFH- and PBS-injected APP/PS1 mice
(Figure 3c). Concerning synaptic transmission, we observed a significant increase in VGLUT
1 and Psd95 levels in plFH-injected APP/PS1 mice compared to PBS-treated mice (Figure 3d
and Supplemental Figure S3). Taken together, the effects of plFH on inflammation and
synaptic transmission led to the improvement of cognitive functions. Indeed, we observed
better learning in APP/PS1 mice injected with plFH, with a notable ability to find the
platform more quickly after 3 days of learning than mice injected with PBS (Figure 3e). In
addition, plFH-injected APP/PS1 mice promptly found the area of the platform and spent
more time searching for this ghost platform than PBS-injected mice (Figure 3e, Table 1),
suggesting that FH injection significantly improves spatial memory in APP/PS1 during the
early stage. Three months after plFH injection in APP/PS1 mice, despite a decrease in Aβ

and MAC levels, we did not observe further improvement in synaptic transmission and
cognitive functions (Supplemental Figure S4). This correlated with no modulation of the
inflammatory microenvironment compared to PBS-injected mice (Supplemental Figure S4,
Table 1). Altogether, our results clearly demonstrate a transient therapeutic effect of FH in
APP/PS1-AD mice during the early stages.

2.3. Factor H Improves the Cognitive Functions of 9-Month-Old APP/PS1 Mice up to 6 Months
Post-Injection

Since our results demonstrated a transient therapeutic effect of FH in early APP/PS1
mice post-injection, we then wanted to confirm these results in late-stage APP/PS1 mice
(9 months). Our results show that human plFH injection leads to the inhibition of comple-
ment activity by a decrease in C3a levels in APP/PS1 (9 months) mice vs. PBS-injected
animals 1 month post-injection. As previously observed, a decrease in Aβ and MAC
deposits was also measured in plFH- vs. PBS-injected APP/PS1 mice at all post-injection
stages (Figure 4 and Supplemental Figure S5), confirming the regulatory role of FH on Aβ

accumulation and complement activation. One, three or six months after plFH injection in
9-month-old APP/PS1 mice, our results show a significant decrease in TNF-α and IL1β
levels in the hippocampal region compared to PBS-injected experimental groups (Figure 4
and Supplemental Figure S5). We noted that immunostaining of IL6 decreased only one
month after plFH injection in APP/PS1 mice compared with other post-injection times
(Figure 4 and Supplemental Figure S5), suggesting a specific inflammatory microenvi-
ronment at this time point. In parallel, only at 3 months post-injection time did we note
a significant increase in MMR2 macrophage infiltration in plFH-injected APP/PS1 mice
compared to the PBS-injected groups (Figure 4 and Supplemental Figure S5). For all post-
injection times tested, no effect on neuronal cell survival (NeuN immunostaining) was
observed in plFH-injected APP/PS1 mice compared to PBS-injected animals (Figure 4 and
Supplemental Figure S5). Furthermore, at 1 month and 3 months (although not at 6 months
post-injection), we observed higher levels of Psd95 and VGLUT1 in the hippocampus region
of plFH-injected mice compared to the PBS ones (Figure 4 and Supplemental Figure S5).
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Figure 3. Analysis of plFH injection effects on the hippocampus of APP/PS1 (6 months) one month
post-injection (early time). Immunostaining experiments: (a) plFH not only reduced complement
activation (MAC formation and C3a cleavage product) but also Aβ deposits in the hippocam-
pus of APP/PS1 vs. PBS-injected APP/PS1 mice. Analysis of the impact of plFH injection on
(b) inflammatory responses, (c) neuronal cell survival and (d) synaptic transmission in the hippocam-
pus of APP/PS1 vs. PBS-injected APP/PS1 mice. The white arrows represent the colabelling of
MAC and C3a. n = 3 to 7 mice per injected group (plFH or PBS). Results were expressed as the
immunostaining intensity ± the standard error of the mean (SEM). Spatial frequency threshold
across ages and genotypes (C57BL/6J (WT) vs. APP/PS1 vs. APP/PS1 injected with plFH or PBS)
was analyzed using the Mann–Whitney U test. p-values of 0.05 or less were considered significant.
* p < 0.05; ** p < 0.01; *** p < 0.005 and NS = nonsignificant. Scale bar = 50 µm. Gd = Gyrus dentatus
(dentate gyrus) of the hippocampus. Morris water maze experiments: (e) injection of plFH in the
APP/PS1 brain significantly improved escape learning time, quadrant and platform searching as
well as cumulative duration searching compared to the PBS-injected groups. n = 10 to 15 animals for
each experimental group (APP/PS1 not injected mice, plFH-injected APP/PS1 mice, PBS-injected
APP/PS1 mice and WT mice). Each data point corresponds to a measurement taken from one mouse.
Data are subjected to an analysis of variance (2-way ANOVA) followed by the post hoc test. Values
are expressed as mean ± SEM. p-value < 0.05 was acknowledged for the minimal significance level.
* p < 0.05; ◦◦ ,** p < 0.01; *** p < 0.005 and NS = nonsignificant. “-” = noninjected mice.

