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Neuroprotection by chronic administration 
of Fluoroethylnormemantine (FENM) in mouse 
models of Alzheimer’s disease
Allison Carles1, Aline Freyssin1,2, Sarra Guehairia1, Thomas Reguero1, Michel Vignes3, Hélène Hirbec4, 
Gilles Rubinstenn2 and Tangui Maurice1* 

Abstract 

Background  Fluoroethylnormemantine (FENM), a new Memantine (MEM) derivative, prevented amyloid-β[25–35] 
peptide (Aβ25–35)-induced neurotoxicity in mice, a pharmacological model of Alzheimer’s disease (AD) with high 
predictive value for drug discovery. Here, as drug infusion is likely to better reflect drug bioavailability due to the inter-
species pharmacokinetics variation, we analyzed the efficacy of FENM after chronic subcutaneous (SC) infusion, 
in comparison with IP injections in two AD mouse models, Aβ25–35-injected mice and the transgenic APPswe/PSEN1∂E9 
(APP/PS1) line.

Methods  In Aβ25–35-treated mice, FENM was infused at 0.03–0.3 mg/kg/day during one week after Aβ25–35 injec-
tion. For comparison, FENM and MEM were administered IP daily at 0.03–0.3 mg/kg. In 10-month-old APP/PS1 mice, 
FENM was administered during four weeks by daily IP injections at 0.3 mg/kg or chronic SC infusion at 0.1 mg/kg/
day. Memory deficits, spatial working memory and recognition memory, were analysed. Markers of neuroinflamma-
tion, apoptosis, oxidative stress, and amyloid burden in APP/PS1 mice, were quantified. Markers of synaptic plasticity 
such as PSD-95 and GluN2A/B/D subunits expression in hippocampus homogenates or synaptosomes were quanti-
fied in Aβ25–35-treated mice and synaptic long-term potentiation (LTP) in hippocampal slices was analysed in APP/PS1 
mice.

Results  Deficits in spontaneous alternation and object recognition in Aβ25–35 mice were prevented by infused 
FENM at all doses tested. Similar effects were observed with the daily FENM or MEM treatments. Animals infused 
with 0.1 mg/kg/day FENM showed prevention of Aβ25–35-induced neuroinflammation, oxidative stress and apoptosis. 
FENM infusion restored Aβ25–35-induced alterations in synaptosomal PSD-95, GluN2A and P-GluN2B levels. GluN2D 
levels were unchanged whatever the treatment. In APP/PS1 mice, FENM infused or administered IP alleviated sponta-
neous alternation deficits, neuroinflammation, increases in Aβ1-40/Aβ1-42 and hippocampal LTP alteration.

Conclusion  These data confirmed the neuroprotective potential of FENM in the pharmacological Aβ25–35 and trans-
genic APP/PS1 mouse models of AD, with a superiority to MEM, and showed that the drug can be efficiently infused 
chronically.
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Introduction
Alzheimer’s disease (AD) is the main form of age-related 
dementia and neurodegenerative pathology in the world 
population. It accounts for about 70% of the dementia 
cases and represents more than 50 million AD patients 
worldwide [1]. AD is characterized by progressive cog-
nitive dysfunction, memory loss, and a drastic change 
in personality [for review, [2]]. At the neuropathological 
level, main hallmarks of AD are the extracellular accu-
mulation of aggregating amyloid-β proteins (Aβ), form-
ing senile plaques, intracellular neurofibrillary tangles, 
composed of abnormally phosphorylated tau protein, 
and a massive neuroinflammation [for reviews, [2–4]. 
Although knowledge on the complex neuroanatomical 
and functional alterations occurring in AD has markedly 
increased these last decades, AD etiology is still contro-
versial [5, 6]. Many risk factors have been identified, such 
as oxidative stress, genetic mutations, endocrine disor-
ders, age-related inflammation, depression, hyperten-
sion, infection, diabetes, food supplements, exposure to 
chemicals, metabolic conditions, and vitamin deficien-
cies [for review, [7]]. While their connection to the sus-
ceptibility or the disease severity has been established, 
there is still no consensus hypothesis regarding AD 
pathogenesis, particularly in sporadic forms. The major 
roles of the pathological accumulation of amyloid species 
[3], tau hyperphosphorylation [8], neuroinflammation 
and oxidative stress [9] remain central in the progression 
of the neurodegeneration. It results in failure of neurons 
to maintain functional dendrites, synapse loss, and neu-
ronal death affecting cholinergic neurons in several brain 
structures including the hippocampus and neocortex 
[10, 11]. This neurodegeneration mainly originates from 
alteration of synaptic Ca2+ regulation in response to the 
over-activation of the ionotropic N-methyl-D-aspartate 
type of glutamate receptors (NMDARs) [12]. Physiologi-
cal activity of NMDARs is necessary to mediate optimal 
synaptic transmission and normal neuronal function [13, 
14]. In the brain of AD patients, high levels of glutamate 
can be released from neuronal or glial cells, and reuptake, 
notably through astroglia, is altered, favoring massive 
influx of Ca2+ mediated by NMDAR and excitotoxic-
ity [15]. The latter is responsible for generating oxidative 
stress and neuroinflammation and therefore promoting 
synapse loss and later, cell death [16, 17].

