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Abstract: Recent evidence suggests that I2-imidazoline ligands have neuroprotective properties in
animal models of neurodegeneration, such as Alzheimer’s disease (AD). We recently demonstrated
that the I2-ligand BU224 reversed memory impairments in AD transgenic mice and this effect was
not because of reductions in amyloid-β (Aβ) deposition. In this study, our aim was to determine
the therapeutic potential of the powerful analgesic I2-imidazoline ligand CR4056 in the 5xFAD
model of AD, since this ligand has been proven to be safely tolerated in humans. Sub-chronic oral
administration of CR4056 (30 mg/kg for 10 days) led to an improvement in recognition memory in
6-month-old 5xFAD mice, but not in wild-type littermates, without affecting Aβ levels or deposition.
Our results also revealed a change in the profile of microglia by CR4056, resulting in a suppression
of pro-inflammatory activated microglia, but increased the density of astrocytes and the expression
of ApoE, which is mainly produced by these glial cells. In addition, CR4056 restored fibrinogen
extravasation, affecting the distribution of markers of astrocytic end feet in blood vessels. Therefore,
these results suggest that CR4056 protects against Aβ-mediated neuroinflammation and vascular
damage, and offers therapeutic potential at any stage of AD.

Keywords: imidazoline; astrocyte; Alzheimer’s disease; amyloid-β; blood–brain barrier; aquaporin-4

1. Introduction

The cardinal symptoms of Alzheimer’s disease (AD) in the early stages are memory
loss and modest changes in behaviour. These symptoms slowly progress with additional
deterioration of the patient’s executive function, language and visuospatial abilities, with
the patient gradually declining into total dementia and losing their autonomy [1]. The
average survival time from the point of diagnosis is 5.7 years for women and 4.2 years for
men [2]. Unfortunately, current treatments for AD only provide short-term symptomatic
relief rather than disease-modifying benefits. These include acetyl cholinesterase inhibitors
(AchEI), such as donepezil, rivastigmine and galantamine and the N-methyl-D-aspartate
(NMDA) receptor antagonist memantine [3] (Figure 1A). These all work from mild to severe
AD, showing benefits in cognitive and behavioural symptoms. The only approved NMDA
antagonist, memantine, aims to reduce the prolonged release of glutamate in order to reduce
NMDA hyperactivation. NMDA receptors overreaction may lead to neurodegeneration and
loss of synaptic function through chronic excitotoxicity [4]. Memantine can be administered
with an AChEI since they have a complementary mechanism of action, for a combined
improved cognitive effect [5].
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Figure 1. Chemical structure of drugs currently used to treat AD patients (A) and I2-imidazoline 
ligands (B). Created with BioRender.com. 

With current treatments lacking curative effects and producing unwanted side 
effects, the development of new disease-modifying interventions of AD is imperative. 
There have been various clinical trials targeting the well-established roots of AD of tau 
and amyloid formation, but with little success. Aβ immunotherapy, such as aducanumab, 
has been approved without controversies by the FDA and various targets of the tau 
pathway including kinase inhibitors have shown poor therapeutic effects [6,7]. Other 
treatments targeting Aβ generation, such as secretase inhibitors, have lacked clinical 
effect, with γ-secretase inhibitors failing to improve cognitive status and even showing 
concerning clinical complications, while β-secretase cleaving enzyme-1 (BACE1) 
inhibitors were poorly tolerated by patients, with no cognitive improvements [8,9]. With 
these approaches providing little breakthrough, investigation into alternative therapeutic 
targets of AD is paramount. 

A new area that is emerging is targeting neuroinflammation and blood–brain barrier 
(BBB) damage [10–13]. Aβ has been reported to activate glial cells, including microglia 
and astrocytes, resulting in an exaggerated inflammatory response [10,12]. When 
microglia are activated, they migrate to the plaque and are able to phagocytose and 
degrade Aβ [14–16]. This occurs during the acute inflammatory response, which is 
eventually neuroprotective [17]. However, chronic inflammation is detrimental due to 
sustained activation of the microglia, changing their morphology and accompanied with 
the release of neurotoxic cytokines such as TNFα, IL-6 and IL-1β, reflecting a change in 
their phenotype, becoming reactive [10,12]. This pro-inflammatory response has been 
reported to lead to neuronal dysfunction and death, as well as an increase in Aβ 
generation [18,19]. Inflammatory events in AD have also been linked with increased BBB 
permeability [20–22], allowing the entrance of peripheral immune cells and molecules in 
the brain [13], contributing further to the pathogenesis of AD. 

In this regard, recent studies with imidazoline receptor ligands have highlighted 
their potential role as new therapy for AD, because of their anti-inflammatory and anti-
apoptotic effects [23]. These receptors were originally identified in the early 1990s, as 
certain α2-adrenoreceptor ligands such as clonidine and idazoxan were found to target a 
distinct, novel type of receptor [23]. Specifically, the I2 receptor (I2IR) subtype is of 
therapeutic interest in neurodegeneration, since it has great expression in the brain and 
anti-inflammatory properties [24]. Interestingly, I2IRs have been found increased in the 
brains of AD patients [25,26]. I2IRs are mainly expressed in the outer layer of 
mitochondria in astrocytes and are associated with centrally mediated effects, such as 
anti-nociception, neuroprotection and increased expression of Glial fibrillary acidic 

Figure 1. Chemical structure of drugs currently used to treat AD patients (A) and I2-imidazoline
ligands (B). Created with BioRender.com.

With current treatments lacking curative effects and producing unwanted side effects,
the development of new disease-modifying interventions of AD is imperative. There
have been various clinical trials targeting the well-established roots of AD of tau and
amyloid formation, but with little success. Aβ immunotherapy, such as aducanumab,
has been approved without controversies by the FDA and various targets of the tau
pathway including kinase inhibitors have shown poor therapeutic effects [6,7]. Other
treatments targeting Aβ generation, such as secretase inhibitors, have lacked clinical
effect, with γ-secretase inhibitors failing to improve cognitive status and even showing
concerning clinical complications, while β-secretase cleaving enzyme-1 (BACE1) inhibitors
were poorly tolerated by patients, with no cognitive improvements [8,9]. With these
approaches providing little breakthrough, investigation into alternative therapeutic targets
of AD is paramount.

A new area that is emerging is targeting neuroinflammation and blood–brain barrier
(BBB) damage [10–13]. Aβ has been reported to activate glial cells, including microglia and
astrocytes, resulting in an exaggerated inflammatory response [10,12]. When microglia are
activated, they migrate to the plaque and are able to phagocytose and degrade Aβ [14–16].
This occurs during the acute inflammatory response, which is eventually neuroprotec-
tive [17]. However, chronic inflammation is detrimental due to sustained activation of the
microglia, changing their morphology and accompanied with the release of neurotoxic
cytokines such as TNFα, IL-6 and IL-1β, reflecting a change in their phenotype, becoming
reactive [10,12]. This pro-inflammatory response has been reported to lead to neuronal
dysfunction and death, as well as an increase in Aβ generation [18,19]. Inflammatory
events in AD have also been linked with increased BBB permeability [20–22], allowing the
entrance of peripheral immune cells and molecules in the brain [13], contributing further
to the pathogenesis of AD.