In accordance with a reduction in the inflammatory response associated with synaptic
transmission improvements, plFH significantly enhanced escape learning time, quadrant
and platform searching, as well as the cumulative duration of searching as compared to
PBS-injected or not injected APP/PS1 groups (Figures 5a and 6, Table 1). All these data
confirm the therapeutic effect of FH on AD including late treatment.
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Table 1. Summary of the effects of plFH injection on cognitive functions (cumulative duration
and latency to first) in APP/PS1 mice. The percentage increase or decrease in cognitive functions
following plFH or PBS brain injection in APP/PS1mice was obtained after comparison with the
cognitive function values of WT mice during both early (6 months + 1 or 3 months) and late stages
(6 months +1, +3 or +6 months). The study involved 10 to 15 animals for each experimental group
(APP/PS1, plFH-injected APP/PS1 mice (+FH), PBS-injected APP/PS1 mice (+PBS) and WT mice).

Stage (Months M) WT APP/PS1 +PBS +FH

6 M + 1 M 2.61 0.77 1.1 3.03

↓70% ↓60% =

6 M + 3 M 4.27 1.623 1.615 1.265

↓62% ↓63% ↓70%

9 M + 1 M 4.267 1.29 0.88 2.721

↓70% ↓75% ↓36%

9 M + 3 M 2.55 0.61 1.011 2.851

↓72% ↓61% =

9 M + 6 M 2.211 0.62 0.64 1.573

↓73% ↓72% ↓30%

Cumulative duration (s)

6M + 1M 16.47 58.5 51.37 22.81

↑3.5% ↑3.1% ↑1.3%

6M + 3M 16.59 46.29 39.71 34.94

↑2.8% ↑2.4% ↑2.1%

9M + 1M 18.68 71.33 88.46 29.45

↑3.8% ↑4.7% ↑1.6%

9M + 3M 21.3 69.19 61.5 18.37

↑3.2% ↑2.8% = (0.8)

9M + 6M 16.5 65.61 50.07 31.35

↑3.7% ↑3% ↑2%

Latency to first (s)

2.4. Deletion of Factor H Expression Accelerates Loss of Cognitive Functions in APP/PS1 Mice

Since we showed that plFH injection improved cognitive functions in APP/PS1 mice
at both early (6 months) and late injection stages (9 months), we investigated the effects
of FH expression invalidation on the memory of APP/PS1-FHko mice. Our results show
that starting at 3 months of age, APP/PS1 mice lacking FH expression had more difficulty
in learning to find the platform than APP/PS1 mice expressing FH (Figures 5b and 7).
However, the APP/PS1-FHko mice presented the same platform quadrant escape latency
time as APP/PS1 mice (Figure 7). On the other hand, they took a longer time to escape
to reach the ghost platform and found it less often within the allotted time compared to
APP/PS1 mice (Figure 7), demonstrating that the loss of FH expression accelerated AD
pathology. As with the APP/PS1 mice, at 7 months (corresponding to 6 months + 1 month
post-injection), the APP/PS1-FHko mice ended up losing their memory capacity to quickly
find the platform compared to WT mice at the same age (Figure 7). However, they faced
more difficulty finding the quadrant escape compared to APP/PS1 mice (Figure 7).
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Figure 4. Immunostaining semiquantitative analysis of plFH injection effects on the hippocampus
of APP/PS1 at 1, 3 and 6 months post-injection (late time). The analysis evaluated the impact of
plFH injection on the expression of inflammation markers (IL1β, IL6, TNF-α and MMR2), MAC
(C5b-9) and Aβ deposits, neuronal cell survival (NeuN) and synaptic transmission (Psd95, synapsin
and VGLUT1) in the hippocampus of APP/PS1 vs. PBS-injected APP/PS1 mice (n = 5 to 7 mice for
each immunostaining experiment). Results were expressed as the immunostaining intensity ± the
standard error of the mean (SEM). Spatial frequency threshold across ages and treatments (APP/PS1
injected with plFH or PBS) was analyzed using the Mann–Whitney U test. p-values of 0.05 or less
were considered significant. * p < 0.05; ** p < 0.01; *** p < 0.005 and NS = nonsignificant.
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Figure 5. Escape learning time analysis by Morris water maze experiments: (a) plFH injection in
APP/PS1 mice compared to APP/PS1-PBS injected/APP/PS1 and WT mice. Injection of plFH in
the APP/PS1 brain significantly improved escape learning time compared to the PBS-injected mice.
(b) APP/PS1-FHko mice compared to APP/PS1 and WT Mice. The invalidation of fh expression
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accelerated AD pathology, leading to a loss of function in escape learning time observed at 3 months
compared to the APP/PS1 mice at the same age. n = 10 to 15 animals for each experimental group
(APP/PS1 mice, plFH-injected APP/PS1 mice, PBS-injected APP/PS1 mice, WT mice and APP/PS1-
FHko mice). Each data point corresponds to a measurement taken from one mouse. Data are
subjected to an analysis of variance (2-way ANOVA) followed by the post hoc test. Values are
expressed as mean ± SEM. p-value < 0.05 was acknowledged for the minimal significance level,
* p < 0.05; ** p < 0.01 and NS = nonsignificant.
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Figure 6. Analysis of Morris water maze experiments illustrating the effects of plFH injection on
the cognitive functions of APP/PS1 at 1, 3 and 6 months post-injection (late time). Injection of plFH
significantly enhanced the quadrant and platform searching, as well as the cumulative duration
searching compared to PBS-injected APP/PS1 mice at all investigated time points. The study involved
10 to 15 animals in each experimental group (APP/PS1, plFH-injected APP/PS1 mice, PBS-injected
APP/PS1 mice and WT mice). Each data point corresponds to a measurement taken from one mouse.
Data underwent an analysis of variance (2-way ANOVA) followed by the post hoc test. Values were
expressed as mean ± SEM. A p-value < 0.05 was acknowledged for the minimal significance level.
◦ ,* p < 0.05; ◦◦ ,** p < 0.01; *** p < 0.005 and NS = nonsignificant. “-” noninjected mice.