Recent approvals of several passive immunothera-
pies targeting the pathological accumulation of amy-
loid species with monoclonal antibodies (Aducanumab, 
Lecanemab, Donanemab [18–20]) provided the first 
disease-modifying treatments in AD. However, these 
treatments carry risks and side effects, such as edema 
and hemorrhage, highlighting the ongoing need for effec-
tive pharmacological options in Alzheimer’s disease. 

Pharmacological treatments are based on acetylcho-
linesterase inhibitors, such as Donepezil, Rivastigmine, 
or Galantamine, to maintain the cholinergic tonus, and 
on Memantine (MEM), a NMDAR antagonist [12, 21, 
22]. MEM acts as a non-competitive voltage-dependent 
NMDAR antagonist with moderate affinity, functioning 
as an open NMDAR channel blocker with fast off-rate, 
while also showing preferential blockade of extrasynaptic 
NMDARs [22, 23]. MEM modulates the effects of patho-
logically elevated levels of glutamate that could lead to 
neuronal dysfunction and neurodegeneration.

In search of second-generation NMDAR biomarkers, 
several derivatives of MEM have been synthetized and 
tested as positron emission tomography radiotracers for the  
in vivo labeling of NMDARs [24] [18F]-Fluoromemantine 
and [18F]-Fluoroethylnormemantine ([18F]-FENM) showed  
substantial brain accumulation and high in  vitro affinity.  
However, unlike [18F]-Fluoromemantine, only [18F]-FENM 
demonstrated specific and selective binding profiles  
in vivo in rats, both under physiological conditions  
and in a brain injury model [24–28], binding to gray  
matter, e.g., cerebral and cerebellar cortex and central 
grey nuclei. Depending on the area, brain-to-blood ratios 
varies from 5 (brain stem) to 8 (cortex) with a distribu-
tion matching that of the NMDAR GluN1 subunit. The  
non-radioactive isotopologue FENM showed significant 
pharmacological activities along with optimal pharma-
cokinetic and pharmacodynamic (PK/PD) characteristics. 
First, FENM acts as prophylactic and/or antidepressant 
against stress-induced maladaptive behavior in a rodent 
model of post-traumatic stress disorders [29, 30]. Second, 
it revealed to be an effective neuroprotectant in a mouse 
model of AD [31]. In the latter study, the symptomatic 
and neuroprotective activities of FENM were analyzed in 
comparison with MEM, in the pharmacological model of 
AD induced by intracerebroventricular (ICV) injection of 
oligomerized Aβ25-35 peptide in mice [32]. After Aβ25-35 
injection, mice rapidly developed neuroinflammation, oxi-
dative stress, apoptosis, and learning deficits reminiscent 
of AD toxicity [33–36]. MEM and FENM showed symp-
tomatic anti-amnesic effects in Aβ25-35-treated mice. Fol-
lowing repeated daily systemic injection, both compounds 
prevented the Aβ25-35-induced memory deficits, oxidative 
stress, inflammation, apoptosis and cell loss, in the hip-
pocampus and cortex [31]. Interestingly, FENM effects 
were systematically more robust than that observed with 
MEM while the drug did not produce direct amnesic effect 
at higher doses, a classical effect of MEM suggesting its 
superiority as a neuroprotectant.