In this regard, recent studies with imidazoline receptor ligands have highlighted
their potential role as new therapy for AD, because of their anti-inflammatory and anti-
apoptotic effects [23]. These receptors were originally identified in the early 1990s, as
certain α2-adrenoreceptor ligands such as clonidine and idazoxan were found to target
a distinct, novel type of receptor [23]. Specifically, the I2 receptor (I2IR) subtype is of
therapeutic interest in neurodegeneration, since it has great expression in the brain and
anti-inflammatory properties [24]. Interestingly, I2IRs have been found increased in the
brains of AD patients [25,26]. I2IRs are mainly expressed in the outer layer of mitochondria
in astrocytes and are associated with centrally mediated effects, such as anti-nociception,
neuroprotection and increased expression of Glial fibrillary acidic protein (GFAP) [27–31].
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Due to the neuroprotective function of the I2 receptor, ligands have been designed to
have high affinity for I2IRs and low for α2 receptors, including BU224, LSL60101 and
CR4056 [32,33] (Figure 1B), which have also been shown to readily cross the BBB [34]. The
pharmacology of I2IRs is more complex than that of most conventional receptors. Indeed,
single agents such as idazoxan could behave as putative antagonist towards most of I2
triggered effects, still maintaining some “agonist activity” on others, as discussed, for
instance, by Vellani et al. [35]. Therefore, a conventional agonist/antagonist pharmacology
on I2 receptors is difficult to perform. Having said this, CR4056 was demonstrated to be
specific for I2IRs, being devoid of activity/affinity towards a large series of cross-targets [33].
Consequently, most of its activities are antagonized by the purported I2 antagonist idazoxan
but not by other antagonists towards different targets, such as I1, adrenergic α2 and α1, or
opiate receptors [31,33]. Interestingly, CR4056 has been utilised in a clinical trial for pain
and was well tolerated by patients [36]. Because of its proven safety profile in humans [36],
CR4056 seems to have promising prospects in future clinical trials.

A recent publication from our lab [37] has demonstrated that sub-chronic treatment
with the highly selective I2IR ligand BU224 significantly improved cognitive impairment
in the 5xFAD mouse model of amyloidosis, at stages with high amyloid deposition and
neuronal loss. This cognitive amelioration was only observed in transgenic mice and
not in wild-type (WT) animals, suggesting that the beneficial effects were secondary to
Aβ deposition. In addition, treatment with BU224 did not affect amyloid pathology
or apoptosis markers and, therefore, the therapeutic effects were potentially associated
with reduced neuroinflammation, increased astrocytic density and decreased NMDA-
mediated toxicity [37]. Other groups have also observed the beneficial effects of other I2
ligands in AD models, with different outcomes regarding Aβ deposition and astrocytic
proliferation [38,39], suggesting that they may affect Aβ levels depending on the drug
structure and the dose and duration of the treatment.

In this study, our aim was to determine the therapeutic potential of the powerful anal-
gesic I2-imidazoline ligand CR4056 [35,36] in the 5xFAD model of AD, since this ligand has
been proven to be safely tolerated in humans. It was recently reported that CR4056 has anti-
inflammatory properties [35,40] and thus we sought to determine whether treatment with this
ligand affected the activation profile of microglia, by assessing changes in the morphology and
phagocytic profile in 5xFAD mice. In addition, we further explored the potential beneficial
effects of I2IR ligands regulating functions controlled by astrocytes, such as BBB maintenance.
Our results suggest that sub-chronic treatment with CR4056 reduces memory deficits and targets
inflammatory pathways, decreasing the expression of pro-inflammatory cytokines, as well as
improving BBB functionality in the 5xFAD model of AD.

2. Results
2.1. CR4056 Reverses Memory Deficits in the 5xFAD Model of AD

We treated 5xFAD mice and WT littermates at 6 months of age, when 5xFAD animals
have extensive amyloid deposition and memory loss [37] with 30 mg/kg CR4056 for
10 days (Figure 2A). To determine the effects of CR4056 treatment on behaviour, mice
underwent open field, Novel Object recognition (NOR) and Object location task (OLT) tests.
Six-month-old WT and 5xFAD mice treated with CR4056 did not show any motor deficits or
altered anxiety, measured by the open field paradigm, without changes in distance moved
or thigmotaxis (Figure 2B,C).

In addition, and as reported in our previous study using BU224 [37], 5xFAD mice displayed
recognition and spatial memory impairments at 6 months of age, determined by the NOR and
the OLT, showing no preference for the new object or the displaced object, while WT mice did
not display any alterations (Figure 2E,G). Interestingly, CR4056 reversed the object recognition
deficits in the transgenic mice, with values similar to WT animals (Figure 2E).

WT mice did not show improvements with the treatment, indicating CR4056 affected
mechanisms altered as a consequence of Aβ deposition.
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Figure 2. Sub-chronic administration of CR4056 improves recognition memory in 6-month-old 
5xFAD mice and not in wild-type (WT) controls. (A) Schematic diagram of CR4056 treatment 
timeline. (B,C) Measurement of distance moved (B) and thigmotaxis (C) by open field test (OF) in 

Figure 2. Sub-chronic administration of CR4056 improves recognition memory in 6-month-old
5xFAD mice and not in wild-type (WT) controls. (A) Schematic diagram of CR4056 treatment timeline.
(B,C) Measurement of distance moved (B) and thigmotaxis (C) by open field test (OF) in 5xFAD and
WT mice (n = 10–12 per group). (D) Novel Object Recognition training (NOR) demonstrating the
percentage of total exploration of two identical Objects A and B after Vehicle or CR4056 treatment
(WT, n = 10–12 per group; 5xFAD, n = 12 per group). (E) Measurement of exploration time during
NOR testing, whereby Object B was replaced by a new object (Object B*, WT, n = 9–12 per group;
5xFAD, n = 12 per group). (F) Object Location Task (OLT) training did not show differences in the
exploration of Objects A and B between the groups (WT, n = 10–12 per group; 5xFAD, n = 12 per group).
(G) Analysis of OLT testing after CR4056 treatment, where Object B was displaced to a different
quadrant of the arena (Object B*; WT, n = 9–12 per group; 5xFAD, n = 12 per group). Columns
represent mean ± SEM. Two-way ANOVA with Bonferroni post hoc analysis, * p < 0.05.
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2.2. Sub-Chronic Administration of CR4056 Does Not Affect Aβ Deposition

We next examined whether CR4056 treatment affected Aβ deposition and distribution
by immunohistochemical staining with Thioflavin-S and antibody 6C3. As reported with
BU224 treatment, CR4056 did not cause any changes either in amyloid-β plaque burden
or number of plaques by Thio-S staining in cortex and hippocampus of 5xFAD mice
(Figure 3A–E). In addition, total amyloid burden measured by 6C3 staining did not reveal
alterations in Aβ deposition (Figure 3F–H).
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staining in sections of 6-month-old 5xFAD mice after treatment with Vehicle or CR4056, respectively.
(B,C) Quantification of percentage of area covered with Aβ plaques by Thioflavin S staining in cortex
and hippocampus (n = 8–11 per group). (D,E) Measurement of number of Aβ plaques by Thioflavin
S staining in cortex and hippocampus (n = 8–11 per group). (F) Representative images of anti-Aβ
(MOAB-2) immunohistochemistry in cortex and hippocampus of 6-month-old 5xFAD treated with
Vehicle or CR4056. (G,H) Quantification of Aβ load as percentage of area covered with MOAB-2
staining in the cortex and hippocampus, respectively (n = 6 per group). (I,J) Quantification of Aβ1–42

by ELISA in cortex and hippocampus (n = 7 per group). (K–P) Quantification of APP processing by
Western blot in 5xFAD homogenate from cortex and hippocampus. Quantification of Aβ content in
cortex ((K), n = 5–6 per group) and hippocampus ((L), n = 7 per group) by Western blot; β-CTFs load
in cortex ((M), n = 5 per group) and hippocampus ((N), n = 7 per group); and Full-length-APP in
cortex ((O), n = 5–6 per group) and hippocampus ((P), n = 7 per group). (Q) Representative Western
blot of APP processing by 6E10 in cortex and hippocampus of 5xFAD mice treated with vehicle or
CR4056. Columns represent mean ± SEM.