At 9 and 12 months old, both APP/PS1-FHko and APP/PS1 mice lost cognitive func-
tions in the same way (Supplemental Figure S6). Invalidation of FH expression in WT mice
showed no effect on cognitive functions (Supplemental Figure S7), emphasizing that the
absence of FH expression had only an aggravating effect in AD pathological environments.
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Figure 7. Cognitive function analysis of APP/PS1-FHko vs. APP/PS1 and WT mice at 3 and 7 months
(Morris water maze experiments). The invalidation of fh expression accelerated AD pathology, leading
to an earlier onset of cognitive function loss observed at 3 months compared to the APP/PS1 mice
at the same age. The study involved 10 to 15 animals for each experimental group (APP/PS1 mice,
APP/PS1-FHko mice and WT mice). Each data point corresponds to a measurement taken from
one mouse. Values were expressed as mean ± SEM. Data were subjected to an analysis of variance
(2-way ANOVA) followed by the post hoc test. p-value < 0.05 was acknowledged for the minimal
significance level. * p < 0.05; ◦◦ ,** p < 0.01; *** p < 0.005 and NS = nonsignificant.

3. Discussion

This current study is the first to evaluate the effects of a single FH injection on AD’s
processes including inflammation, Aβ deposits, neuronal cell survival, synaptic transmis-
sion and cognitive functions. We demonstrated that complement overactivation appears
weakly at 6 months and reaches its peak at 9 months in the hippocampus of APP/PS1 mice.
The concentration of FH decreases at 9 months corresponding to both the peak of comple-
ment overactivation and the emergence of high Aβ deposits in the APP/PS1 brain [32].
Furthermore, our results indicate that on brain vessels, the accumulation of MAC deposits,
in contrast to FH, leads to albumin leakage, suggesting that FH plays a protective role in
small vessel disease by reducing complement overactivation. In this context, our results
clearly show that a single FH injection at early (6 months) or late (9 months) AD stages
improves cognitive functions in APP/PS1 mice by increasing synaptic transmission and
decreasing Aβ deposits, complement activation and cytokine release, demonstrating that
FH could be a promising target for Alzheimer’s disease treatment (Figure 8).

