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Abstract

Background and Purpose: Activation of type-2 Imidazoline receptors has been shown to exhibit 

neuroprotective properties including anti-apoptotic and anti-inflammatory effects, suggesting a 

potential therapeutic value in Alzheimer’s disease (AD).  Here, we explored the effects of the 

Imidazoline-2 ligand BU224 in a model of amyloidosis.

Experimental approach: 6-month-old female transgenic 5XFAD and wild-type (WT) mice were treated 

intraperitoneally with 5 mg.kg-1 BU224 or vehicle twice a day for 10 days. Hippocampal and amygdala-

dependent memory functions were assessed as well as neuropathological changes were investigated in 

these animals. Effects of BU224 on APP processing and neuronal function were analysed in brain 

organotypic cultures from mice and in N2a cells.

Key Results: BU224 treatment attenuated spatial and perirhinal cortex-dependent recognition memory 

deficits in 5XFAD mice. Fear conditioning testing revealed that BU224 also improved both associative 

learning and hippocampal- and amygdala-dependent memory functions in transgenic but not in WT 

mice. In the brain, BU224 reduced levels of the microglial marker Iba1 and pro-inflammatory cytokines 

IL-1β and TNFα, and increased the expression of astrocytic marker GFAP in 5XFAD mice. These 

beneficial effects were not associated with changes in amyloid pathology, neuronal apoptosis, 

mitochondrial density, oxidative stress or autophagy levels. Interestingly, ex vivo and in vitro studies 

suggested that BU224 treatment increased the size of dendritic spines and induced a 3-fold reduction in 

Aβ-induced functional changes in NMDA receptors.

Conclusions and implications: Our data indicate that sub-chronic treatment with BU224 improves 

memory and reduces inflammation in transgenic AD mice, at stages when animals display severe 

pathology. 

Keywords: Alzheimer’s disease, imidazoline receptors, astrocytes, NMDA, inflammation.

Abbreviations: AD, Alzheimer’s disease; Aβ, amyloid-β; APP, amyloid precursor protein; CS, 

conditioned stimulus; CTF, C-terminal fragment; GFAP, glial fibrillary acidic protein; GS, glutamine 

synthase; I2Rs, I2 imidazoline receptors; Iba1, ionized calcium binding adaptor molecule 1; IDE, 

insulin degrading enzyme; N2asw, N2a cells transfected with APP carrying the Swedish mutation; 

NOR, novel object recognition; OF, open-field test; OLT, object-location test; PSD-95, postsynaptic 

density protein 95; US, unconditioned stimulus; WT, Wild-type.
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Introduction

Pharmacological studies in the early 1990s identified clonidine, idazoxan, and related compounds as 

ligands for a novel class of receptors distinct from the α2-adrenoceptors, which were termed imidazoline 

receptors (see review by Bousquet et al, 2020). There are three known pharmacological subtypes, I1, I2 

and I3 (Vauquelin et al.,1999; Chan et al., 1994). The I1 subtype was identified by its high affinity for 

drugs such as clonidine and was shown to regulate blood pressure (Bousquet et al., 2003). I2 imidazoline 

receptors (I2Rs) were recognized by specific drugs, including idazoxan and are expressed mainly on 

the outer membrane of mitochondria in astrocytes (Tesson et al., 1991; Regunathan et al, 1993a, b).  

I3R, an atypical imidazoline subtype, was associated with the KATP-channel, and is involved in insulin 

secretion (Chan, 1994). 

I2Rs are abundantly expressed in the brain and have been implicated in several psychiatric conditions 

including depression, opioid addiction as well as the regulation of pain (Lanza at el., 2014; Garcia-

Sevilla et al., 1996; Sastre et al., 1996; Sastre & Garcia-Sevilla, 1997). Increases in the density of I2Rs 

using radioligand binding assays have been observed during aging and in Alzheimer’s disease (AD) 

brains (Ruiz et al., 1993; Sastre and Garcia-Sevilla, 1993; Garcia-Sevilla et al., 1998). In addition, we 

have recently reported increased density of imidazoline receptors in the brain of early Parkinson’s 

disease patients and a reduction at advanced stages, using the newly synthesized PET ligand 11C-

BU99008 as a possible tracer for astrocytes (Wilson et al, 2019). 

An endogenous ligand for IRs was identified in the 90’s as the polyamine agmatine, although 

subsequent reports pointed to its higher affinity for I1Rs (Li et al., 1994). Since then, a range of 

imidazoline ligands with high specificity for I2Rs, and with low or no α2-AR activity, have been 

synthesized (Anastassiadou et al., 2001; Bousquet et al., 2003). Some of these ligands, including the 

high affinity and highly specific I2R ligands 2- BFI (Ki = 9.8nM) and BU224 (Ki = 2.1nM) (Hudson et 

al., 1994) have been shown to readily cross the blood brain barrier (Alemany, Olmos & García-Sevilla 

, 1997; Finn et al., 2003). Interestingly, chronic treatment with I2-drugs has long been established to 

increase Glial fibrillary acidic protein (GFAP) expression in astrocytes both in vivo and in vitro 

(Regunathan et al., 1993b; Olmos et al., 1994; Alemany et al., 1995). Moreover, both neuroprotective 

and anti-inflammatory actions of imidazoline agents have been reported (Regunathan et al., 1999). 

Treatment with imidazoline drugs has been shown to inhibit NMDA-mediated glutamate toxicity in 

vitro (Olmos et al., 1996, 1999; Jiang et al., 2010) and following cerebral ischemia in vivo (Han et al., 

2013). Drugs targeting the I2Rs have also been found to inhibit inducible nitric oxide synthase (iNOS) 

activity and thereby reduce levels of NO-mediated neurotoxicity (Regunathanet al., 1999). In addition, 

administration of BU224, has been demonstrated to down-regulate pro-apoptotic factors in the cerebral 
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cortex of treated rats, and as such, may mediate neuroprotective actions by inhibition of key components 

of canonical apoptotic signalling in the brain (Garau et al., 2013).  

A cumulative body of evidence supports that targeting of I2Rs may serve as a potential avenue for 

therapeutic intervention in AD. For instance, it was reported that I2 imidazoline drugs inhibit Aβ-

induced neuronal toxicity by reducing Erk1/2 activation (Montolio et al., 2012). In addition, chronic 

treatment with agmatine, an endogenous imidazoline receptor ligand, significantly alleviated cognitive 

deficits induced in diabetic rats (Bhutada et al., 2012). The exact mechanisms by which I2 ligands may 

exert their neuroprotective effects are not fully understood and require further investigation. Based on 

evidence pointing to anti-inflammatory and anti-apoptotic properties of imidazoline receptors, we 

hypothesized that I2R ligands, may exert beneficial effects in AD. Therefore, in this study we performed 

sub-chronic treatment with the highly specific I2-ligand BU224 in the 5XFAD mouse model of 

amyloidosis, in order to investigate its potential to ameliorate or reverse some of the pathological and 

behavioural deficits associated with high levels of amyloidosis.

Methods

Materials and antibodies

The antibodies used for detection of proteins of interest were:  6E10 (against Aβ1-16) and 4G8 (against 

Aβ17-24) from Covance; MOAB-2 clone 6C3 against Aβ (Millipore); R1(57) against the carboxy- 

terminus of APP from Dr P. Mehta (NYS Institute for Basic Research in Developmental Disabilities); 

anti-BACE1  from Cell Signaling; anti-apolipoprotein E (ApoE) and anti-neprilysin CD10 from Santa 

Cruz; anti-Iba1 from Wako; rat anti-glial fibrillary acidic protein (GFAP) (clone 2.2B10) from 

Invitrogen or from DAKO; anti-insulin degrading enzyme (IDE), anti-LC3, glutamine synthase (GS), 

anti-PSD-95 and anti-β-actin from Abcam; anti-neuronal nuclei (NeuN) and anti-synaptophysin from 

Millipore, UK; and COX-4 from Dr. Kambiz Alavian,. Anti-FAS antibody and the imidazoline receptor 

antibody (anti-IRBP; from Donald Reis laboratory) were a gift from Prof. Jesus A. Garcia-Sevilla 

(University of the Balearic Islands). Tissue culture reagents were purchased from Invitrogen, and all 

other reagents were purchased from Sigma, UK, unless stated otherwise.