Consistent with the immunostaining results, the levels of Aβwere found not altered by
CR4056 treatment in homogenates of cortex and hippocampus, measured either by ELISA
(Figure 3I,J) or by Western blot with 6E10 (Figure 3K,L,Q). Furthermore, the examination of
the effect of CR4056 on the mechanisms of generation of Aβ (Figure 3N–Q) demonstrated
that treatment with CR4056 did not affect the expression of full length amyloid precursor
protein (APP) (Figure 3O,P) and the levels of the carboxy-terminus fragments (CTFs) in the
cortex and hippocampus (Figure 3M,N). These results suggest that CR4056 did not have
any effect on the cleavage or the expression of APP.

2.3. Effect of CR4056 on Astrocyte Density

As reported previously, I2-imidazoline ligands increase GFAP expression [30,41] and
the number of astrocytes [37] in rodents. We therefore measured the GFAP-positive area
in the cortex and hippocampus of 5xFAD treated with CR4056 (Figure 4A–E). In agree-
ment with our previous results using BU224, GFAP staining was increased with CR4056
administration, particularly in the cortex of 5xFAD mice (Figure 4A,C). In line with this,
Western blot with the astrocytic marker glutamine synthase (GS) revealed a 44% increase in
the levels of this marker in the cortex of 5xFAD mice treated with the imidazoline ligand
(Figure 4F,L).

Interestingly, we observed a significant increase in the expression of proteins that are
synthesized by glial cells [16], such as Apolipoprotein-E (Apo-E) (Figure 4H,L), which could
be potentially related to the increase in the density of astrocytes by I2-imidazoline ligands,
since this protein is mainly produced in these astroglial cells [16]. In addition, the insulin-
degrading enzyme (IDE), responsible for the degradation of Aβ in cortex and hippocampus
of 5xFAD mice and mainly synthesized by glial cells, was also elevated in cortex and
hippocampus, after CR4056 compared with vehicle-treated controls (Figure 4J–L).
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CR4056. (B,C) Quantification of percentage of area covered with GFAP-positive staining (n = 7–
10 per group) and number of GFAP-positive cells (WT n = 5–6 per group), respectively, in cortex
of 5xFAD mice. (D,E) Quantification of percentage of area covered with GFAP-positive staining
(n = 9–10 per group) and number of GFAP-positive cells (n = 5–6 per group), respectively, in hip-
pocampus of 5xFAD mice. (F,G) Quantification of glutamine synthetase (GS) expression and repre-
sentative western in cortex (WT n = 6–8 per group) and hippocampus (n = 6 per group), respectively.
(H,I) Quantification of ApoE expression and representative Western blots in homogenates from cortex
(n = 7–8 per group) and hippocampus (n = 7 per group) of 5xFAD mice. (J,K) Quantification of IDE
expression and (L) representative Western blots in cortex (n = 6–7 per group) and hippocampus (n = 7
per group) of 5xFAD mice, respectively. Columns represent mean ± SEM. One-tailed Student’s t-test,
* p < 0.05.

2.4. Anti-Inflammatory Effect of CR4056 in 5xFAD Mice

We and others have shown previously the anti-inflammatory effects of I2-imidazoline
ligands, by reducing the density of microglia and pro-inflammatory cytokines [35,37,40].
We therefore sought to determine the effect of CR4056 on the density and activation state of
microglia, by performing analysis of the number and morphological changes in microglia
by staining with Iba-1 and CD68 (a marker for phagocytic microglia).

5xFAD mice treated with CR4056 showed reduced Iba-1 positive coverage in the cortex
compared with vehicle-treated mice (Figure 5A,B). To examine alterations in microglia phe-
notype, we carried out the staining with CD68, in order to identify changes in phagocytic
microglia, showing no changes in area covered or in number of cells (Figure 5F–J), suggest-
ing that the treatment led to a reduction in classically activated microglia. Furthermore,
CD68 positive microglia displayed enlarged soma and retracted processes in 5xFAD mice
(Figure 5F), and sometimes rod-like morphology (see example of amplification of microglia
in hippocampus, Figure 5F), typical of a pro-inflammatory phenotype, which was reversed
after treatment with CR4056. Analysis of microglia morphology using HALO software
(Figure 4K) suggested increases in process length and area in microglia of CR4056-treated
mice compared with control animals particularly in cortex (Figure 5K–N).

Additionally, the expression of the pro-inflammatory cytokines Il1-β, IL-6 and TNFα
was measured by ELISA in the cortex and hippocampus of 5xFAD mice (Figure 5O–T).
Our results show that CR4056 treatment led to a reduction in the levels of TNFα in the
cortex and hippocampus of 5xFAD mice (Figure 5Q,R), without significant changes in the
other cytokines.

In summary, the results showed that CR4056 has anti-inflammatory effects in 5xFAD
mice, affecting the activation state of microglia and their number.
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Figure 5. Sub-chronic CR4056 treatment has anti-inflammatory effect in 5xFAD mouse brain.
(A) Representative images of Iba1 immunostaining in sections from 5xFAD mice after treatment with
vehicle or CR4056. (B,C) Quantification of percentage of area covered with Iba1-positive staining in
cortex (n = 5–6 per group) and hippocampus (n = 6 per group) of 5xFAD mice. (D,E) Quantification
of Iba1-positive cells in cortex and hippocampus of 5xFAD mice, respectively (n = 6 per group).
(F) Representative images of CD68-immunohistochemistry in cortex and hippocampus in sections
from 5xFAD mice after with vehicle or CR4056. (G,H) Quantification of percentage of area covered
and number of CD68-positive cells, respectively, in the hippocampus of 5xFAD mice (n = 5–6 per
group). (I,J) Quantification of percentage of area covered and number of CD68-positive cells, respec-
tively in the cortex of 5xFAD mice (n=5–6 per group). (K,L) Measurement of process thickness and
length of CD68-positive cells in hippocampus (n = 5–6 per group) and cortex ((M,N) n = 4–6 per
group) of 5xFDA mice. (O–T) Quantification of expression of cytokines by ELISA in homogenate
from cortex and hippocampus of 5xFAD mice after CR4046 treatment. IL-1β ((O,P), n = 4–7 per
group), TNF-α ((Q,R), n = 5–8 per group) and IL-6 ((S,T), n = 7–8 per group). Columns represent
mean ± SEM. One-tailed Student’s t-test, * p < 0.05.
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2.5. CR4056 Reverses BBB Leakage in 5xFAD Mice

Because astrocytes are an important component of the BBB, and imidazoline ligands
have been reported to have cardiovascular effects [23], we assessed the levels extravasation
of fibrinogen from blood vessels, as a measurement of BBB leakage. Our results show that
5xFAD mice display increased fibrinogen staining in the cortex, compared with WT mice
(Figure 6A,B). Interestingly, treatment with CR4056 reduced the extravasation of fibrinogen
in the cortex of 5xFAD mice (Figure 6B).Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 12 of 19 

 

 

 
Figure 6. CR4056 restores blood–brain barrier (BBB) dysfunction in 5xFAD mice. (A) Representative 
images of Fibrinogen staining in sections of cortex and subiculum of 6-month-old WT control and 
5xFAD mice after treatment with Vehicle or CR5046. (B,C) Quantification of percentage of area 

Figure 6. CR4056 restores blood–brain barrier (BBB) dysfunction in 5xFAD mice. (A) Representative
images of Fibrinogen staining in sections of cortex and subiculum of 6-month-old WT control and
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5xFAD mice after treatment with Vehicle or CR5046. (B,C) Quantification of percentage of area
covered with Fibrinogen in cortex and subiculum (n = 5–11 per group) of WT-Vehicle and 5xFAD
mice treated with vehicle or CR4057. (D) Representative images of Aquaporin-4 (AQP4) (green) and
CD31 (red) staining showing co-localization in cortical area of sections from 6-month-old 5xFAD mice
after CR4056 treatment. Scale bars = 11µm (E,F) Quantification of AQP4 expression by Western blot in
cortex (n = 7–8 per group) and hippocampus (n = 6–7 per group) of 5xFAD mice. (G) Representative
Western blot of AQP4 in homogenates from cortex and hippocampus of 5xFAD mice . . . Columns
represent mean ± SEM. One-way ANOVA or t-test with Tukey’s post hoc analysis, * p < 0.05.