Toxic Aβ aggregates are commonly found in cortical blood vessels such as cerebral
amyloid angiopathy [33,34]. Typically, these deposits are also associated with inflammation,
which is an important element in AD pathogenesis and significant in neurodegenerative
disorders. Chronic inflammation is proposed as a dysregulated mechanism in AD pa-
tients [35]. Concomitant with these data, we observed MAC deposits on/in and around
APP/PS1 brain vessels associated with vessel leakage, suggesting that complement system
overactivation plays a role in AD brain vessel damage. Inflammatory mediators like IL1β,
IL6 and TNF-α have also been implicated in AD progression. Mechanisms underlying early
neuronal dysfunctions and transient synaptic hyperexcitability involve the increase in TNF-
α during the early stage of AD [36–38]. Elevated levels of TNF-α in the hippocampus are
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associated with neuroinflammation and memory impairment in AD mice models [36,39].
Several lines of evidence using genetic and pharmacological manipulations indicate that
cytokine signaling pathways, like TNF-α, exacerbate Aβ pathologies in vivo [40] and in-
duce C3 cleavage, leading to complement overactivation [41]. In line with the potential
therapeutic target of FH for treating AD, we observe a decrease in TNF-α levels associated
with fewer Aβ deposits, suggesting a control by FH on TNF-α effects. IL1β also appears
to play a major role in AD pathogenesis. IL1β has been reported to increase amyloid
precursor protein expression [42] and exacerbate tau protein phosphorylation [43], two
important markers of AD progression. Blocking IL1β signaling rescues cognition in an
Alzheimer’s disease mouse model (3xTg-AD mice) [44]. Consistent with the beneficial role
of FH in AD pathogenesis, we show that FH injection is able to decrease IL1β secretion in
APP/PS1 mice. IL6 is a component of early-stage amyloid plaque formation in AD [45]
and has been implicated in synapse loss of hippocampal neurons [46] and learning deficits
in mice [47]. Neutralization of IL6 in the brain of an AD mouse model rescues memory
deficits [48]. Previous meta-analyses have shown that IL6 is increased in CSF and plasma
of AD patients compared to control individuals [49]. Altogether, these data suggest a real
link between IL6 and AD pathogenesis. In this study, we demonstrate an early significant
decrease in IL6 levels after FH injection in the hippocampus of APP/PS1 mice, suggesting
a beneficial role of FH in reducing IL6 signaling and mitigating the effects of AD. Our
findings establish a regulated complement system with FH as a key mechanism linking the
regulation of inflammation and AD pathogenesis. Complement inhibition by FH decreases
the inflammatory response associated with AD, whether FH is injected in the early or
late stage of this pathology. However, a single injection of FH during the inflammatory
period preceding the symptoms of AD no longer exerts any beneficial effect 3 months after
injection, suggesting that the positive effects of complement inhibition in AD are transient
and would require another injection.
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Figure 8. Schematic representation of the effects of an injection of FH into the brain of APP/PS1
mouse models of Alzheimer’s disease: a therapeutic hope?

AD is characterized morphologically by a loss of synapses and synaptic markers in the
cortical and hippocampal regions. Synapse loss occurs early in the AD brain and strongly
correlates with cognitive dysfunctions [50]. It has been suggested that the alteration of
synaptic transmission is responsible for AD progression involving early degeneration of
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glutamatergic neurotransmission. Glutamate, the major excitatory neurotransmitter of
the brain, is crucial for learning and memory. Several studies have reported a reduction
in glutamate levels in AD patients‘ brains [51]. Among the different forms of vesicular
glutamate transporters (VGLUT), VGLUT1 is expressed in the hippocampus regions and
is used as a marker for glutamatergic terminals [52]. The loss of VGLUT1 and VGLUT2
in the frontal cortex correlates with cognitive dysfunctions in AD [53]. Aβ downregulates
VGLUT1 in AD, impacting cognitive functions [54]. Rodriguez-Perdigon and collaborators
suggest that AD progression is exacerbated by abnormal regulation of VGLUT1 [55]. Our
results indicate that FH injection, in both early and late AD stages, increases VGLUT1
levels, suggesting enhanced glutamate transmission and a potential beneficial effect on AD.
Postsynaptic density protein 95 (Psd95) is the most important and abundant scaffolding
protein of the postsynaptic membrane and regulates synaptic transmission and plasticity.
Reduced Psd95 levels are observed in the hippocampus of subjects with amnestic mild
cognitive impairment [56], acting as an aggravating factor leading to cognitive decline.
In agreement with the beneficial effect of FH on synaptic transmission in AD, we detect
a higher level of Psd95 after FH injection. For the first time, we demonstrate that the
regulation of complement overactivation by FH injection promotes synaptic transmission,
which is known to be a marker of AD progression. This validates FH as a potential
therapeutic target for treating AD.

AD is a multifactorial disease. Complement dysfunction may contribute to neurode-
generation decades before clinical symptoms manifest in AD. Depending on the level of
activation, complement can be neurotoxic, influencing proinflammatory cytokine secretion
like IL6, IL1β or TNF-α. The release of these cytokines can lead to synapse dysfunction
and neuronal cell death, ultimately resulting in cognitive decline. In aging mice, mice with
a C3 gene deficiency exhibit better learning and memory in the hippocampus compared to
their respective aged WT mice [57]. Additionally, APP/PS1- C3−/− mice show an abun-
dance of Aβ in the late stage of AD and perform better in cognitive tasks compared to
APP/PS1-C3+/+ mice [27]. Despite the abundance of Aβ, there is a marked reduction in
the proinflammatory cytokine TNF-α observed in APP/PS1-C3−/− mice [27]. Altogether,
these data support our results, showing that the inhibition of complement activation by
FH injection or C3 gene deficiency undoubtedly has a beneficial effect on AD pathogenesis.
The stage at which complement activation is inhibited in AD appears crucial for achieving
long-term effects. A single injection of FH during the early stage in the APP/PS1 AD
mouse model improves cognitive functions only for a transient period; no effect is detected
3 months post-injection. At the late stage, cerebral administration of FH improves cognitive
functions in APP/PS1 mice up to 6 months post-injection. Overall, our data suggest that
complement activation inhibition should not occur too early, otherwise, its effects are
limited and another injection may be needed.