Cell lines and treatments

Mouse neuroblastoma N2a cells stably transfected with APP695 containing the Swedish mutation 

(K595N and M596L), so-called N2asw, were obtained from Gopal Thinakaran (University of Chicago, 

Chicago, IL, USA). Cells were cultured in Dulbecco-modified Eagle medium with 5% fetal bovine 

serum, 100-unit/mL penicillin, 100-mg/mL streptomycin sulfate, and 0.2-mg/mL G418 at 37°C in a 5% 

CO2 atmosphere. Cells were incubated (24h after seeding) with 10, 50 and 100μM BU224 diluted in 

DMSO or vehicle (DMSO) in OptiMEM for 24h or 48h. Conditioned media was collected for Aβ and 
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APPs measurements. At least 3 replicate samples were run for each treatment, and each experiment was 

reproduced at least 3 times.

Primary astrocytic cultures 

Astrocyte cultures were obtained from 1-day old Sprague-Dawley rat cortices. Briefly, rats were 

decapitated, brain isolated and the meninges removed. Brain cortices were rapidly separated, minced 

and incubated with calcium-free Krebs-Ringer buffer containing 0.025% trypsin. The cells were filtered 

through a 40 µm nylon mesh, mechanically separated and centrifuged at 500g. The cells obtained were 

then resuspended in Dulbecco's Modified Eagle’s medium (DMEM, Thermo Fisher Scientific), seeded 

in 24-well plates and maintained in a humidified atmosphere at 37ºC and 5% CO2. The medium was 

changed two hours after seeding and at 7 days in vitro. After medium change at 7 days in vitro cells 

were treated with 1μM, 3μM and 10μM BU224 (in DMSO) for 48 hours. DMSO was used as a negative 

control. 

For immunocytochemistry, cells were fixed in 4% paraformaldehyde (Electron Microscopy Science, 

15714) for 15 minutes, blocked with 5% normal goat serum (NGS) for 30 minutes and incubated 

overnight with the primary antibody against the glial fibrillary acidic protein (GFAP, Dako Z0334, 

1:1000). After washing the cells with phosphate-buffered saline (PBS), the cells were incubated with 

the fluorescence-labelled secondary antibody (Thermo Fisher Scientific A-21429, 1:1000) and the blue-

fluorescent DNA stain 4',6-diamidino-2-phenylindole, dihydrochloride (DAPI, Thermo Fisher 

Scientific D1306, 1:20000), and mounted. Images were acquired using a fluorescence microscope 

Nikon Eclipse TE2000-E coupled to a CCD EG-ORCA camera (Hamamatsu Photonics) and the 

Metamorph software (Universal Imaging). The number of cells stained with GFAP was counted using 

the Image J software and cell counter plugin.

Animals

6-month-old female 5XFAD mice (Jackson Lab) (n= 34) and wild type (WT) matched controls 

(C57Bl6) (n=34 animals) were used for the experiments. Females were used as this sex is particularly 

affected in Alzheimer’s disease. 5XFAD transgenic mice overexpress the human APP gene (APP695) 

with Swedish (K670N/ M671L), Florida (I716V) and London FAD mutations (V717I), as well as 

human Presenilin1 (PS1) with M146L and L286V FAD mutations (Oakley et al., 2006). They develop 

intraneuronal Aβ42 as early as 1.5 months, plaques and gliosis at 2 months, cognitive deficits detectable 

at 4-5 months and neuronal loss starting at 6 months of age ( Oakley et al., 2006, and own observations). 

Therefore, this age was chosen to investigate treatment in animals with severe neuropathology and 

cognitive deficits. Thy-1-GFP transgenic 7-day-old pups, expressing membrane-bound GFP, were used 

for organotypic cultures (De Paola V, Arber S, Caroni P (2003). All animals were kept in individually 

ventilated cages in a 12/12h light/dark cycle with controlled temperature and humidity and food and 
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water ad libitum. The experiments were designed and approved in compliance with the UK Home 

Office. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; 

McGrath and Lilley, 2015). 

Before any experimental procedures, animals were allowed to acclimatize for a week. 5 mg.kg-1 of 

BU224 (Tocris Bioscience, #0725, dissolved in saline) or saline (vehicle control) was administered via 

intraperitoneal (i.p.) injections to 6-month-old female 5XFAD and background control WT mice twice 

a day at approximately 12h intervals for 10 days. Animals were randomised for treatment and operator 

and data analyses were blinded. To minimise potential confounders, animals with different treatments 

were mixed in the same cage. This dose and route of administration of BU224 has previously been 

shown to have significant brain effects (Finn et al, 2002, 2003). The mice were weighed daily and no 

adverse side-effects on their weights or general wellbeing were observed. Animals were transcardially 

perfused with ice-cold 1X PBS under terminal anaesthesia. Brain tissue was rapidly extracted, and the 

left hemisphere was fixed with 4% PFA at 4°C and the right one was dissected and kept at -80°C for 

protein and mRNA extraction. Therefore, the brains of the mice used for behavioural analysis were 

analysed pathologically and the molecular analyses were carried out blindly.

Organotypic cultures

Organotypic brain slices were prepared from postnatal day (P)7 from WT, Thy-1-GFP and double 

transgenic Thy-1-GFP/5XFAD mice. Brains were sectioned in 300 µm coronal slices using a vibratome 

(Leica VT1200 S); sections were then mounted on semi-porous membrane filters (Millipore). Brain 

slices were maintained in culture for two weeks in nutrient media (Neurobasal-A medium (Invitrogen), 

20% Normal Horse Serum, 20% HBSS, 0.5% glutamine, 0.5% vitamin B27 supplement and 1% 

antibiotics), and incubated at 37°C, 95%HR, 5%CO2.  The nutrient medium was replaced every 2 days 

for 2 weeks. For the dendritic spine count experiment, slices were treated with or without 10µM BU224 

dissolved in nutrient media for 24h.

Calcium imaging

N2a cells were seeded on Poly-L-lysine (Sigma-Alderic, US) coated coverslips and treated with 2μM 

oligomeric Aβ and/or 5μM BU224 overnight, before being loaded with Fura-2 acetomxymethyl ester 

(2µM; Molecular Probes, US) and 2mM probenecid (Molecular Probes, US) for 30min at 37°C in 

Hank’s buffered saline solution (HBSS) (122mM NaCl, 3.3mM KCl, 1.3mM CaCl2, 0.4mM MgSO4, 

25mM HEPES, 10mM glucose; pH 7.4). In a perfusion chamber (Warner Instrument Corporation, US) 

the cells were superfused during the experiment. After establishment of baseline activity, 50μM NMDA 

(Tocris, UK) dissolved in HBSS was supplied to the cells. Images of Fura-2 loaded cells with the 

excitation wavelength alternating between 355 and 380nM were captured with a Peltier element-cooled 

slow scan charge-coupled camera (optiMOS, QImaging, Canada) connected to a PC which ran the 
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WinFluor software package (Dr Dempster, Strathclyde University, UK). The ratio of fluorescence 

intensity at the two wavelengths as a function of time (rate 0.5 Hz) was calculated automatically 

(R = F355/F380) by the WinFlour software package. Data were further analysed by the pClamp 10 

software package (Molecular Devices, USA). 

Open field (OF)

Mice were allowed to freely explore a 45 by 45cm arena for 5 min, and thigmotaxis, velocity, and total 

distance moved were assessed using Ethovision XT software (Noldus).

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 10min in a 

circular arena (45cm diameter) with intra-maze cues (distinguishable patterns and drawings on the 

vertical walls of the arena) and were subsequently returned to their cages. 24h 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 10min (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.

Novel object recognition (NOR) test

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 10min in a maze similar to that described in the OLT section (see previous section). Mice were 

then returned to their cages and 24h 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 10min (testing trial). The percent of total object exploration was calculated as 

previously described in the OLT section.

Fear-conditioning test

The well-established trace fear-conditioning paradigm with a conditioned stimulus (CS) paired with a 

delayed unconditioned stimulus (US) was used to assess both hippocampal- and amygdala-dependent 

memory (Curzon et al.,2009; Katsouri et al., 2013).