The main marker of the astrocytic end feet is the aquaporin-4 (AQP4) water channel,
which is involved in the clearance of waste, cerebrospinal fluid (CSF) homeostasis and other
physiological functions [42]. Because I2-imidazoline ligands affect markers of astrocytes,
we determined whether CR4056 altered the expression of AQP4 and the potential changes
in their distribution along the blood vessels. We have previously reported that 5xFAD mice
showed a reduced distribution of AQP4 in blood vessels [13]. Interestingly, we observed a
reversal of this effect in animals treated with CR4056, showing co-localization of AQP4 with
the marker of endothelial cells CD10 in animals treated with CR4056 (Figure 6D). These
changes were not due to alterations in the total expression of AQP4, which was analysed
by Western blot in the cortex and hippocampus of 5xFAD mice (Figure 6E–G).

3. Discussion

The lack of effective therapies for AD, with recent failings of amyloid-based clinical
trials, suggests that disease-modifying treatments are only useful as preventive therapies,
highlighting the importance of investigating new therapeutic avenues, in particular for use
at late stages of the disease. The present study illustrates the beneficial effects of CR4056, a
potent I2-ligand, on neuroinflammation and BBB functionality, in a mouse model of 5XFAD,
at an age that presents heavy amyloid load, neuronal and memory loss. Interestingly, this
drug has been used in clinical trials to treat pain [36], without side effects, suggesting that
it could be used to treat AD patients without having to explore its safety in humans.

The beneficial effects of CR4056 on spatial memory do not seem to be a consequence
of changes in Aβ deposition, in agreement with our recent report using BU224 in the same
transgenic line [37], demonstrating no changes in APP processing. This is in contrast with
the results of Vasilopoulou et al. using LSL60101 [39], which showed reductions in Aβ
deposition, which could be related to a longer administration. Studies using a different
strategy, by treatment with the endogenous imidazoline-I1 ligand agmatine in mice injected
with synthetic Aβ, also reported reductions in Aβ levels, suggesting perhaps that these
drugs may affect mechanisms of amyloid degradation or clearance [43]. In line with this, we
found that CR4056 increased the expression of IDE, and others have reported elevated levels
of neprilysin with the I2-ligand MCR5 in the in SAMP8 mouse model of senescence [44].
However, IDE has many other functions, besides being involved in the degradation of Aβ.
In fact, it is involved in the control of glucose (by affecting the degradation of insulin); it
behaves as a heat shock protein and regulates the ubiquitin–proteasome system, suggesting
a major implication in protein turnover and cell homeostasis [45].

I2IRs are located mostly in glial cells and we and others have described the anti-
inflammatory effects of I2-imidazoline ligands. Although there is evidence that I2IR drugs
reduce the density of microglia in different models of CNS neuroinflammation [35,37,39]
as well as the levels of pro-inflammatory cytokines and ROS [37,44,46,47], no studies have
so far investigated the effect of imidazoline ligands on microglia phenotype, including
morphological changes. We present now in our study that CR4056 affects also the microglia
phagocytic profile, by using the marker CD68. In addition, the morphological changes
detected in our model suggest that CR4056 reduces the activation state of a particular subset
of microglia, which must be pro-inflammatory. Because the 5xFAD model has extensive
Aβ deposition at this age, it is challenging to perform morphological analysis, showing
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great variability of results, since the phenotype of microglia is different depending on their
localization, whether they are close to the amyloid plaque or away from them.

The potential effects of I2-imidazoline drugs on the density of astrocytes have been
proven controversial, with some studies showing an increase in astrocytes and others a
reduction. The reports published by our group, either with BU224 or CR4056, showed an
increase in astrocytic markers GFAP and GS by imidazoline ligands, in agreement with
previous studies in rats [30,37,41]. However, it is possible that the length of the treatment
may affect these results and longer times may result in a different outcome. Interestingly,
in our study, proteins produced by astrocytes such as ApoE were found to be increased by
CR4056 treatment. Observations from our lab indicate that ablation of astrocytes in models
of AD results in a reduction in ApoE [48,49] and IDE secretion [49], indeed suggesting that
the astrocytes contribute to enhanced production of ApoE and IDE, as pointed out in the
present study.

ApoE is a critical protein in AD, because it has multiple functions, including amyloid
clearance, regulation of the microglia response to amyloid plaques, effects on neurite
outgrowth and BBB function by binding to LPR receptors [50]. In line with this, in the
present study, we show that sub-chronic treatment with CR4056 reduced BBB leakage, by
detection of fibrinogen extravasation, and affected the distribution of AQP4. Interestingly, it
was previously published that imidazoline receptor ligands protect against cardiovascular
dysfunction [51]; in particular, treatment with the I2IR ligand 2-BFI in a model of stroke,
the middle cerebral artery occlusion model in rat, provided strong neuroprotection and
protected the integrity of the cerebral vasculature, using injections with FITC-dextran [52].
In future studies, it would be interesting to determine the mechanism involved in these
changes in blood vessel integrity, and examine whether this is due to an anti-inflammatory
effect or a direct effect of I2IRs on components of the BBB, such as tight junction regulation
in endothelial cells. Interestingly, vascular smooth muscle and endothelial cells express
I2IRs [53]. The reversal of neurovascular dysfunction in AD is a promising therapeutic
property of this drug, which we have also observed recently by administration of another
anti-inflammatory molecule, Annexin-A1 (ANXA1) [13].

Overall, CR4056 offers a great therapeutic potential for AD patients, at any stage of the
disease, even when they have extensive amyloid deposition and neuronal loss, by affecting
the activation of glial cells and reverting BBB breakdown, which have been proven to
accelerate disease progression.

4. Materials and Methods
4.1. Materials and Antibodies

The following antibodies were utilised in our study: 6E10 (against Aβ1–16) from
Covance; MOAB-2 clone 6C3 against Aβ from Merck-Millipore (Burlington, MA, USA);
anti-apolipoprotein E (ApoE) and Aquaporin-4 (AQP-4) from Santa Cruz; anti-insulin-
degrading enzyme (IDE) and anti-β-actin from Abcam; anti-ionized calcium-binding adap-
tor molecule 1 (Iba1) from Wako; anti-CD68 from Biolegend; Rat anti-GFAP (clone 2.2B10)
from Invitrogen or from DAKO; anti-fibrinogen from DAKO and anti-CD31 from BD
Biosciences. All other reagents were purchased from Invitrogen or Sigma, unless other-
wise indicated.

4.2. Animals and Treatment

Six-month-old female 5xFAD mice (n = 38) and WT C57Bl6 matched controls
(n = 37) were utilised for the study, in line with the UK Animals (Scientific Procedures) Act
1986 and ethical standards outlined by the Imperial College London Animal Welfare and
Ethical Review Body. The 5xFAD model overexpresses the human APP gene (APP695) with
Florida (I716V), Swedish (K670N/M671L), and London FAD mutations (V717I), in addition
to human Presenilin1 (PS1) with M146L and L286V FAD mutations (54). The 5xFAD model
presents as a severe form of AD, showing amyloid deposition already at 1.5 months of age
and glial activation by 2 months. Cognitive deficits and neuronal loss are detectable at
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4–5 and 6 months, respectively [54]. Hence, 6 months of age was appropriately chosen in
order to investigate animals with severe neuropathology and cognitive deficits, as in our
previous studies [37]. CR4056 was administered at 30 mg/kg by gavage once per day for
10 days, based on previous reports [33,55] (Figure 2A).