4. Materials and Methods
4.1. Ethics for Animal Use

All experiments were conducted in accordance with the European Communities Coun-
cil Directive 86/609/EEC and French national regulations. Adult female mice, including
APP/PS1 or APP/PS1-FHko models, along with age-matched wild-type (WT) C57BL/6J
control mice (Jackson Laboratory) at 3, 6, 7, 9, 10, 12 and 15 months of age were used.
Also, FHko (FH−/−) mice provided by Dr. Pickering were well characterized [58] and
included in this study. The APP/PS1 transgenic mice overexpress hAPP with mutations
linked to familial AD (Swedish and Indiana mutations) coupled with a mutant human
presenilin (PS1-E9) yielding vast amounts of Aβ plaques. Both mutations are associated
with early-onset AD. These transgenic mice exhibit an amyloid phenotype and cognitive
dysfunctions at the late stage, developing Aβ deposits around 9 months of age with an age-
dependent increase in Aβ levels and amyloid plaques in the brain [32]. The accumulation
of amyloid differentially affects males and females of the APP/PS1 transgenic line, with
levels found to be ten-fold higher in 15-month-old females [31]. In humans, data indicate
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that the remaining lifetime risk of AD for a 65-year-old man is 6.3% and the remaining
lifetime risk of developing any dementing illness is 10.9%. The corresponding risks for a
65-year-old woman are 12% and 19%, respectively, almost twice that of a man, highlighting
the greater risk for females to develop AD dementia [59].

FHko mice were crossed with APP/PS1 mice to generate APP/PS1 (heterozygotes)/FHko
(heterozygotes) mice, which were backcrossed with FHko mice to generate APP/PS1
(heterozygotes)/FHko (homozygotes). Subsequently, these mice were bred with FHko mice
to generate both APP/PS1-FHko mice and littermate FHko mice. A separate cohort of
APP/PS1 mice was bred with C57BL/6J mice to generate WT littermates and heterozygotes
APP/PS1 mice. Mice were genotyped using PCR technique with the following primers:
APP/PS1: 5′-GACTGACCACTCGACCAGCTT-3′ and 5′-CTTGTAAGTTGGATTCTCATAT-3′;
FH: 5′-GTAAAGGTCCTCCTCCAAGAG-3′ and 5′-GGTATAAACAACCTTTGCACC-3′ (FH
WT); 5′-GTAAAGGTCCTCCTCCAAGAG-3′ and 5′-GGGGATCGGCAATAAAAAGAC-3′

(FH mutant). PCR conditions were set at denaturation at 95 ◦C for 1 min, annealing
at 55 ◦C for 30 s and extension at 72 ◦C for 1 min for 30 cycles. All mice used in this
study were housed in the laboratory animal facility (agreement number: B33-318-701,
ref. 202003021406937/APAFIS N◦24555). Animals were maintained under pathogen-free
conditions with ad libitum access to food and water. They were housed in a 12 h/12 h
light/dark cycle. For all procedures involving tissue collection, mice were first anesthetized
with isoflurane (3% and 1.5% maintenance) (Aerrane®, Baxter, Bordeaux, France) and then
euthanized by cervical dislocation.

4.2. Factor H Injection in Cerebrospinal Fluid Mice

Each mouse was anesthetized using a mixture of air and isoflurane (3% induction and
1.5% maintenance). Subsequently, the skull was shaved and the animal was positioned
on a stereotaxis frame (Stoelting, IL, USA) and the skin was incised over 1 cm. A first
subcutaneous injection of buprenorphine (0.03 mg/kg) was administered 30 min before
the surgery, followed by a second injection 8 h later. Stereotactic surgery involved drilling
a hole into the skull at the prefrontal medial cortex using an adapted drill. The injector
was composed of a Hamilton syringe lowered into the orifice. As AD mice models express
human APP transgenes, we decided to test human plasma FH (plFH, Sigma-Aldrich, Saint-
Quentin-Fallavier, France) as it contains all post-translational modifications. Complement
factor H was derived from human plasma (1 mg/mL in PBS, PH 7.2, >90% (SDS-Page)
and was previously tested for infectious agents (Sigma-Aldrich, France). A solution con-
taining plFH (5 µL of 50 µg diluted in a phosphate-buffered saline (PBS), Sigma-Aldrich,
France) or PBS (5 µL) was infused over 3 min. The injector was then reassembled and
the skull skin incision was sutured. This injected dose corresponded to approximately
5 to 10 times the quantity of FH detected in mouse brain volumes. A higher dose could
create an immunodeficient microenvironment. Prior to the efficacy evaluation of FH, the
diffusion of histidine-labeled FH (5 µL of 50 µg, Sigma-Aldrich, France) injected into the
CSF was studied in the brain at 24 h, 1 month and 3 months post-injection. Stereotaxic
coordinates for the injection were (relative to the bregma) 1 mm posterior, +/−0.5 mm
lateral and 2 mm ventral. Each experimental group included a group with plFH injec-
tion (n = 10 to 15 animals) and a control group with PBS injection (n = 10 to 15 animals).
The cognitive functions of these animals were assessed through water maze experiments
(n = 10 to 15 mice), and immunostaining/Western blotting investigations were performed
(n = 3 to 10 mice).