During the training phase, mice were allowed an acclimatization period of 120 seconds followed by the 

sequential presentation of the CS [tone, 40 seconds at 75 decibels (Db) and 2.0kHz], a 20 second inter-

training interval (trace) and a subsequent US (shock, 2 seconds at 0.5mA). In total 4 pairs of stimuli, 
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with a pseudorandom interval of 35-40 seconds between each pair, were presented to each mouse. The 

conditioning chamber was situated in a sound-proof box. Freezing was defined as the absence of visible 

movement, above the noise threshold caused by respiration. The behaviour of the mice was recorded 

and freezing behaviour (defined as complete lack of movement, except for respiration) was scored for 

2 seconds in every 5 seconds.

24h after training, the mice were subjected to the contextual (hippocampal-dependent) and conditional 

(amygdala- and hippocampal-dependent) response tests. During the contextual response test, mice were 

placed in the training chamber and neither stimuli were presented. The cued/conditional response test 

was conducted in a novel chamber with different visual cues and cleaned with a lemon-scented solution. 

The animals were allowed to acclimatize for 120 seconds before the CS (tone, 40 seconds at 75Db and 

2.0kHz) was presented.

The conditional response was assessed during the tone (amygdala and hippocampal-dependent). The 

behaviour of the mice was recorded, and freezing behaviour was analysed as described for the training 

phase.

Western blotting

Cell lysates and brain homogenates were extracted with radioimmunoprecipitation assay (RIPA) buffer 

(1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 150 mM NaCl, and 

50 mM Tris-HCl, pH 7.2) supplemented with Roche Complete protease inhibitor cocktail. Equal 

amounts of protein (20-100mg) samples were separated in SDS-polyacrylamide gel electrophoresis 

(PAGE) gels, transferred to PVDF membranes, followed by immunoblotting with primary antibodies, 

and detected with horseradish peroxidase-conjugated secondary antibody in 5% non-fat dried milk in 

Tris-buffered saline with 0.05% Tween-20. For determination of Aβ and β-CTFs by Western blotting, 

samples were run using 4-12% NuPAGE gels (Invitrogen), transferred to nitrocellulose membranes and 

blotted with the 6E10 antibody. Membranes were developed using ECL reagents (GE Amersham, UK) 

and using Hyperfilm ECL audioradiography film in an automated developer (Konica, SRX 101A). The 

intensity of the bands was quantified by densitometry using Image J software (National Institutes of 

Health) and normalized to β-Actin.

Enzyme-linked immunosorbent assays (ELISA)

Brain homogenates from frontal cortex were analysed for Aβ and pro-inflammatory cytokines by 

ELISAs. The Aβ1-42 and Aβ1-40 concentrations were quantified using High Sensitivity Human 

Amyloid β42 and Amyloid β40 ELISA kits from Millipore (Merck). For inflammatory cytokines IL-1β 

and TNFα, the ELISA development kits (Peprotech) were used according to the manufacturer’s 

instructions.
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Immunohistochemistry

Brain serial sagittal sections (30 µm) were collected with a vibratome (Leica VT-1000S) and kept in 

Tris-buffered saline (TBS) pH 8.0 supplemented with 0.05% sodium azide. Briefly, sections were 

treated for 20 min with 0.6% H2O2 in TBS, permeabilised in TBSTriton X-100 0.25% (TBS-Tx) for 30 

min and blocked for 1 h with 10% fetal bovine serum (FBS) in TBS-Tx 0.1%. For Aβ staining, an 

additional step of antigen retrieval was performed before permeabilization with 98% formic acid for 5 

min. All the antibodies were incubated overnight at 4°C (anti-Aβ MOAB-2, 1:1000; anti-NeuN, 1:500; 

anti-GFAP, anti-GS, anti-Iba-1 1:500) in 2% FBS in TBS-Tx 0.02%. The following day, the sections 

were incubated with the appropriate secondary antibodies (1:200; Vector), followed by enhancement 

with avidin-biotin complex (ABC; Vector). The staining was visualized using diaminobenzidine (DAB; 

Sigma). Images were acquired with a Leica DM2500 microscope connected to a camera (Q-Imaging 

Micropublisher 3.3 RTV) using the Q-capture Pro software.

Immunofluorescence

For fluorescence staining, the sections were permeabilized for 30 minutes with TBS-Tx 0.25%, and 

nonspecific binding was blocked with 10% FBS/1% bovine serum albumin/TBSTx 0.1%. The sections 

were incubated overnight with the primary antibodies (anti-synaptophysin, 1:500) in 1% FBS/0.1% 

bovine serum albumin/TBS-Tx 0.01%. After this, sections were incubated with the appropriate 

fluorescent secondary antibodies (1:400 Alexa Fluor; Invitrogen). For Thioflavin-S staining, sections 

were incubated with 1% thioflavin-S, differentiated twice with 70% ethanol, and mounted on slides 

with Prolong Gold antifade (Invitrogen). Imaging was performed with a Leica SP5 Confocal 

microscope using LASAF software.

Detection of DNA/RNA Oxidative Damage (oh8G/oh8dG) by Immunofluorescence

For oh8G/oh8dG staining (QED bioscience), free-floating sections were used. Sections were incubated 

for 15 min with Citrate Buffer (10mM Citric Acid, 0.05% Tween 20, pH 6.0) for antigen retrieval, 

permeabilized for 30 minutes with PBS-Tx 1%, and blocked for non-specific binding with 10% 

NGS/1% bovine serum albumin/PBS-Tx 0.1%. After this, sections were incubated overnight with the 

primary antibodies anti-oh8G/oh8dG (1:200) in 1% NGS/0.1% bovine serum albumin/PBS-Tx 0.01%. 

Then, sections were incubated with the appropriate fluorescent secondary antibody (1:500 Alexa Fluor; 

Invitrogen). Imaging was performed with a Widefield WF1 Zeiss Cell Observer Live Cell Imaging 

System using Zen acquisition software.

Quantification of immunohistochemistry

GFAP, GS, Iba-1, synaptophysin, oh8G/oh8dG and Aβ staining was quantified using ImageJ software 

as previously described. Briefly, the images were converted to 16-bit grayscale images, thresholded 
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within a linear range, and the percentage of the area covered by Aβ staining was calculated in the cortex 

and hippocampus (6-8 sections per animal). Synaptophysin staining was quantified using the same 

parameters and software (4-6 sections per animal). 

Neuronal cell counts

The NeuN-positive cells were quantified in cortex and hippocampus in 6 independent sections (240mm 

apart) for each animal using the Image Pro-Plus software (Media Cybernetics). Because of the high 

density of neurons in the DG, the average thickness of the granule layer was quantified as the area 

covered by NeuN-positive cells using Image J (National Institutes of Health) (Katsouri et al, 2015).

Quantification of dendritic spines

Spine size was calculated as integrated brightness, using a custom written Matlab code, as described 

previously (Barnes et al, 2017). Briefly, spine intensity was background subtracted and normalized by 

the intensity of the adjacent dendrite to account for differences in image intensity between acquired z-

stacks. Only spines visible in the x-y plane were measured. The density of spines was calculated by 

manually counting spines along 3-dimensional dendritic path-lengths.

RNA extraction and reverse transcription quantitative PCR

Total RNA was extracted using the TRIzol® reagent (Ambion, Life technologies) according to the 

manufacturer’s protocol. Brain areas were homogenized in Precellys tubes using a MiniLys 

homogenizer (Bertin Technologies). 

Polymerase chain reaction Real-time cycling was carried out with the Quantifast SYBR green (Qiagen) 

and Quantitect Primer assays (Qiagen) for mouse TNFα (Primers: 5’-

AGGGATGAGAAGTTCCCAAATG-3’ and 5’-CACTTGGTGGTTTGCTACGAC-3’), IL1β (5’-

CAACCAACAAGTGATATTCTCCATG-3’ and 5’-GATCCACACTCTCCAGCTGCA-3’), and 

GAPDH (5’-ACCACAGTCCATGCCATCAC-3’ and 5’- TCCACCACCCTGTTGCTGTA-3’). A 2-

step method with an initial reverse transcription and subsequent real-time cycling on a Stratagene 

Mx3000p block cycler was performed, as reported previously (Katsouri et al., 2013). 

Plates were run using the Stratagene Mx3000P qPCR system and processed using MxPro qPCR 

software (Agilent).

Statistical analysis

We calculated the number of animals and group sizes to be used via InVivoStat, an R-based statistical 

package (Clark et al., 2012) and also based on our previous experience (Katsouri et al., 2013, 2015, 

2020). All data were tested for normal distribution and equal variance. Grubbs’ test was used to detect 

outliers. Unless otherwise stated, data was either expressed as percentage of change from control mean 
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at 100% ± standard error of the mean (SEM) or as a ratio of a corresponding or precursor protein at 1.0. 