4.3. Open Field (OF)

Mice were allowed to freely explore a 45 by 45 cm arena for 5 min, and thigmotaxis,
velocity, and total distance moved were assessed using Ethovision XT software (Noldus).

4.4. Object-Location Test (OLT)

Hippocampal-dependent spatial memory of the mice was tested using the OLT task.
During the training phase, mice were allowed to explore two identical objects made
from large lego bricks for 10 min in a circular arena (45 cm diameter) with intra-maze
cues (distinguishable patterns and drawings on the vertical walls of the arena) and were
subsequently returned to their cages. Twenty-four hours later, one of the objects was moved
to a novel position in the arena and the mouse was once again allowed to explore the two
objects for 10 min (testing phase). The total time the mouse spent actively exploring each
object (sniffing/chewing, during both training and testing phases) was recorded using
EthoVision XT software (Noldus). The time spent exploring each object was then calculated
as a percent of total object exploration.

4.5. Novel Object-Recognition Test (NOR)

Recognition memory of the mice was tested using the NOR test. During training, mice
were allowed to explore two identical objects made from large lego bricks (different objects
to those used in the OLT task) for 10 min in a maze similar to that described in the OLT
section (see previous section). Mice were then returned to their cages and 24 h later, one of
the two identical objects was replaced with an object of different shape and colour. The
mice were returned to the arena and allowed to explore the two non-identical objects for
10 min (testing trial). The percent of total object exploration was calculated as previously
described in the OLT section.

4.6. Western Blotting

Brain homogenates were extracted from the frontal cortex and the hippocampus of
5xFAD mice with radioimmunoprecipitation (RIPA) buffer (1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 150 mm NaCl and 50 mm Tris–HCl; pH 7.2) supplemented with
Roche complete protease inhibitor. Following this, extracts were centrifuged for 10 min
at 13,000 rpm at 4 ◦C and supernatants containing the proteins were collected. Protein
concentration was determined using the Bradford assay.

Equal amounts of protein were boiled in NuPAGE 4x LDS buffer at 95 ◦C for 5 min.
The samples were loaded in a 4–12% NuPAGE gel in MES buffer at 80 V for 20 min and
then at 120 V for 40 min. The gels were then transferred to PVDF membranes at constant
400 mA for 1 h. The membranes were then blocked with 5% non-fat milk in TBST (8.8
g NaCl, 100 mL Tris HCI pH 8, 500 µL Tween-20, up to 1 L in dH2O) for 1 h to avoid
binding between gel and antibody. The membranes were then washed 3 times with TBST 3
times for 10 min. Afterwards, membranes were incubated with primary antibodies (1:1000)
at 4 ◦C overnight, with the exception of β-actin (1:5000 for 1 h at room temperature).
Following additional washing with TBST for 3 times, the membranes were incubated with
secondary antibodies in blocking solution (5% non-fat milk in TBST) for 1 hr at room
temperature. Finally, after further washing, the membranes were developed using ECL
in a GENEGNOME device. For re-blotting, Re-Blot Plus Strong Solution (Millipore) was
utilised and the staining procedure was repeated. ImageJ was used to analyse the results,
with β-actin used to normalize the data.
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4.7. Immunohistochemistry

To visualise the distribution and morphology of astrocyte and microglia, staining of
floating sections was performed using GFAP and Iba1 antibodies, respectively. MOAB-2,
clone 6C3 was utilised as a pan-Aβ antibody to assess the percentage of area covered of
amyloid. Fibrinogen staining was used to determine BBB leakage; 30 µm sections were
obtained by using a cryostat and were treated briefly for 20 min with 0.6% H2O2 in TBS.
The sections were then permeabilized in TBS Triton X-100 0.25% (TBS-Tx) for 30 min and
subsequently blocked for 1hr with 10% FBS in TBS-Tx 0.1%. Antigen retrieval followed
by permeabilization with 98% formic acid for 5 min was performed as an additional
phase for Aβ staining. Sections were incubated with primary antibodies overnight at
4 ◦C, including anti-AβMOAB-2 (6C3) (Millipore) at 1:1000; and anti-GFAP (Invitrogen,
Waltham, MA, USA) at 1:500, anti-Iba1 (Wako) at 1:500; anti-fibrinogen (Dako) at 1:2000;
anti-AQP4 (Santa Cruz) at 1:100 or 1:200 in 2% NHS in TBS-Tx 0.02% overnight. The
following day, the sections were washed and incubated with the appropriate secondary
antibody at 1:500 in 5% FBS in TBS-Tx 0.1% for 2 h at room temperature. Sections were
then enhanced with avidin–biotin complex (ABC, Vector Labs, Newark, CA, USA), and
subsequently placed in diaminobenzidine (DAB, Sigma, Burlington, MA, USA) to visualise
the staining. The sections were then sequentially washed in ddH2O then PBS and were
mounted on slides and left to dry overnight. The next day the slides were dehydrated
using increased concentrations of ethanol and then in xylene and mounted in Permount.
For immunofluorescence co-staining of AQP4 and CD31, fluorescent secondary antibodies
(1:400 Alexa Fluor, Invitrogen) were used and slides were mounted with ProLong Gold
(Invitrogen) and imaged with a confocal microscope.

4.8. Thioflavin-S Staining

Thioflavin-S was used to visualise aggregated amyloid. For Thioflavin-S staining, sec-
tions were incubated with 1% Thioflavin-S for 7 min. The sections were then differentiated
twice in 70% ethanol and rehydrated with water. Following this, they were placed in PBS
for 10 min and mounted on POLYSINE slides with ProLong Gold antifade (Invitrogen).
Thioflavin-S-stained sections were examined using HWF-1 Zeiss fluorescence microscope
in 470 nm wavelength.

4.9. ELISA

Brain homogenates from the frontal cortex were analysed for Aβ and pro-inflammatory
cytokines by ELISAs. The Aβ1–42 levels were measured using High-Sensitivity Human
Amyloid β42 ELISA kits from Millipore (Merck). Inflammatory cytokines IL-1β, IL-6 and
TNFα were analysed by the ELISA development kits (Peprotech, Cranbury, NJ, USA),
according to the manufacturer’s instructions.

4.10. Analysis of Images

ImageJ software was utilised to analyse the percentage of area coverage of both ThioS-
and 6C3-stained plaques in the cortex and hippocampus (2–3 sections per animal and
2–7 sections per animal, respectively). ImageJ was also utilised to count the number of
ThioS-stained plaques. This was performed by converting the images to 16-bit greyscale
and choosing an appropriate threshold.

The percentage of area coverage and number of cells stained with GFAP, Iba1 and
CD68 in the cortex and hippocampus were analysed using HALO software (3–5 sections
per animal). The morphology of CD68-stained cells was also assessed with HALO, with
process length and area being analysed.

4.11. Statistics

Data were tested for equal variance and normal distribution. All the data are expressed
as means ± SEM. The detection of outliers was conducted by Grubbs’ test. One-way
ANOVAs, two-way ANOVAs with Tukey’s post hoc analysis or a one-tailed Student’s t-test
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using GraphPad Prism Version 7.0 software were used for statistical analysis depending on
the dataset. p < 0.05 was the threshold for statistical significance.