AD is a chronic pathology, requiring long-term treat-
ment, and MEM-induced benefit for the patient, with 
the current dosage formulations as high doses, has been 
tempered due to adverse side-effects such as abdominal 
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pain, nausea, vomiting or anorexia, poor adherence to 
the medication complicated by problems of dysphagia 
and memory loss, and variation of the drug plasma lev-
els [37–40]. Furthermore, treatment discontinuation 
may result from severe medical complications such as 
asthenia, malaise, hepatotoxicity or kidney failure [41]. 
Novel drug delivery forms, such as transdermal infusion 
systems, represent interesting alternatives that enhance 
usability, dosage, and compatibility. Ideally, the drug 
delivery form should ensure a one-off administration, 
pharmacologically effective plasma concentrations of 
the compound over a prolonged period, preferably for at 
least 24 h or several days, leading to progressive achieve-
ment of the steady-state, continuous plasma concentra-
tion monitoring and easier management by caregivers. 
One of the challenges for animal translation of the MEM 
results is that its pharmacokinetics in human differs 
strongly from what is observed in murine models, the 
long half-life leading to higher and stable plasma con-
centration in human [42]. Even if FENM pharmacokinet-
ics in human is not yet known, it is expected to be much 
longer than in mice, due to the standard interspecies 
animal variation. Moreover, infusion administration may 
also result in more translational pharmacodynamics in 
murine models than one-shot daily administration.

We here first compared the pharmacological effects of 
FENM in Aβ25-35-treated mice under two administration 
protocols during one week. Repeated daily intraperito-
neal (IP) injections and continuous subcutaneous (SC) 
infusion using osmotic pumps. MEM, administered using 
repeated daily IP injections, was used as a control treat-
ment. The drug-induced effects were analyzed in terms 
of memory alteration, using the spontaneous alterna-
tion and object recognition tests, neuroinflammation, 
using immunofluorescence and ELISA analyses oxidative 
stress, apoptosis markers, postsynaptic density 95 protein 
(PSD-95) and NMDAR subunit expressions. Changes in 
GluN2A/B/D subunits in the mouse hippocampus were 
investigated in homogenates and synaptosomal prepa-
rations. FENM was then tested in the APPswe/PSEN1∂E9 
mouse line, using the optimal dosages identified in 
Aβ25-35-treated mice, namely: 0.3  mg/kg for repeated IP 
injection and 0.1 mg/kg/day for continuous SC infusion. 
Mice were treated at 10 months of age, when AD symp-
toms are established [43–46] and during four weeks. The 
drug-induced effects were analyzed in terms of memory 
alteration using the spontaneous alternation test, neuro-
inflammation, apoptosis markers, amyloid load, and anal-
ysis of long-term potentiation in hippocampal slices. The 
results confirmed the potentiality of FENM as a neuro-
protectant in the two AD mouse models, the drug show-
ing a complete protection when infused at a daily dosage 
as low as 0.1 mg/kg/day.