All data are expressed as means ± SEM (error bars). Depending on the data sets, statistical analyses 

were performed using unpaired Student’s t-tests, one-way ANOVAs with Bonferroni’s corrections or 

two-way ANOVAs with Tukey’s or Bonferroni’s corrections with or without repeated measures using 

GraphPad Prism version 7.0 software. 

Results

Sub-chronic BU224 treatment improves behavioural performance and memory function in 5XFAD 

mice

In order to evaluate the efficacy of BU224 treatment in animals with severe neuropathology and 

cognitive deficits, we treated 5XFAD mice at 6 month of age. 10-11 female 5XFAD mice were treated 

with either 5 mg.kg-1 BU224 or saline (vehicle) twice a day for a period of 10 days (Fig. 1a). At this 

age, 5XFAD mice present severe amyloid deposition, gliosis, neuronal loss and memory impairments 

(Oakley et al., 2006 and own observations in our lab). We carried out the behavioural tests in all groups 

of animals before and after BU224 treatment (Fig. 1 and Supplementary Fig. 1), except for fear 

conditioning that was performed only after the treatment. Thigmotaxis (proximity to walls), reflecting 

anxiety, was also evaluated in the open field task and was not significantly affected by the treatment or 

genotype (Fig. 1b).

Hippocampal-dependent spatial memory and perirhinal cortex-dependent recognition memory were 

assessed using the object location test (OLT) (Fig. 1c, 1d) and novel object recognition (NOR) task 

(Fig. 1e-1f), respectively. During training, there were no differences between patterns of object 

exploration between the mouse groups (OLT: Fig. 1c; NOR: Fig. 1e). As expected, during testing 6 

month-old 5XFAD mice exhibited memory deficits compared with age-matched WT mice on the OLT 

task (Fig. 1d). Interestingly,  BU224-treated 5XFAD mice showed a significant increase exploration 

time for the displaced object compared with the non-displaced object (A) (Fig. 1d), suggesting a reversal 

of cognitive deficits. 

The NOR test revealed a significant recovery of memory in BU224-treated 5XFAD mice on testing 

day, as the novel object was explored for a longer duration (Fig. 1f). 

In addition, associative learning and fear-response functions were assessed by the fear conditioning test 

in the same mice (Fig. 1g-i). BU224-treated mice exhibited greater associative learning ability during 

the training phase, in which both the cue (tone, ‘T’) and delayed stimulus (shock, ‘S’) were presented 

in sequential pairs (Fig. 1g). By the fourth presentation of cue and stimulus, BU224-treated mice 

showed significantly increased immobility (54 % increased freezing), which also persisted throughout 

the rest of the test, compared with the vehicle-treated mice. Throughout contextual testing, which 

evaluates hippocampal-dependent memory in the absence of both cue and stimulus, BU224-treated 
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mice exhibited greater immobility (50% on average) compared with 5XFAD mice vehicle-treated 

control when placed in the training chamber (Fig. 1h). 

Furthermore, following the presentation of the cue throughout conditional testing, which assesses 

amygdala and hippocampal-dependent memory, 5XFAD mice treated with BU224 displayed 54% 

greater freezing behaviour, compared with vehicle-treated control mice (Fig. 1i). 

No effects of BU224 treatment were observed in wild-type animals on these tests (Fig. 1; 

Supplementary Fig. 1), suggesting that the effects of this therapy reverse memory deficits secondary to 

the deposition of Aβ in the brain.

Sub-Chronic BU224 treatment does not affect Aβ burden in 5XFAD mice

To determine whether the beneficial cognitive effects of BU224 treatment in 5XFAD mice were due to 

reductions in amyloid pathology, Aβ load and plaque burden were measured in hippocampal and 

cortical brain regions of vehicle- and BU224-treated 6month-old 5XFAD mice by 

immunohistochemistry using a pan-Aβ antibody (MOAB-2, clone 6C3) (Fig. 2a). Aggregated Aβ load 

was assessed by Thioflavin S staining (Fig. 2b). No differences in the levels of amyloid deposition (Fig. 

2c-d) and plaque burden (n=10 per group; Fig. 2e-f) were found in the cortex and hippocampus of 6 

month-old BU224-treated mice compared with the vehicle treated group. These results were confirmed 

by ELISA of the amyloid subtypes Aβ40 and Aβ42 (Fig 2g-l) and by Western blotting (Fig. 2m, 2n). 

In addition, APP processing was not affected by BU224 treatment, as the expression of full-length APP 

and its carboxy-terminus fragments (CTFs) remained unchanged (Supplementary Fig. 2). 

To confirm the lack of effect of BU224 treatment on Aβ levels, we performed in vitro studies in N2asw 

cells incubated with increasing concentration of BU224 for 24h. N2a cells express I2 imidazoline 

receptors (Supplementary Fig. 3h).The levels of sAPPα and secreted Aβ were not changed in media 

from cells treated with BU224 for 24 hours (Supplementary Fig. 3), nor the values of full length APP 

or the CTFs. 

To examine the effect of BU224 on the mechanisms of Aβ degradation, we analysed the expression of 

Aβ degrading enzymes (insulin degrading enzyme and neprilysin), Aβ chaperone ApoE as well as a 

marker for autophagy (LC3), since it was previously suggested that certain imidazoline drugs, including 

clonidine, are able to stimulate autophagy (Williams et al., 2008; Rubinsztein, Codogno & Levine, 

2012). The expression of these markers was not changed in animals treated with BU224 compared with 

the vehicle treated group (Supplementary Fig. 4).

BU224 treatment increases GFAP positive astrocytes 

Chronic treatment with I2Rs ligands has been shown to up-regulate the expression of the astrocytic 

marker GFAP (Olmos et al., 1994). To confirm this, the expression levels of GFAP were evaluated by 
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immunohistochemistry in brain sections of 5XFAD treated sub-chronically with BU224. A significant 

increase in the area covered by GFAP-positive astrocytes was detected in both the cortex and 

hippocampus of BU224-treated 5XFAD mice compared with vehicle-treated control mice (Fig. 3a), 

without significant changes in wild-type mice (Supplementary Fig. 5e-g). Similar results were obtained 

with another marker for astrocytes (Glutamine synthase, GS), with a significant upregulation of GS 

levels in the cortex of BU224-treated 5XFAD mice (Fig. 3b). 

To determine whether BU224 treatment affected the number of astrocytes or only the area covered by 

GFAP, we assessed the effect of BU224 treatment on astrocytic cell number in vitro, using primary rat 

cultures of astrocytes. Our results show that incubation with increasing concentrations of BU224 leads 

to an increase of 40% in the number of astrocytes in vitro, suggesting that this treatment may potentiate 

their proliferation (Fig. 3c).

Anti-inflammatory effect of BU224 in 5XFAD mice

Drugs targeting I2Rs may induce an anti-inflammatory effect (Regunathan et al., 1999). We have 

reported that 5XFAD mice at 6 months of age show microglia activation (Mirzaei et al., 2016), which 

was also observed in this cohort (Supplementary Fig. 5c, 5d). In order to determine the effects of BU224 

treatment on microglial activation, sagittal brain sections from vehicle- and BU224-treated mice were 

immunostained using an antibody against a well-established microglial marker Iba-1. A significant 

decrease in Iba-1 expression was detected in the hippocampus of 5XFAD mice treated with BU224 

compared with vehicle-treated mice (Fig. 4a,), without significant differences in cortex (Fig. 4a).  We 

did not detect changes in wild-type mice treated with BU224 (Supplementary Fig. 5h-j).

Both astrocytes and microglia release a variety of cytokines in response to Aβ. Therefore, since BU224 

treatment affected the density of astrocytes and microglia in 5XFAD mice, we measured the levels of 

pro-inflammatory cytokines TNFα, IL-1β and IL-6, and chemokine MCP-1 by ELISA in brain 

homogenates. Significant reductions in levels of IL-1β were found in both the motor cortex and 

hippocampus of BU224-treated 5XFAD mice in comparison with the control vehicle group (Fig. 4b). 