Author Contributions: Conceptualization, M.S. and L.C.R.; Design, M.S., B.C.M. and G.C.; Method-
ology, M.S., B.C.M. and G.C.; Animal treatment and behaviour: B.C.M.; Immunohistochemistry:
B.C.M., N.A., L.A.-H., L.L., R.A.; Western blot: M.S. and N.A.; ELISAs, B.C.M.; Resources, L.C.R., M.S.;
Writing—Original Draft Preparation, M.S. and N.A.; Figure preparation: B.C.M.; Writing—Review
and Editing, M.S., B.C.M., L.C.R. and G.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was partly funded by a grant from Rottapharm Biotech to MS. B.C.M.’s salary
was funded by the Dunhill Medical Trust.

Institutional Review Board Statement: This study complied with the UK Animals (Scientific Proce-
dures) Act 1986 and ethical standards out-lined by the Imperial College London Animal Welfare and
Ethical Review Body.

Data Availability Statement: The data of this study are available from the corresponding author on
reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Weller, J.; Budson, A. Current understanding of Alzheimer’s disease diagnosis and treatment. F1000Res. Fac. Rev. 2018, 7, F1000.

[CrossRef] [PubMed]
2. Larson, E.B.; Shadlen, M.F.; Wang, L.; McCormick, W.C.; Bowen, J.D.; Teri, L.; Kukull, W.A. Survival after initial diagnosis of

Alzheimer disease. Ann. Intern Med. 2004, 140, 501–509. [CrossRef]
3. Yiannopoulou, K.G.; Papageorgiou, S.G. Current and Future Treatments in Alzheimer Disease: An Update. J Cent. Nerv. Syst. Dis.

2020, 12, 1179573520907397. [CrossRef] [PubMed]
4. Folch, J.; Busquets, O.; Ettcheto, M.; Sánchez-López, E. Memantine for the Treatment of Dementia: A Review on its Current and

Future Applications. J. Alzheimers Dis. 2018, 62, 1223–1240. [CrossRef]
5. Glinz, D.; Gloy, V.L.; Monsch, A.U.; Kressig, R.W. Acetylcholinesterase inhibitors combined with memantine for moderate to

severe Alzheimer’s disease: A meta-analysis. Swiss Med. Wkly. 2019, 149, w20093. [CrossRef]
6. Knopman, D.S.; Jones, D.T.; Greicius, M.D. Failure to demonstrate efficacy of aducanumab: An analysis of the EMERGE and

ENGAGE trials as reported by Biogen, December 2019. Alzheimer Dement. 2021, 17, 696–701. [CrossRef]
7. Lovestone, S.; Boada, M.; Dubois, B.; Hull, M.; Rinne, J.O.; Huppertz, H.J.; Calero, M.; Andres, M.V.; Gomez-Carrillo, B.; Leon, T.;

et al. A phase II trial of tideglusib in Alzheimer’s disease. J. Alzheimers Dis. 2015, 45, 75–88. [CrossRef]
8. Doody, R.S.; Raman, R.; Farlow, M.; Iwatsubo, T. Semagacestat Study Group. A phase 3 trial of semagacestat for treatment of

Alzheimer’s disease. N. Engl. J. Med. 2013, 369, 341–350. [CrossRef]
9. Kumar, D.; Ganeshpurkar, A.; Kumar, D.; Modi, G.; Gupta, S.K.; Singh, S.K. Secretase inhibitors for the treatment of Alzheimer’s

disease: Long road ahead. Eur. J. Med. Chem. 2018, 148, 436–452. [CrossRef]
10. Sastre, M.; Klockgether, T.; Heneka, M.T. Contribution of inflammatory processes to Alzheimer’s disease: Molecular mechanisms.

Int. J. Dev. Neurosci. 2006, 24, 167–176. [CrossRef]
11. Sastre, M.; Richardson, J.C.; Gentleman, S.M.; Brooks, D.J. Inflammatory risk factors and pathologies associated with Alzheimer’s

disease. Curr. Alzheimer Res. 2011, 8, 132–141. [CrossRef] [PubMed]
12. Solito, E.; Sastre, M. Microglia function in Alzheimer’s disease. Front. Pharmacol. 2012, 3, 14. [CrossRef] [PubMed]
13. Ries, M.; Watts, H.; Mota, B.C.; Lopez, M.Y.; Donat, C.K.; Baxan, N.; Pickering, J.A.; Chau, T.W.; Semmler, A. Annexin A1 restores

cerebrovascular integrity concomitant with reduced amyloid-β and tau pathology. Brain 2021, 144, 1526–1541. [CrossRef]
14. Baik, S.H.; Kang, S.; Son, S.M.; Mook-Jung, I. Microglia contributes to plaque growth by cell death due to uptake of amyloid in

the brain of Alzheimer’s disease mouse model. Glia 2016, 64, 2274–2290. [CrossRef]
15. Bolmont, T.; Haiss, F.; Eicke, D.; Radde, R.; Mathis, C.A. Dynamics of the microglial/amyloid interaction indicate a role in plaque

maintenance. J. Neurosci. 2008, 28, 4283–4292. [CrossRef] [PubMed]
16. Ries, M.; Sastre, M. Mechanisms of Aβ Clearance and Degradation by Glial Cells. Front. Aging Neurosci. 2016, 8, 160. [CrossRef]
17. Hickman, S.; Allison, E.; Khoury, J. Microglial Dysfunction and Defective β-Amyloid Clearance Pathways in Aging Alzheimer’s

Disease Mice. J. Neurosci. 2008, 28, 8354–8360. [CrossRef]
18. Sastre, M.; Dewachter, I.; Landreth, G.E.; Willson, T.M.; Klockgether, T.; van Leuven, F.; Heneka, M.T. Nonsteroidal anti-

inflammatory drugs and peroxisome proliferator activated receptor-gamma agonists modulate immunostimulated processing of
amyloid precursor protein through regulation of beta-secretase. J. Neurosci. 2003, 23, 9796–9804. [CrossRef]

19. Sastre, M.; Dewachter, I.; Rossner, S.; Bogdanovic, N.; Rosen, E.; Borghgraef, P. Nonsteroidal anti-inflammatory drugs repress
beta-secretase gene promoter activity by the activation of PPARgamma. Proc. Natl. Acad. Sci. USA 2006, 103, 443–448. [CrossRef]

http://doi.org/10.12688/f1000research.14506.1
http://www.ncbi.nlm.nih.gov/pubmed/30135715
http://doi.org/10.7326/0003-4819-140-7-200404060-00008
http://doi.org/10.1177/1179573520907397
http://www.ncbi.nlm.nih.gov/pubmed/32165850
http://doi.org/10.3233/JAD-170672
http://doi.org/10.4414/smw.2019.20093
http://doi.org/10.1002/alz.12213
http://doi.org/10.3233/JAD-141959
http://doi.org/10.1056/NEJMoa1210951
http://doi.org/10.1016/j.ejmech.2018.02.035
http://doi.org/10.1016/j.ijdevneu.2005.11.014
http://doi.org/10.2174/156720511795256062
http://www.ncbi.nlm.nih.gov/pubmed/21345169
http://doi.org/10.3389/fphar.2012.00014
http://www.ncbi.nlm.nih.gov/pubmed/22363284
http://doi.org/10.1093/brain/awab050
http://doi.org/10.1002/glia.23074
http://doi.org/10.1523/JNEUROSCI.4814-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18417708
http://doi.org/10.3389/fnagi.2016.00160
http://doi.org/10.1523/JNEUROSCI.0616-08.2008
http://doi.org/10.1523/JNEUROSCI.23-30-09796.2003
http://doi.org/10.1073/pnas.0503839103


Int. J. Mol. Sci. 2022, 23, 7320 16 of 17

20. Grammas, P.; Ovase, R. Inflammatory factors are elevated in brain microvessels in Alzheimer’s disease. Neurobiol. Aging 2001, 22,
837–842. [CrossRef]