4.3. Optical Clearing:

For organ pretreatment and MAC immunolabeling, the iDISCO+ optical clearing proto-
col was adapted from existing protocols [60,61]. Briefly, each mouse received a retroorbital
intravenous injection of 100 µL of lectin coupled to a fluorophore (Lycopersicon esculentum
Lectin DyLight649® 1 mg/mL, Vector Labs, Eurobio Scientific, Les Ulis, France) to stain
the systemic capillary network. Ten minutes after the injection, a 100 µL intraperitoneal
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injection of isosorbide dinitrate was administered to dilate the vessels. The mouse was then
euthanized by an intraperitoneal injection of 300 µL of sodium pentobarbital diluted in a
physiological saline solution. After death, a sternotomy was carried out to catheterize the
heart’s left ventricle. A perfusion of physiological solution at 80 mm Hg pressure for 3 min
was conducted to remove the blood from the vasculature. A second perfusion with 4%
formalin was performed to fix the tissues. The brain was delicately removed and placed in
4% paraformalin (PFA4%) overnight at 4 ◦C.

The brain was dehydrated by successive immersions in 20%, 40%, 60%, 80% and
100% methanol solutions, each for 1 h at room temperature (RT), followed by an overnight
immersion at RT in a 2/3 dichloromethane and 1/3 methanol solution. Bleaching was
performed in 5% H2O2 and 95% methanol overnight at 4 ◦C. The brain was rehydrated by
successive immersions in 80%, 60%, 40% and 20% methanol solutions and PBS for 1 h each
at RT.

For immunolabeling, permeabilization was performed by incubating the brain in a
permeabilization solution (PBS Triton 0.5%) for 2 days at RT. Nonspecific antigen sites
were blocked by incubation in a blocking solution (PBS/Triton 0.5%/normal goat serum
10%) for 3 days at RT. Immunolabeling steps were performed by incubating the brain
in anti-C5b-9 or MAC (1:200 dilution in PBS/Triton 0.5%, Santa Cruz, Nanterre, France)
primary antibody solution for 7 days at 4 ◦C under agitation, followed by incubation
in TRITC (1:250 dilution in PBS/Triton 0.5%, Invitrogen, Illkirch, France), the secondary
antibody solution, for 5 days at 4 ◦C under agitation. The brain was treated by successive
immersions in 20%, 40%, 60% and 80% methanol solutions for 1 h each at RT, then left
overnight in pure methanol at RT. Permeabilization and lipid removal were conducted in a
2/3 dichloromethane and 1/3 methanol solution for 3 h at RT. The remaining methanol
was removed by two 15 min baths in pure dichloromethane solutions at RT. Last, refractive
index matching was performed by immersing the sample in a dibenzyl ether solution
for 2 h at RT and keeping it at 4 ◦C until imaging.

For image acquisition (light sheet microscopy), each brain was mounted in an ethyl
cinnamate solution adapted to the light sheet microscope. For ultramicroscopy, the system
from LaVision BioTec (Bielefeld, Germany), equipped with 545 and 640 nm laser lines, an
sCMOS Andor camera and a 0.5 NA 2× objective with a deeping lens with 6.3 zoom, was
used. The tissue was laterally illuminated by three horizontal sheets with an exposure
time of 200 ms. Emitted fluorescences were collected at 630 nm and 690 nm, respectively.
Upon completion of the acquisition, the stack was automatically reconstructed in 16-bit
format. Capillary network imaging was made by sampling of 1080 × 1280 × 300 µm
parallelipipedic sections in the hippocampus zone of the brain. The system’s spatial
resolution was 1 µm (x, y) and 4 µm (z). The step size used was 2 µm. Voxel dimensions
were 0.5 µm (x, y) and 2 µm (z).