Methods
Animals
Male C57Bl/6j mice, from Janvier (Le Genest Saint Isle, 
France) were used at 5 weeks of age. Males and females 
APPswe/PSEN1∂E9 mice, co-expressing two genetic muta-
tions associated with familial forms of AD, a humanized 
amyloid precursor protein (APP) carrying the Swed-
ish (K670N_M671L) mutation (APPswe) and a mutant 
exon-9-deleted variant of the presenilin-1 (PSEN1∂E9) 
[43], thereafter referred to as APP/PS1 mice, bred on a 
C57BL6/J strain at the animal facility of IGF (French min-
istry of agriculture approval D34-172–13) from found-
ers purchased at the Jackson laboratories (Bar Harbor, 
ME, USA) and subsequently transferred at 9-months old 
(mo) in the animal facility of the University of Montpel-
lier (CECEMA, French ministry of agriculture approval 
E-34–172-23). Control littermates are thereafter referred 
to as wildtype (WT) mice. Mice were housed in groups 
of 9 mice maximum, except after the pump implanta-
tion surgery when they were housed individually, with 
free access to food and water and in a regulated environ-
ment (23  °C ± 1  °C, 40%–60% humidity, 12-h-light/-dark 
cycle). Animal procedures were conducted in adherence 
with the European Union Directive 2010/63 and the 
ARRIVE guidelines [47] and authorized by the National 
Ethic Committee (Paris, France): authorization APAFIS 
#30,410–2021031516372048.

Drugs and peptides
FENM was from M2i Life Sciences (Saint Cloud, 
France). MEM was from Sigma-Aldrich (Saint Quen-
tin-Fallavier, France). Drugs were solubilized in physi-
ological saline (NaCl 0.9%, vehicle solution) as a stock 
solution (2 mg/ml corresponding to the dose of 10 mg/
kg) and dilutions were done from this stock solution. 
The stock solutions were stored at + 4  °C up to 2 weeks. 
Drugs were administered using two administration pro-
tocols for 7  days: either repeated IP injections in a vol-
ume of 100 µl per 20 g body weight, or infusion using an 
osmotic micro-pump delivering 0.5 µl/h (see below). The 
amyloid-β[25–35]peptide (Aβ25–35) was from Genepep 
(St-Jean de Vedas, France). It was solubilized in distilled 
water at 3 mg/ml and stored at − 20  °C until use. Before 
injection, the peptide was incubated at 37 °C for 4 days, 
allowing oligomerization. Control injection was per-
formed with vehicle solution (distilled water) as we previ-
ously described no effect of antisense or control peptide, 
and ICV injections were done as described [33].

Surgical procedures
In Aβ25–35 mice, osmotic micro-pumps model 1007D 
(Alzet, Charles River, France) were used with a capacity 
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of 100  µl for infusion for 7  days. They were aseptically 
implanted at 6  weeks and infused at 0.5  µl/hour for 
7  days. In APP/PS1 mice, osmotic micro-pumps model 
1004 (Alzet, Charles River, France) were used with a 
capacity of 100  µl for infusion for 28  days. They were 
aseptically implanted at 10  months and infused SC at 
0.11 µl/h for 28 days. The mice were briefly anesthetised 
with 2.5% isoflurane gas using a small nose cone attached 
to a modified bane circuit. The animal coat on the dorsal 
surface of the mice was trimmed and swabbed with beta-
dine and lidocaine cream for local anaesthesia. A sterile 
blade was used to make a 1 cm incision perpendicularly 
to the base of the mice neck. Subcutaneous tissue was 
spread using a haemostat to create a pocket to pass a 
diameter of the pump. The pump was inserted into the 
pocket and the incision was closed with staple. On the 
incision the lidocaine cream was applied and the mouse 
was placed in the cage with heating until the recovery 
from the surgery. The entire procedure took an average of 
10 min and did not exceed 15 min. Mice were monitored 
and weighed daily.