21. Erickson, M.A.; Dohi, K.; Banks, W.A. Neuroinflammation: A common pathway in CNS diseases as mediated at the blood-brain
barrier. Neuroimmunomodulation 2012, 19, 121–130. [CrossRef] [PubMed]

22. Carrano, A.; Hoozemans, J.J.M.; van der Vies, S.M.; van Horssen, J.; de Vries, H.E.; Rozemuller, A.J.M. Neuroinflammation and
blood-brain barrier changes in capillary amyloid angiopathy. Neurodegener. Dis. 2012, 10, 329–331. [CrossRef] [PubMed]

23. Bousquet, P.; Hudson, A.; Garcia-Sevilla, J.A.; Li, J.-X. Imidazoline receptor system: The past, the present, and the future.
Pharmacol. Rev. 2020, 72, 50–79. [CrossRef]

24. Regunathan, S.; Feinstein, D.L.; Reis, D.J. Anti-proliferative and anti-inflammatory actions of imidazoline agents. Are imidazoline
receptors involved? Ann. N. Y. Acad. Sci. 1999, 881, 410–419. [CrossRef]

25. Ruiz, J.; Martin, I.; Callado, L.F.; Meana, J.J.; Barturen, F.; Garcia-Sevilla, J.A. Nonadrenoceptor [3H]idazoxan binding sites
(12-imidazoline sites) are increased in post-mortem brain from patients with Alzheimer’s disease. Neurosci. Lett. 1993, 160,
109–112. [CrossRef]

26. Calsolaro, V.; Matthews, P.M.; Donat, C.K.; Livingston, N.R.; Femminella, G.D. Astrocyte reactivity with late-onset cognitive
impairment assessed in vivo using 11 C-BU99008 PET and its relationship with amyloid load. Mol. Psychiatr. 2021, 26, 5848–5855.
[CrossRef] [PubMed]

27. Regunathan, S.; Feinstein, D.L.; Reis, D.J. Expression of non-adrenergic imidazoline sites in rat cerebral cortical astrocytes. J.
Neurosci Res. 1993, 34, 681–688. [CrossRef] [PubMed]

28. Regunathan, S.; Meeley, M.P.; Reis, D.J. Expression of non-adrenergic imidazoline sites in chromaffin cells and mitochondrial
membranes of bovine adrenal medulla. Biochem. Pharmacol. 1993, 45, 1667–1675. [CrossRef]

29. Tesson, F.; Prip-Buus, C.; Lemoine, A.; Pegorier, J.P.; Parini, A. Subcellular distribution of imidazoline-guanidinium-receptive sites
in human and rabbit liver. Major localization to the mitochondrial outer membrane. J. Biol. Chem. 1991, 266, 155–160. [CrossRef]

30. Olmos, G.; Alemany, R.; Escribá, P.V.; García-Sevilla, J.A. The effects of chronic imidazoline drug treatment on glial fibrillary
acidic protein concentrations in rat brain. Br. J. Pharmacol. 1994, 111, 997–1002. [CrossRef]

31. Lanza, M.; Ferrari, F.; Menghetti, I.; Tremolada, D.; Caselli, G. Modulation of imidazoline I2 binding sites by CR4056 relieves
postoperative hyperalgesia in male and female rats. Br. J. Pharmacol. 2014, 171, 3693–3701. [CrossRef] [PubMed]

32. Hudson, A.L.; Gough, R.; Tyacke, R.; Lione, L.; Lalies, M.; Lewis, J.; Husbands, S.; Knight, P.; Murray, F.; Hutson, P.; et al. Novel
selective compounds for the investigation of imidazoline receptors. Ann. N. Y. Acad. Sci. 1999, 881, 81–91. [CrossRef] [PubMed]

33. Ferrari, F.; Fiorentino, S.; Mennuni, L. Analgesic efficacy of CR4056, a novel imidazoline-2 receptor ligand, in rat models of
inflammatory and neuropathic pain. J. Pain Res. 2011, 4, 111–125. [PubMed]

34. Vucicevic, J.; Nikolic, K.; Dobricic, V.; Agbaba, D. Prediction of blood-brain barrier permeation of a-adrenergic and imidazoline
receptor ligands using PAMPA technique and quantitative-structure permeability relationship analysis. Eur. J. Pharm. Sci. 2015,
68, 94–105. [CrossRef] [PubMed]

35. Vellani, V.; Sabatini, C.; Milia, C.; Caselli, G.; Lanza, M.; Letari, O.; Rovati, L.C.; Giacomoni, C. CR4056, a powerful analgesic
imidazoline-2 receptor ligand, inhibits the inflammation-induced PKCε phosphorylation and membrane translocation in sensory
neurons. Br. J. Pharmacol. 2020, 177, 48–64. [CrossRef]

36. Rovati, L.C.; Brambilla, N.; Blicharski, T.; Connell, J.; Vitalini, C.; Bonazzi, A.; Giacovelli, G.; Girolami, F.; D’Amato, M. Efficacy
and safety of the first-in-class imidazoline-2 receptor ligand CR4056 in pain from knee osteoarthritis and disease phenotypes: A
randomized, double-blind, placebo-controlled phase 2 trial. Osteoarthr. Cartil. 2020, 28, 22–30. [CrossRef]

37. Mirzaei, N.; Mota, B.C.; Birch, A.M.; Davis, N.; Romero-Molina, C.; Katsouri, L.; Palmer, E.O.C.; Golbano, A.; Riggall, L.I.; Nagy,
I.; et al. lmidazoline ligand BU224 reverses cognitive deficits, reduces microgliosis and enhances synaptic connectivity in a mouse
model of Alzheimer’s disease. Br. J. Pharmacol. 2021, 178, 654–671. [CrossRef]

38. Abás, S.; Rodríguez-Arévalo, S.; Bagán, A.; Griñán-Ferré, C.; Vasilopoulou, F. Bicyclic α-Iminophosphonates as High Affinity
Imidazoline I2 Receptor Ligands for Alzheimer’s Disease. J. Med. Chem. 2020, 63, 3610–3633. [CrossRef]

39. Vasilopoulou, F.; Rodríguez-Arévalo, S.; Bagán, A.; Escolano, C.; Griñán-Ferré, C.; Pallàs, M. Disease-modifying treatment with
I2 imidazoline receptor ligand LSL60101 in an Alzheimer’s disease mouse model: A comparative study with donepezil. Br. J.
Pharmacol. 2021, 178, 3017–3033. [CrossRef]

40. Sala, E.; Ferrari, F.; Lanza, M.; Milia, C.; Sabatini, C.; Bonazzi, A.; Comi, E.; Borsi Franchini, M.; Caselli, G.; Rovati, L.C. Improved
efficacy, tolerance, safety, and abuse liability profile of the combination of CR4056 and morphine over morphine alone in rodent
models. Br. J. Pharmacol. 2020, 177, 3291–3308. [CrossRef]

41. Alemany, R.; Olmos, G.; Escriba, P.V.; Menargues, A.; Obach, R.; Garcia-Sevilla, J.A. LSL 60101,a selective ligand for imidazoline
12 receptors, on glia l fibrillary acidic protein concentration. Eur. J. Pharmacol. 1995, 280, 205–210. [CrossRef]

42. Igarashi, H.; Suzuki, Y.; Kwee, I.L.; Nakada, T. Water influx into cerebrospinal fluid is significantly reduced in senile plaque
bearing transgenic mice, supporting beta-amyloid clearance hypothesis of Alzheimer’s disease. Neurol. Res. 2014, 36, 1094–1098.
[CrossRef] [PubMed]

43. Dixit, M.; Rahmatkar, S.; Raut, P. Evidences for agmatine alterations in Aβ-42 induced memory impairment in mice. Neurosci Lett.
2021, 740, 135447. [CrossRef] [PubMed]