In addition, a trend of reduction in levels of cortical IL-1β mRNA was detected by RT-qPCR, in line 

with the protein expression for this cytokine (Fig. 4c). Although no difference in levels of TNFα in the 

motor cortex or the hippocampus was observed by ELISA (Fig. 4d-e), we found a significant ~80% 

reduction in TNFα mRNA expression in the frontal cortex of animals treated with BU224 (Fig. 4f). No 

changes in levels of other pro-inflammatory cytokines, such as IL-6 (Fig. 4g, 4h) and chemokine MCP-1 

were found following BU224 treatment (Fig. 4i, 4j). Analysis of IL-1β and TNFα in WT animals did 

not reveal any differences with the treatment (Supplementary Fig. 6a, 6b).

Sub-chronic BU224 administration does not affect neuronal apoptosis in 5XFAD mice
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In order to assess whether sub-chronic BU224 treatment affects neuronal number in 6-month-old 

5XFAD mice, we first compared the expression of the neuronal marker NeuN in the brains of these 

transgenic mice with those of age-matched WT mice by immunohistochemical analysis (Fig. 5a-c). We 

found a significant reduction in the density of NeuN-positive cells (number of neurons per mm2) in 

cortical layer 5 (Fig. 5a), dentate gyrus (Fig. 5b) and subiculum (Fig. 5c) of 6-month-old 5XFAD mice 

compared with WT controls. However, sub-chronic treatment with BU224 in 5XFAD mice did not alter 

the number of neurons in these areas (Fig. 5a-c).

Chronic treatment with several I2 imidazoline drugs has been shown to down-regulate key components 

of the extrinsic and intrinsic apoptotic signalling pathways and upregulate anti-apoptotic factors in the 

rat brain cortex (Garau, Miralles & García-Sevilla, 2013). Therefore, we determined relative expression 

levels of the apoptosis marker Fas-R in the hippocampus of BU224- and vehicle-tread 6-month-old 

5XFAD mice, by Western blotting. Although no differences between aggregated and monomeric Fas-

R forms were observed between treated and untreated 5XFAD mice, there was an increase in levels of 

glycosylated Fas-R in 5XFAD mice relative to WT controls. These results indicate that there is 

increased stimulation of the extrinsic apoptotic pathway in 5XFAD mice compared with WT controls; 

however, BU224 treatment did not affect this receptor in 6-month-old transgenic mice (Fig. 5d).

Because it was reported that I2-IRs are located in mitochondria, we assessed the potential alterations in 

mitochondria by evaluating the expression of mitochondrial marker COX-4 in brain homogenates. We 

found no differences on COX-4 expression in cortex and hippocampus between groups, suggesting that 

BU224 had not major effects on mitochondrial density (fig. 5e). In addition, BU224 treatment did not 

affect measurements of oxidative stress analysed as DNA/RNA Oxidative Damage by staining with 

oh8G/oh8dG in 5XFAD (Supplementary Fig. 6c-e) but were reduced in WT mice (Supplementary Fig. 

6c).

Effects of BU224 treatment on synaptic markers

We then investigated whether the effect of BU224 treatment on memory improvement was due to 

changes in the density of synaptic markers. To this end, relative expression levels of synaptophysin and 

PSD-95 in cortical and hippocampal tissue homogenates from BU224- and vehicle-treated 6-month-old 

5XFAD mice were measured by Western blotting (Fig. 6a). No change in the total expression of these 

two synaptic markers in either brain region was detected in BU224-treated mice compared with vehicle 

controls (Fig. 6a-b). 

Synaptophysin expression in the hippocampus of these mice was also assessed by immunofluorescence 

staining using an antibody against synaptophysin (Fig. 6c) as this method of analysis is suggested as a 

more accurate measure of synaptic density. We found a non-significant trend of increased 

synaptophysin expression in the hippocampus of BU224-treated mice compared with vehicle controls 

(Fig. 6c).
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To further investigate the effect of BU224 on synaptic density, we measured the number and size of 

dendritic spines in organotypic cultures from brains of double transgenic thy-1-GFP/5XFAD pups 

treated with 10µM BU224 or vehicle for 24h. Quantification of spine number revealed a reduction in 

the density of spines in slices of 5XFAD mice compared with wild-type mice, which were not changed 

by treatment with BU224. However, incubation with BU224 did result in an increase in the spine size 

in 5XFAD sections (Fig. 6d).

Effect of BU224 on functional activity of NMDA receptors

Because the treatment with imidazoline drugs was reported to inhibit NMDA-mediated glutamate 

toxicity in vitro (Jiang et al., 2010), we next determined whether BU224 could reduce Aβ-mediated 

toxicity by evaluating functional changes in NMDAR signalling using Ca2+ imaging.

To examine whether N2a cells express NMDARs and to evaluate the optimal conditions for their 

expression, we first conducted a qPCR with different cell culture conditions, which confirmed that 

incubation of cells in serum free media resulted in an increase in NMDAR expression (data not shown). 

Therefore, all experiments involving the N2a cells were conducted under these conditions. Calcium 

imaging experiments revealed that treatment with synthetic Aβ significantly increased the peak 

amplitude of the cells and this effect was reversed by incubation with BU224 (Fig. 6e). 

Discussion

In the past few years, clinical trials involving “disease-modifying” strategies targeting Aβ, such as using 

secretase inhibitors or Aβ-immunotherapy, have failed in the treatment of AD (Karran and Hardy, 

2014). Therefore, other strategies not based on the amyloid hypothesis should be considered in order to 

find a more appropriate treatment for AD, especially at late stages of the disease. In this study, we 

provide evidence in support of the therapeutic effects of I2IR-selective ligand BU224 in a mouse model 

of AD, 5XFAD mice. This model displays a very aggressive phenotype, showing cognitive deficits at 

around 4 months of age and neuronal death already at 6 months of age, according to our observations, 

therefore mimicking severe AD pathology at 6 months of age. We show for the first time that a short, 

sub-chronic treatment with BU224 reverses memory deficits and cognitive impairments in 5XFAD 

mice, producing a similar level of function as WT controls. These results are not a consequence of a 

direct effect of the treatment on amyloid pathology but on factors secondary to amyloid deposition (such 

as inflammation and neurotoxicity), therefore influencing cognition only in transgenic AD animals.

Previous studies have demonstrated the neuroprotective effects of various I2-selective ligands such as 

2-BFI in several disease models of ischaemia and stroke (Han et al., 2010; Han et al., 2012). The 

mechanisms underlying I2R-mediated neuroprotection were linked to the anti-apoptotic properties of  

I2-selective ligands (Choi et al., 2002a; Han et al., 2010, Garau, Miralles & García-Sevilla, 2013) or to 

their ability to block NMDA receptor activity and prevent excitotoxicity (Jiang et al., 2010). However, 
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despite these beneficial effects, the role of specific I2R ligands on neurodegeneration and amyloid 

pathology has not been explored. Interestingly, results from two studies demonstrated that treatment 

with the putative endogenous IR ligand agmatine led to improvements of cognitive dysfunction in rat 

models of diabetes (Bhutada et al., 2012; Kang et al, 2017), although this drug has higher affinity for 

the I1R subtype. Most recently, a study has shown that administration of idazoxan, a mixed α2-

adrenergic antagonist and I2R ligand, in the APP/PS1 and in APP-KI models of AD, resulted in reduced 

Aβ load and mitigated the cognitive impairments. In that study, the authors attributed these beneficial 

effects to the antagonist properties of idazoxan for α2-adrenergic receptors and the downstream 

signalling pathways, involving GSK3 (Zhang et al., 2020). However, it is possible that, at least partially, 

these effects might be mediated through the imidazoline receptor component, since we have previously 

reported that in vitro treatment with the specific α2-adrenergic receptor antagonist RX821002 did not 

show any protective effects, in fact led to increased secretion of Aβ (Katsouri et al., 2013).

Another recent study exploring the effect of chronic treatment with a new family of bicyclic α-

iminophosphonates with affinity for I2Rs, reported improvements in memory deficits in 5XFAD mice 

using the NOR test (Abas et al, 2020). However, they did not investigate markers of neurodegeneration, 

glial activation or amyloid pathology, aside from some reductions in the levels of soluble APP-β 

fragment (Abas et al., 2020). Interestingly, the effects of BU224 treatment on reversing cognitive 

deficits observed in our study were not mediated by changes in amyloid deposition in the AD mouse 

model or in vitro. We did not observe any changes in the processing of APP (including alterations in 

the enzymes cleaving APP) or in the mechanisms of Aβ degradation. In addition, treatment with BU224 

at earlier stages in 5XFAD mice (4 months of age) neither affected amyloid deposition (data not shown). 