4.4. Western Blot Analysis

Brains were lysed in ice-cold lysis buffer (50 mM Tris-HCL, pH 7.5, 100 mM NaCl,
0.1% NP-40, 1% deoxycholate, 50 mM ß-glycerophosphate, 0.2 mM sodium orthovanadate,
50 mM sodium fluoride, 1 µg/mL leupeptin, 5 µM pepstatin, 20 klU/mL aprotinin, 1 mM
phenylmethylsulfonyl fluoride) and centrifuged for 10 min at 10,000× g at 4 ◦C. Protein
concentrations were determined using a BCA kit (Thermo Fisher Scientific, Illkirch, France).
Brain lysates (n = 10) were mixed with 5× Laemmli buffer and heated for 5 min at 95 ◦C.
Subsequently, they were resolved by SDS-PAGE (10% polyacrylamide gels), electroblotted
onto a polyvinylidene difluoride (PVDF) membrane (Immobilon, Millipore, France) and
probed with antibodies against complement proteins C3/C3 fragments, FH and actin (refer
to Table 2 for details). After incubation with the secondary antibody (donkey anti-rat or
donkey anti-rabbit or donkey anti-goat) conjugated to Alexa Fluor 700 or Alexa Fluor 800
(diluted 1:5000, Invitrogen, France), antibody binding was detected using the Odyssey
Infrared Imaging System (LI-COR Biosciences, Bad Homburg, Germany). Protein loading
quantity was controlled using mouse monoclonal anti-ß actin antibodies (Cell Signaling,
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Saint-Cyr-L’École, France) (see Table 2 for details). The levels of FH production were
semiquantified by comparing the intensity of the bands of FH obtained to those of actin.

Table 2. List of antibodies used for Western blot, immunostaining and injection experiments.

Western Blot Host Dilution Manufacturer

C3/C3b fragments Rat 1/1000 Hycult

FH Goat 1/1500 Quidel

Actin-β Rabbit 1/1500 Santa Cruz

Immunostaining Host Dilution Manufacturer

C3 Rabbit 1/500 Abcam

C3a Rat 1/400 DB Pharmingen

C5b-9-FITC - 1/500 Santa Cruz

FH Goat 1/600 Quidel

Albumin Sheep 1/600 Abcam

Cd31 Mouse 1/700 Chemicon

VGLUT1 Mouse 1/500 Santa Cruz

Psd95-FITC - 1/400 Santa Cruz

Synapsin Mouse 1/400 Santa Cruz

NeuN Rabbit 1/500 Millipore

IL6 Goat 1/500 R&D Systems

IL1β Goat 1/500 R&D Systems

TNF-α Rat 1/500 Biolegend

MMR2 Mouse 1/600 Millipore

Aβ(6E10) Mouse 1/400 Biolegend

Injection - Quantity Manufacturer

Human plFH - 50 µg/5 µL Sigma-Aldrich

FH-His Tag - 50 µg/5 µL Sigma-Aldrich

4.5. Immunohistochemistry on Mice Brain

To assess the expression levels of complement proteins (C3, C3a, C5b-9 (MAC) and FH)
in the hippocampus of C57Bl/6J and APP/PS1 mice, immunohistochemistry experiments
were performed at 6, 7, 9, 10, 12 and 15 months. Brains were promptly removed just after
death, fixed in PFA4%-PBS1X solution overnight at 4 ◦C and cryoprotected in successive
sucrose solutions (10, 20 and 30%) diluted in PBS1X before being stored at −80 ◦C. Trans-
verse brain sections (14 µm thickness) were cut using a Microm HM550 cryostat (Microm,
Walldorf, Germany) at −20 ◦C. The sections were mounted onto Polysine® glass slides
(Polysine® Adhesion slides, Thermo Scientific, France) and then stored at −80 ◦C until
further processing. For staining, nonspecific binding sites were blocked (10% normal horse
serum, 0.5% Triton X-100, in PBS) for 1 h at RT. The sections were incubated with pri-
mary antibodies overnight (Table 2). Following PBS1X washing (3 times for 10 min at RT),
sections were incubated with the appropriate secondary antibodies (donkey anti-rabbit,
donkey anti-mouse, donkey anti-rat or donkey anti-goat) conjugated to Alexa Fluor 488,
Alexa Fluor 594 or Alexa Fluor 643 (diluted 1:500, Invitrogen, France), as needed, for 1 h at
RT. After washing, sections were mounted with a fluorescent aqueous mounting medium
containing DAPI (Dako, Les Ulis, France). For semiquantifications, images were acquired
with a confocal microscope (LSM 700 Carl Zeiss, Fougères, France) using a 20× objective
at a resolution of 1024 × 1024 pixels. All immunostaining experiments were repeated at
least three to seven times with different animals. Nine nonoverlapping fields of linear