44. Griñán-Ferré, C.; Vasilopoulou, F.; Abás, S.; Rodríguez-Arévalo, S.; Bagán, A. Behavioral and Cognitive Improvement Induced by
Novel Imidazoline I2 Receptor Ligands in Female SAMP8 Mice. Neurotherapeutics 2019, 16, 416–431. [CrossRef]

http://doi.org/10.1016/S0197-4580(01)00276-7
http://doi.org/10.1159/000330247
http://www.ncbi.nlm.nih.gov/pubmed/22248728
http://doi.org/10.1159/000334916
http://www.ncbi.nlm.nih.gov/pubmed/22301467
http://doi.org/10.1124/pr.118.016311
http://doi.org/10.1111/j.1749-6632.1999.tb09389.x
http://doi.org/10.1016/0304-3940(93)90925-B
http://doi.org/10.1038/s41380-021-01193-z
http://www.ncbi.nlm.nih.gov/pubmed/34267329
http://doi.org/10.1002/jnr.490340611
http://www.ncbi.nlm.nih.gov/pubmed/8315666
http://doi.org/10.1016/0006-2952(93)90308-J
http://doi.org/10.1016/S0021-9258(18)52415-7
http://doi.org/10.1111/j.1476-5381.1994.tb14842.x
http://doi.org/10.1111/bph.12728
http://www.ncbi.nlm.nih.gov/pubmed/24758515
http://doi.org/10.1111/j.1749-6632.1999.tb09344.x
http://www.ncbi.nlm.nih.gov/pubmed/10415900
http://www.ncbi.nlm.nih.gov/pubmed/21647215
http://doi.org/10.1016/j.ejps.2014.12.014
http://www.ncbi.nlm.nih.gov/pubmed/25542610
http://doi.org/10.1111/bph.14845
http://doi.org/10.1016/j.joca.2019.09.002
http://doi.org/10.1111/bph.15312
http://doi.org/10.1021/acs.jmedchem.9b02080
http://doi.org/10.1111/bph.15478
http://doi.org/10.1111/bph.15049
http://doi.org/10.1016/0014-2999(95)00214-6
http://doi.org/10.1179/1743132814Y.0000000434
http://www.ncbi.nlm.nih.gov/pubmed/25082552
http://doi.org/10.1016/j.neulet.2020.135447
http://www.ncbi.nlm.nih.gov/pubmed/33127446
http://doi.org/10.1007/s13311-018-00681-5


Int. J. Mol. Sci. 2022, 23, 7320 17 of 17

45. Tundo, G.R.; Sbardella, D.; Ciaccio, C.; Grasso, G.; Gioia, M.; Coletta, A.; Polticelli, F. Multiple functions of insulin-degrading
enzyme: A metabolic crosslight? Crit. Rev. Biochem. Mol. Biol. 2017, 52, 554–582. [CrossRef]

46. Vasilopoulou, F.; Bagan, A.; Rodriguez-Arevalo, S.; Escolano, C.; Griñán-Ferré, C.; Pallàs, M. Amelioration of BPSD-Like
Phenotype and Cognitive Decline in SAMP8 Mice Model Accompanied by Molecular Changes after Treatment with I 2-Imidazoline
Receptor Ligand MCR5. Pharmaceutics 2020, 12, 475. [CrossRef]

47. Vasilopoulou, F.; Escolano, C.; Pallàs, M.; Griñán-Ferré, C. Microarray Analysis Revealed Inflammatory Transcriptomic Changes
after LSL60101 Treatment in 5xFAD Mice Model. Genes 2021, 12, 1315. [CrossRef]

48. Katsouri, L.; Birch, A.M.; Renziehausen, A.W.J.; Zach, C.; Aman, Y.; Steeds, H.; Bonsu, A.; Palmer, E.O.C.; Mirzaei, N.; Ries, M.;
et al. Ablation of reactive astrocytes exacerbates disease pathology in a model of Alzheimer’s disease. Glia 2020, 68, 1017–1030.
[CrossRef]

49. Davis, N.; Mota, B.C.; Stead, L.; Palmer, E.O.C.; Lombardero, L.; Rodríguez-Puertas, R.; de Paola, V.; Barnes, S.J.; Sastre, M.
Pharmacological ablation of astrocytes reduces A degradation and synaptic connectivity in an ex vivo model of Alzheimer’s
disease. J. Neuroinf. 2021, 18, 73. [CrossRef]

50. Long, J.M.; Holtzman, D.M. Alzheimer Disease: An Update on Pathobiology and Treatment Strategies. Cell 2019, 179, 312–339.
[CrossRef]

51. Bousquet, P.; Greney, H.; Bruban, V.; Schann, S.; Ehrhardt, J.D.; Monassier, L.; Feldman, J. 11-imidazoline receptors involved in
cardiovascular regulation: Where are we and where are we going? Ann. N. Y. Acad. Sci. 2003, 1009, 228–233. [CrossRef] [PubMed]

52. Han, Z.; Cheng, Z.H.; Liu, S.; Yang, J.L.; Xiao, M.J.; Zheng, R.Y.; Hou, S.T. Neurovascular protection conferred by 2-BFI treatment
during rat cerebral ischemia. Biochem. Biophys. Res. Com. 2012, 424, 544–548. [CrossRef] [PubMed]

53. Regunathan, S.; Youngson, C.; Wang, H.; Reis, D.J. Imidazoline receptors in vascular smooth muscle and endothelial cells. Ann.
N. Y. Acad. Sci. 1995, 763, 580–590. [CrossRef]

54. Oakley, H.; Cole, S.L.; Logan, S.; Maus, E.; Shao, P.; Craft, J. Intraneuronal beta-amyloid aggregates, neurodegeneration, and
neuron loss in transgenic mice with five familial Alzheimer’s disease mutations: Potential factors in amyloid plaque formation. J.
Neurosci. 2006, 26, 10129–10140. [CrossRef]

55. Meregalli, C.; Ceresa, C.; Canta, A.; Carozzi, V.A.; Chiorazzi, A.; Sala, B.; Oggioni, N.; Lanza, M.; Letari, O.; Ferrari, F.; et al.
CR4056, a new analgesic I2 ligand, is highly effective against bortezomib-induced painful neuropathy in rats. J. Pain. Res. 2012, 5,
151–167. [PubMed]

http://doi.org/10.1080/10409238.2017.1337707
http://doi.org/10.3390/pharmaceutics12050475
http://doi.org/10.3390/genes12091315
http://doi.org/10.1002/glia.23759
http://doi.org/10.1186/s12974-021-02117-y
http://doi.org/10.1016/j.cell.2019.09.001
http://doi.org/10.1196/annals.1304.028
http://www.ncbi.nlm.nih.gov/pubmed/15028592
http://doi.org/10.1016/j.bbrc.2012.06.152
http://www.ncbi.nlm.nih.gov/pubmed/22771326
http://doi.org/10.1111/j.1749-6632.1995.tb32453.x
http://doi.org/10.1523/JNEUROSCI.1202-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/22792002

	Introduction 
	Results 
	CR4056 Reverses Memory Deficits in the 5xFAD Model of AD 
	Sub-Chronic Administration of CR4056 Does Not Affect A Deposition 
	Effect of CR4056 on Astrocyte Density 
	Anti-Inflammatory Effect of CR4056 in 5xFAD Mice 
	CR4056 Reverses BBB Leakage in 5xFAD Mice 

	Discussion 
	Materials and Methods 
	Materials and Antibodies 
	Animals and Treatment 
	Open Field (OF) 
	Object-Location Test (OLT) 
	Novel Object-Recognition Test (NOR) 
	Western Blotting 
	Immunohistochemistry 
	Thioflavin-S Staining 
	ELISA 
	Analysis of Images 
	Statistics 

	References