We do not rule out the possibility of changes in Aβ pathology with increased dosage and/or duration of 

treatment. However, the improvements in memory at severe stages of amyloid pathology were not 

associated so far with reductions on amyloid deposition, neuronal apoptosis or effects on autophagy. 

There is evidence to support that I2R ligands may mediate their beneficial effects by upregulating the 

density of astrocytes. It was shown that treatment with various I2R drugs induces the expression of 

astrocytic marker GFAP in rats and these effects depended on the length of the treatment (Regunathan, 

Feinstein & Reis, 1993; Olmos et al., 1994; Alemany et al., 1995). In agreement with these studies, we 

found a significant increase in levels of GFAP and GS expression in both cortex and hippocampus of 

5XFAD mice treated with BU224, but not in wild-type mice. Because astrocyte activation is often 

accompanied by a marked upregulation of GFAP as well as cellular hypertrophy (Sofroniew, 2009), the 

increase expression of GFAP could lead to inaccurate interpretations of higher astrocyte numbers or 

misleading visual impression of more densely packed GFAP immunoreactive astrocytes (Sofroniew & 

Vinters, 2010). Future experiments will be necessary to assess the role of BU224 and other I2Rs on 

astrocyte proliferation.
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In recent years, there has been a growing recognition of the significance of astrocytic functions in AD 

pathology. The presence of reactive astrocytes with an increased expression of intermediate filament 

(IF) proteins GFAP and vimentin surrounding amyloid plaques in AD has been well established, 

however the functional consequences of such upregulations are not yet fully understood. Deletion of 

the Gfap gene in transgenic mouse models of AD, such as APPswe/PS1dE9, resulted in reduced 

interaction of astrocytic processes with amyloid plaques and an increased expression of pro-

inflammatory cytokines including Cxcl5, TNFα and IL-1β (Kamphuis et al., 2015). These results are in 

line with a recent publication of our laboratory, showing that ablation of reactive astrocytes results in 

increased amyloid levels in APP23 mice, linked with a defect in the mechanisms of Aβ clearance and 

degradation and an increase in neuronal death in the CA3 area of the hippocampus (Katsouri et al, 

2020). Additionally, astrocytes have other beneficial functions in AD as their phagocytic activity might 

contribute to clear dysfunctional synapses or synaptic debris (Gomez-Arboledas et al., 2018). Indeed, 

our own observations revealed an aggravation of memory impairments in mice lacking proliferating 

astrocytes, associated with decreased expression of synaptic markers and higher levels of pro-

inflammatory cytokines (Katsouri et al., 2020). Altogether, our observations combined with previous 

findings suggest that reactive astrocytosis may have a neuroprotective function in AD.

In our study, sub-chronic BU224 treatment also induced an anti-inflammatory response, by reducing 

the density of Iba-1 positive microglia in hippocampal brain regions. Activated microglia may exert 

potentially detrimental effects by upregulating the expression of pro-inflammatory cytokines, which 

have been shown to negatively impact surrounding brain tissue (reviewed in Heneka et al., 2015). In 

line with this, increased synthesis of pro-inflammatory cytokines, such as IL-1β, IL-6, IL-8, TNFα and 

IFNγ, have previously been detected in the AD brain (Sastre, Klockgether & Heneka, 2006). 

Interestingly, increased cytokine concentrations are also suggested to contribute to reduced microglial 

phagocytic capability, by downregulating the expression of receptors involved in Aβ phagocytosis 

(Hickman, Allison & El-Khoury, 2008). In line with the reductions in microgliosis, significantly lower 

levels of proinflammatory cytokines IL-1β and TNFα were detected in the brain of BU224-treated AD 

mice. As these cytokines have been involved in apoptosis and synaptic loss, their lower levels could be 

one of the many factors mediating the neuroprotective effects of imidazoline drugs.

The neuroprotective effects of idazoxan have been previously demonstrated in a rat model of global 

cerebral ischaemia (Gustafson et al., 1990), and similar beneficial effects were shown in focal ischaemic 

infarct (Maiese et al., 1992). As mentioned previously, one of the proposed mechanisms whereby I2R 

ligands exert neuroprotection is by blockade of NMDA receptor channels. This is supported by in vitro 

studies in cerebellar and striatal neuronal cultures (Milhaud et al., 2000; Olmos et al, 1996, 1999) and 

cultured rat cortical neurons (Han et al., 2013) as well as in vivo investigations in a rodent model of 

stroke (Han et al., 2012). Although the effects of BU224 treatment on the function of NMDA receptors 

in 5XFAD mice were not investigated, our in vitro studies on calcium signalling suggest that BU224 
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may mediate its potential effect rescuing memory deficits caused by Aβ deposition by restoration of 

NMDA function. 

Conclusions

In conclusion, treatment with the I2Rs ligand BU224 could have multiple beneficial effects on AD by 

various underlying mechanisms, and these effects seem to be targeting factors secondary to Aβ 

deposition, since WT animals were not affected by the treatment. Our findings point to a potential and 

previously underexplored therapeutic avenue for patients with severe AD pathology.
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Figure legends

Figure 1. Effects of sub-chronic administration of BU224 on behaviour in 6-month-old 5XFAD 

mice and WT controls. a) Schematic diagram of BU224 treatment regimen. b) Measurement of 

Thigmotaxis by open field test (OF) in 5XFAD (n=10-12 per group) and WT mice (n=7-8 per group). 

c) Quantification of object location test (OLT) training as percentage of time exploration of two 

identical objects A and B post-BU224 treatment (WT, n=7-8 per group; 5XFAD, n=10-11 per group). 

(d) Measurement of OLT during testing, whereby object B was displaced (B*; WT, n=7-8 per group; 

5XFAD, n=10-11 per group; object effect, F(1, 66)=55.18, P<0.0001; treatment and genotype effect, 

F(3, 66)=0.0, P>0.99; interaction, F(3, 66)=5.07, P=0.003). e) Novel object recognition (NOR) training 

did not show differences among groups between exploration time of objects A and B (WT, n=7 per 

group, 5XFAD, n=8 per group). f) NOR testing analysis, among different groups prior and after BU224 

treatment, whereby object B was replaced with a novel object (B*; WT, n=7 per group; 5XFAD, n=8 

per group; object effect, F(1, 52)=96.09, P<0.0001; treatment and genotype effect, F(3, 52)=0.0, 

P>0.99; interaction, F(3, 52)=8.62, P<0.0001). g) Fear conditioning training in 5XFAD mice after 120 

seconds of acclimatization using a series of delayed unconditioned stimulus T (tone, for 40seconds at 

75Db) followed by a 20 second interval and a subsequent conditioned stimulus S (shock, for 2 seconds 

at 0.85mA; n=8-9 per group; time effect, F(8, 120)=32.8,  P<0.0001; treatment effect, F(1, 15)=12.2, 

P=0.003; interaction, F(8, 120)=4.64,  P<0.0001). h) Fear conditioning determination of contextual 

memory after exposure to training chamber and in the absence of both stimuli (n=8-9 per group; time 

effect, F(4, 60)=13.5, P<0.0001; treatment effect, F(1, 15)=12.9, P=0.003; interaction, F(4, 60)=1.51, 

P=0.21). i) Fear conditioning conditional memory after 120 seconds of acclimatization and presentation 

of unconditioned stimulus T (tone, for 40seconds at 75Db; n=8-9 per group; time effect, F(4, 60)=9.97, 

P<0.0001; treatment effect, F(1, 15)=10.9, P=0.005; interaction, F(4, 60)=2.83, P=0.03). Columns 

represent mean ±SEM. Two-way ANOVA with Bonferroni post-hoc analysis (with repeated measures 

for fear-conditioning); *P < 0.05, **P < 0.01., ***P<0.001; ****P<0.0001.