Int. J. Mol. Sci. 2024, 25, 2272 17 of 21

hippocampus length were photographed at 20× magnification (Title 3 × 3). All images
were obtained using the same parameters (pinhole, detector gain, amplifier offset, amplifier
gain and laser intensity). The mean intensity (mean gray value, within the range from 0 to
255) of green, red, pink or white fluorescence in title 3 × 3 images was semiquantitatively
analyzed with the ImageJ image-analyzing program (NIH, Bethesda, MD, USA). Data were
expressed as relative immunoreactivity, representing the intensity of the immunoreaction
relative to background staining and thereafter the mean of the three to seven animals was
calculated. Blood–brain barrier permeability analysis was conducted through immunos-
taining experiments with an anti-albumin antibody, and images were acquired with a
confocal microscope (LSM 700 Carl Zeiss, France) using a 63X/1.3 oil immersion objective
at the same resolution described above. n = 5 to 7 mice were used for these experiments.
Concerning the kinetics analysis of Aβ production in APP/PS1 mice, because WT mice do
not produce human Aβ and the antibody used (6E10) recognizes human Aβ, we considered
the Aβ signal observed in WT mice tissue as zero (antibody background), and then we
subtracted this signal level from the APP/PS1 signal level.

4.6. Morris Water Maze Experiments

The Morris water maze (MWM) test is a widely used measure of visuospatial memory
and learning. It has demonstrated strong validity in investigating the cognitive effects of
various brain disorders and drugs used to treat cognitive deficits. The MWM test consists
of a white circular pool (180 cm × 80 cm high) filled with water that is colored opaque with
powdered non-fat milk to a depth of 35 cm at a temperature of 26 +/− 1 ◦C. The pool is
imaginarily divided into four equal compartments named A to D. A platform for escape is
randomly placed in one of the four quadrants. In the first step, named visualization tests,
the animals see the platform without external/extra-maze cues. Here, the animals learn to
find the visual platform more quickly. In the second step, named the training, the platform
is submerged 1 cm below the surface of the water and four visual cues with different shapes
are randomly designated on north, south, east and west, respectively. The mice must swim
to the hidden escape platform. Subsequently, the mice are trained for 3 days, starting at four
different regions (A, B, C and D) of the pool each day. For each trial and mouse, the latency
time to find the submerged platform is recorded. If mice reach the platform in 60 s (s), they
stay on it for 10 s; if not, they are guided to the platform passively by the experimenter and
are allowed to rest on the platform for 30 s. In the protest session, mice are placed in the
B region (opposite the ghost platform) and are allowed to navigate for 90 s without the
platform. Here, only visual cues are provided. The experiments are monitored by a video
camera placed above the middle of the pool. Latency time and cumulative duration are
then recorded and analyzed, with n = 10 to 15 mice per treatment and strain mice.

4.7. Statistics

Immunostaining and Western blot experiments: The results were expressed as the
immunostaining intensity ± the standard error of the mean (SEM). The spatial frequency
threshold across ages (6,7,9,10, 12 and 15 months) and genotypes (APP/PS1 vs. C57BL/6J
or APP/PS1) was analyzed using the Mann–Whitney U test (GraphPad Software version
10.0.). p-values of 0.05 or less were considered significant. Thus, in all figures, statistical
significance was expressed as ◦ ,* p < 0.05, ◦◦ ,** p < 0.01 and ◦◦◦ ,*** p < 0.001. n = 3 to 7 mice
for immunostaining experiments and n = 10 for Western blot experiments.

For MWM experiments: The results were expressed as the time to reach or search the
visible or invisible platform. All statistical analyses were performed with the GraphPad
Prism program. Data were subjected to an analysis of variance (2-way ANOVA) followed by
a post hoc test. Values were expressed as mean ± SEM. A p-value < 0.05 was acknowledged
for a minimal significance level. ◦ ,* p < 0.05, ◦◦ ,** p < 0.01 and ◦◦◦ ,*** p < 0.001. n = 10 to
15 mice per treatment (plFH or PBS) and strain mice (APP/PS1, WT, APP/PS1-FHko).
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5. Conclusions

Unfortunately, real treatments to halt the pathophysiological processes or progression
of AD are still unavailable. Our study introduces the possibility of considering FH as
a promising therapeutic target to treat and slow down its progression (Figure 8). In
the current landscape of therapeutic research for AD, regulating complement activation
could unveil a new drug molecule applicable to both the early and late stages of this
pathology. This stands in contrast to ongoing research (donanemab and lecanemab) [7,8],
which predominantly target Aβ deposits and are generally effective only for patients with
mild cognitive impairment or in the early stages of the disease. Moreover, regulating the
inflammatory reaction in AD by reducing complement activation not only diminishes the
formation of Aβ plaques but also mitigates damaging effects on synaptic transmission
and cognitive functions, as evidenced by our results. Thus, complement therapy has the
potential to concurrently address multiple processes contributing to the worsening of AD,
in contrast to treatment strategies focusing solely on anti-Aβ targeting. Importantly, FH
offers a significant advantage as it is naturally produced by the organism, making it less
likely to induce toxicity compared to the current use of antibodies specifically directed
against Aβ, which may lead to brain edema in patients.
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