Figure 2. BU224 treatment does not affect Aβ deposition in 5XFAD mice. a) Representative images 

of anti-Aβ (MOAB-2) immunostained sections of 6-month-old 5XFAD mice treated with vehicle or 

BU224, respectively. b) Representative images of Thioflavin-S staining of sections from the same 
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animals. c-d) Quantification of Aβ load by MOAB-2 staining in cortex and hippocampus, respectively 

(n=7 per group). e-f) Quantification of Aβ plaques by Thioflavin-S staining in cortex and hippocampus, 

respectively (n = 10 per group). g-h) Quantification of Aβ40 by ELISA in cortex and hippocampus (n=6-

7 per group). i-j) Quantification of Aβ42 by ELISA in cortex and hippocampus (n=6-7 per group). k-l) 

Quantification of the Aβ42/40 ratio in cortex and hippocampus (n=6-7 per group). m-n) Quantification 

of Aβ load by Western blot in 5XFAD mice (n=9-12 per group). Columns represent mean ±SEM.

Figure 3. BU224 increases astrocytic markers in 5XFAD mice. a) Representative images and 

quantification of GFAP staining in brains sections of 6-month-old 5XFAD mice treated with BU224 or 

vehicle (n=7 per group). b) Representative images and quantification of glutamine synthetase (GS) 

staining in brain sections of 6-month-old 5XFAD mice treated with BU224 or vehicle (n=5-10). c) 

representative images and quantification of number of rat primary astrocytes treated with various 

concentrations of BU224 (n=20-22 images per group; scale bar = 50µm). Columns represent mean 

±SEM. Two-tailed Student’s t test, *P < 0.05, **P < 0.01. 

Figure 4.  Effects of BU224 treatment on neuroinflammatory markers in 6-month-old 5XFAD 

mice. a) Representative images and quantification of Iba-1 staining in brain sections of 6-month-old 

5XFAD mice treated with BU224 (n=6-7 per group). b) BU224 treatment induces a decrease in the 

expression of IL-1β protein levels in hippocampus (n=7 per group) and cortex (n=10-12 per group) of 

5XFAD mice by ELISA and c) in IL-1β mRNA expression (n=4-5 per group). d-e) No changes in TNFα 

expression by ELISA in hippocampus (n=7 per group) and cortex (n=10-12 per group) of 5XFAD mice 

(n=7 per group) but f) reduced mRNA levels (n=4 per group). g-h) BU224 treatment does not alter the 

expression of IL-6 by ELISA in cortex and hippocampus of 5XFAD mice (n=7 per group). i-j) No effect 

of BU224 treatment on MCP-1 expression in cortex and hippocampus (n=7 per group). Columns 

represent mean ±SEM. Two-tailed Student’s t test, *P < 0.05, **P < 0.01.

Figure 5. Sub-chronic treatment with BU224 does not affect neuronal density or apoptosis in 

5XFAD mice. a) Representative images and quantification of NeuN staining in cortical layer 5 (region 

between blue dashed lines), b) dentate gyrus, and c) subiculum of WT (n=5) and 5XFAD mice (n=8), 

and quantification following BU224 treatment (n=6-8 per group).  d) The expression of Fas-R 

aggregates, glycosylated Fas-R or Fas-R monomers show no change in the hippocampus of mice 

following treatment with BU224 in comparison to vehicle control mice (n=3-4 per group). e) Expression 

of CoX-4 as marker of mitochondria is not changed by BU224 treatment (n=3-4 per group).  Columns 

represent mean ±SEM. Two-tailed Student’s t test, *P < 0.05, **P < 0.01 and ***P < 0.001. Scale bars 

= 100µm.

Figure 6.  Effects of BU224 treatment on synaptic markers and calcium signalling. a)  

Representative Western blot of synaptophysin and PSD-95 in motor cortex and hippocampus of 5XFAD 

mice treated with vehicle or BU224; b) Quantification of Western blots for synaptophysin and PSD-95 
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(cortex, n=11 per group; hippocampus, n=3-4 per group). c) Representative images and quantification 

of synaptophysin staining in 5XFAD mice treated with vehicle or BU224 (n=5 per group). Scale bar = 

200µm. d) representative images and quantification of synaptic spine density and length in organotypic 

cultures of 5XFAD and WT mice treated with or without BU224 for 24h. Scale bar = 5µm. e) 

Quantification of calcium imaging from the two recorded channels before and after NMDA application, 

showing the peak amplitude increasing by Aβ incubation and decreasing after BU224 inhibitor 

treatment. Columns represent mean ±SEM. Two-tailed Student’s t test, one-way ANOVA (calcium 

imaging) or two-way ANOVA (spine density and length) with Tukey post-hoc analysis, *P < 0.05, 

***P < 0.001, ****P < 0.0001.

Supplementary Figure 1. Extended data on behaviour of WT and 5XFAD mice before and after 

BU224 treatment. a) Measurement of Thigmotaxis by open field test in 5XFAD and WT mice pre-

treatment (n=8 per group). b) Quantification of object location test (OLT) training as percentage of time 

exploration of two identical objects A and B pre-BU224 treatment (WT, n=5; 5XFAD, n=11). c) OLT 

testing analysis, among different groups prior to BU224 treatment, whereby object B was displaced 

(WT, n=5; 5XFAD, n=11). d)  Fear conditioning training in WT mice after 120 seconds of 

acclimatization using a series of delayed unconditioned stimulus T (tone, for 40seconds at 75Db) 

followed by a 20 second interval and a subsequent conditioned stimulus S (shock; for 2 seconds at 

0.85mA; n=6 per group; time, F(8, 80)=28.5, P<0.0001; treatment, F(1, 10)=0.01, P=0.92; interaction, 

F(8, 80)=0.19, P=0.99). e) Fear conditioning determination of contextual memory in WT mice after 

exposure to training chamber and in the absence of both stimuli (n=6 per group; time, F(4, 40)=0.71, 

P=0.59; treatment, F(1, 10)=0.11, P=0.75; interaction, F(4, 40)=2.71, P=0.04). f) Fear conditioning 

conditional memory after 120 seconds of acclimatization and presentation of unconditioned stimulus T 

in WT mice (tone, for 40seconds at 75Db; n=6 per group; time effect, F(4, 40)=5.99, P=0.0007; 

treatment effect, F(1, 10)=0.66, P=0.44; interaction, F(4, 40)=1.02, P=0.41). Columns represent mean 

±SEM. Two-tailed Student’s t test, or two-way ANOVA with Bonferroni post-hoc analysis (with 

repeated measures for fear-conditioning), *P < 0.05.

Supplementary figure 2. Sub-chronic treatment with BU224 in 5XFAD mice does not alter the 

processing of APP. a) Representative Western blots of APP, CTFs, BACE1 and β-actin in 5XFAD 

mice treated with vehicle (V) or BU224 (B; n=7 per group). b)  Quantification of full-length APP in 

cortex and in hippocampus. c) Quantification of α-CTFs in cortex and in hippocampus. d) 

Quantification of β-CTFs in cortex and in hippocampus. e) Quantification of AICD in cortex and 

hippocampus. f) Quantification of BACE1 protein expression in cortex and in hippocampus. Columns 

represent mean ± SEM.

Supplementary Figure 3. BU224 treatment does not affect the processing of APP in N2asw cells. 

(a) Representative Western blot of Aβ, APP, sAPPα, CTFs, and β-actin in N2asw cells treated with 
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increasing concentrations of BU224 (10, 50 and 100μM) during 24h (n=6). b) Quantification of total 

Aβ by Western blot at 24h. c) Quantification of total sAPPα by Western blot at 24h. d) Quantification 

of total APP by Western blot normalized to β-actin at 24h. e) Quantification of total β-CTFs by Western 

blot normalized to FL-APP at 24h. f) Quantification of total α-CTFs by Western blot normalized to FL-

APP at 24h. g) Quantification of AICD normalized to FL-APP at 24h. h) Representative Western blot 

showing the expression of Imidazoline receptors (IRBP) in N2asw cells, with similar pattern as human 

and mouse brain homogenates. Columns represent mean ±SEM.

Supplementary figure 4.  Effect of BU224 treatment on Aβ clearance mechanisms in 5XFAD mice. 

a) Representative Western blot and quantification of neprilysin expression in cortex of 5XFAD mice 

treated with vehicle (V) or BU224 (B; n=7 per group). b) Representative Western blot and 

quantification of IDE expression in cortex of 5XFAD mice treated with vehicle or BU224 (n=6-7 per 

group). c) Representative Western blot and quantification of ApoE expression in cortex of 5XFAD mice 

treated with vehicle or BU224 (n=10-11 per group). d) Representative Western blot and quantification 

of LC3II expression normalized to LC3-I in cortex of 5XFAD mice treated with vehicle or BU224 (n=9-

10 per group). Columns represent mean ± SEM.

Supplementary Figure 5. BU224 treatment does not affect Iba1 and GFAP levels in WT mice. a) 

and b) Quantification of area stained for GFAP in WT and 5XFAD mice in cortex and hippocampus 

(n=6-7 per group); c and d) Quantification of area stained for Iba1 in WT and 5XFAD mice in cortex 

and hippocampus (n=6-7 per group); e-g) Representative images and quantification of  GFAP staining 

in brains sections of 6-month-old WT  mice treated with BU224 or vehicle (n=6 per group); h-j) 

Representative images and quantification of Iba-1 staining in brain sections of 6-month-old WT mice 

treated with BU224 (n=6 per group). Columns represent mean ±SEM. Two-tailed Student’s t test, ***P 

< 0.001, ****P < 0.0001.

Supplementary Figure 6. BU224 treatment does not affect inflammatory and oxidative stress 

markers in WT mice. a) BU224 treatment does not affect the expression of IL-1β protein levels in 

cortex of WT mice by ELISA (n=6 per group). b) No changes in TNFα expression by ELISA in cortex 

of WT mice (n=6 per group). c-e) BU224 treatment does not affect oxidative stress analysed as 

DNA/RNA Oxidative Damage by staining with oh8G/oh8dG in 5XFAD and WT mice (n=6 per group). 

Columns represent mean ± SEM. Scale bar = 500µm.
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Bullet point summary

What is already known

• I2Rs are a subtype of imidazoline receptors (IRs) expressed in the brain, particularly in 

astrocytes

• I2 ligands exert neuroprotective effects, with anti-inflammatory and anti-apoptotic properties

What this study adds

• BU224 improves memory in 5XFAD mice, increasing the size of dendritic spines and reducing 

Aβ-induced functional changes in NMDARs.

• BU224 treatment does not affect amyloid pathology, neuronal apoptosis, mitochondria density, 

oxidative stress or autophagy levels.

Clinical significance

• Short-term treatment with I2-ligands can be effective as treatment at late stages of Alzheimer’s 

disease
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Fig. 1 - Sub-chronic BU224 treatment reverses memory deficits in 6 month old 5XFAD mice. 
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Fig. 2 - Sub-chronic BU224 treatment does not affect Aβ deposition in 5XFAD mice
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Fig. 3 - Sub-chronic BU224 treatment increases astrocytic markers in 5XFAD mice
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Fig. 4 - Effect of sub-chronic BU224 treatment on neuroinflammatory markers in 6 month-old 5XFAD mice
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Fig. 5 - Sub-chronic treatment with BU224 does not affect neuronal density or apoptosis in 5XFAD mice
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Fig. 6 - Effects of sub-chronic BU224 treatment on synaptic markers and calcium signalling 
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Supplementary Fig. 1 - Extended data on behaviour of WT and 5XFAD mice before and after BU224 treatment
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Supplementary Fig. 2 - Sub-chronic treatment with BU224 in 5XFAD mice does not alter the processing of APP
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Supplementary Fig. 3 - BU224 treatment does not affect the processing of APP in N2asw cells
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Supplementary Fig. 4 - Effects of BU224 treatment on Aβ clearance mechanisms in 5XFAD mice
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Supplementary Fig. 5 - BU224 treatment does not affect Iba1 and GFAP levels in WT mice
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Supplementary Fig. 6 - Effects of sub-chronic BU224 treatment on inflammatory and oxidative stress 
markers in WT mice
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The ARRIVE Essential 10
These items are the basic minimum to include in a manuscript. Without this information, readers and reviewers 
cannot assess the reliability of the findings.

Item Recommendation
Section/line 

number, or reason 
for not reporting

Study design 1 For each experiment, provide brief details of study design including:

a. The groups being compared, including control groups. If no control group has 
been used, the rationale should be stated.

b. The experimental unit (e.g. a single animal, litter, or cage of animals).

Sample size 2 a. Specify the exact number of experimental units allocated to each group, and the 
total number in each experiment. Also indicate the total number of animals used.

b. Explain how the sample size was decided. Provide details of any a priori sample 
size calculation, if done.

Inclusion and 
exclusion 
criteria

3 a. Describe any criteria used for including and excluding animals (or experimental 
units) during the experiment, and data points during the analysis. Specify if these 
criteria were established a priori. If no criteria were set, state this explicitly.

b. For each experimental group, report any animals, experimental units or data points 
not included in the analysis and explain why. If there were no exclusions, state so.

c. For each analysis, report the exact value of n in each experimental group.

Randomisation 4 a. State whether randomisation was used to allocate experimental units to control 
and treatment groups. If done, provide the method used to generate the 
randomisation sequence. 

b. Describe the strategy used to minimise potential confounders such as the order 
of treatments and measurements, or animal/cage location. If confounders were 
not controlled, state this explicitly.

Blinding 5 Describe who was aware of the group allocation at the different stages of the 
experiment (during the allocation, the conduct of the experiment, the outcome 
assessment, and the data analysis).

Outcome 
measures

6 a. Clearly define all outcome measures assessed (e.g. cell death, molecular markers, 
or behavioural changes). 

b. For hypothesis-testing studies, specify the primary outcome measure, i.e. the 
outcome measure that was used to determine the sample size.

Statistical 
methods

7 a. Provide details of the statistical methods used for each analysis, including 
software used.

b. Describe any methods used to assess whether the data met the assumptions of 
the statistical approach, and what was done if the assumptions were not met.

Experimental 
animals

8 a. Provide species-appropriate details of the animals used, including species, strain 
and substrain, sex, age or developmental stage, and, if relevant, weight.

b. Provide further relevant information on the provenance of animals, health/immune 
status, genetic modification status, genotype, and any previous procedures.

Experimental 
procedures 

9 For each experimental group, including controls, describe the procedures in enough 
detail to allow others to replicate them, including: 

a. What was done, how it was done and what was used.

b. When and how often.

c. Where (including detail of any acclimatisation periods).

d. Why (provide rationale for procedures).

Results 10 For each experiment conducted, including independent replications, report:

a. Summary/descriptive statistics for each experimental group, with a measure of 
variability where applicable (e.g. mean and SD, or median and range).

b. If applicable, the effect size with a confidence interval.
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The Recommended Set
These items complement the Essential 10 and add important context to the study. Reporting the items in both sets 
represents best practice.

Item Recommendation
Section/line 

number, or reason 
for not reporting

Abstract 11 Provide an accurate summary of the research objectives, animal species, strain 
and sex, key methods, principal findings, and study conclusions.

Background 12 a. Include sufficient scientific background to understand the rationale and 
context for the study, and explain the experimental approach.

b. Explain how the animal species and model used address the scientific 
objectives and, where appropriate, the relevance to human biology.

Objectives 13 Clearly describe the research question, research objectives and, where 
appropriate, specific hypotheses being tested.

Ethical 
statement

14 Provide the name of the ethical review committee or equivalent that has approved 
the use of animals in this study, and any relevant licence or protocol numbers (if 
applicable). If ethical approval was not sought or granted, provide a justification.

Housing and 
husbandry

15 Provide details of housing and husbandry conditions, including any environmental 
enrichment.

Animal care and 
monitoring

16 a. Describe any interventions or steps taken in the experimental protocols to 
reduce pain, suffering and distress.

b. Report any expected or unexpected adverse events.

c. Describe the humane endpoints established for the study, the signs that were 
monitored and the frequency of monitoring. If the study did not have humane 
endpoints, state this.

Interpretation/
scientific 
implications

17 a. Interpret the results, taking into account the study objectives and hypotheses, 
current theory and other relevant studies in the literature.

b. Comment on the study limitations including potential sources of bias, 
limitations of the animal model, and imprecision associated with the results.

Generalisability/
translation

18 Comment on whether, and how, the findings of this study are likely to generalise 
to other species or experimental conditions, including any relevance to human 
biology (where appropriate).

Protocol 
registration

19 Provide a statement indicating whether a protocol (including the research 
question, key design features, and analysis plan) was prepared before the study, 
and if and where this protocol was registered.

Data access 20 Provide a statement describing if and where study data are available.

Declaration of 
interests

21 a. Declare any potential conflicts of interest, including financial and non-financial. 
If none exist, this should be stated.

b. List all funding sources (including grant identifier) and the role of the funder(s) 
in the design, analysis and reporting of the study.
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