Experimental series
In the Aβ25-35 mouse model, we examined the neuropro-
tection induced after two modes of administration of 
the drugs. First, drug infusion for 7 days was analysed in 
Aβ25-35-treated mice. Second, repeated administration by 
repeated daily IP injection for 1 week starting on the day 
of peptide injection was analysed. For the two modes of 
administration, two behavioural tests were performed: 
spontaneous alternation and object recognition test. 
Then, neuroprotection was analysed only for the FENM 
infused group. Animals were sacrificed at day 11, their 
hippocampus and cortex dissected out and flash frozen 
to assess cytokine levels by enzyme-linked immunosorb-
ent assays (ELISA), homogenate or synaptosomal extrac-
tion to realize western blot and colorimetric assays. A 
second batch of mice was sacrificed by transcardiac 
paraformaldehyde fixation, to perform immunofluores-
cent analyses. In the APP/PS1 mouse line, three experi-
mental groups were compared in 10-mo WT and APP/
PS1 mice: (1) animals infused SC during 28  days with 
physiological saline (Veh); (2) animals infused SC during 
28 days with FENM at the dose of 0.1 mg/kg/day; and (3) 
animals administered IP once-a-day (o.d.) during 28 days 
with FENM 0.3 mg/kg or MEM 0.3 mg/kg. Veh-infused 
WT and APP/PS1 mice served as controls also for the 
repeated IP injection of FENM condition, as it appeared 
to be the most drastic condition and controls were not 
duplicated to convey the 3R (reduce, refine, replace) rule 
in conducting animal experimental research [47]. The 
experimental group was divided in 2 batches. The first 
was euthanized by decapitation after anaesthesia for 

biochemical assays. The second was used for electrophys-
iological experiments.

Behavioural testing
Spontaneous alternation performance in the Y‑maze
The test is an index of spatial working memory and 
spontaneous alternation was measured as previously 
described [33–36]. The maze was made of grey polyvi-
nylchloride. Each arm was 40 cm long, 13 cm high, 3 cm 
wide at the bottom, 10 cm wide at the top, and converg-
ing at an equal angle. Mice were allowed to explore the 
maze for 8 min. The series of arm entries, including pos-
sible returns into the same arm, was checked and the 
percentage of alternation was calculated as (actual alter-
nations / number of arm entries—2) × 100. Animals that 
performed less than 8 arm entries or showed alterna-
tion percentage < 20% or > 90% were discarded from the 
calculations.

Novel object test
The test measures recognition memory and was per-
formed as previously described [35, 36]. Mice were 
placed individually in a squared square 50 × 50 cm2 open-
field. In session 1, animals were allowed to acclimate dur-
ing 10 min. In session 2, after 24 h, two identical objects 
were placed at ¼ and ¾ of one diagonal of the arena. The 
mouse activity and nose position were recorded during 
10 min (Nosetrack® software, Viewpoint). The number of 
contacts with the objects and duration of contacts were 
measured. In session 3, after 24 h, the object in position 
2 was replaced by a novel one differing in color, shape 
and texture. Each mouse activity was recorded during 
10  min and analyzed. A preferential exploration index 
was calculated as the ratio of the number (or duration) 
of contacts with the object in position 2 over the total 
number (or duration) of contacts with the two objects. 
Animals showing no contact with one object or less than 
10 contacts with objects, during the session 2 or 3, were 
discarded from the study. Animals did not receive drug 
treatment before the sessions.

Brain fixation and slicing
After the behavioural tests, 30 min before the anaesthe-
sia, buprenorphine (0.1 mg/kg) was injected SC for 5–6 
mice from each condition. Mice were anesthetized with 
Exagon (1  ml/kg IP) and transcardially perfused with 
50 ml of saline solution followed by 50 ml of Antigenfix 
(Diapath). The samples were kept for 48  h post fixation 
in Antigenfix solution at 4  °C. Brains were immersed 
in a sucrose 20% Antigenfix solution and sliced within 
1 month. Each brain was sliced in an area including the 
cortex, the nucleus basalis magnocellularis, and the hip-
pocampal formation, between Bregma + 1.80 to − 2.80 
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according to Paxinos & Franklin [48]. Serial coronal fro-
zen Sects.  (25  μm thickness) were cut with a freezing 
microtome (Microm HM 450, ThermoFisher), collected 
in a 24-well plate, and stored in cryoprotectant at − 20 °C. 
Slices were placed on glass slides, each containing 6 coro-
nal sections from 1 mouse.

Lipid peroxidation
Mice were killed by decapitation, brains were rapidly 
removed, and the cortex dissected out, weighed, frozen 
in liquid nitrogen, and stored at -80  °C until assayed. 
The level of lipid peroxidation was determined using 
the modified xylenol oxidation method as previously 
described [34, 35].

Enzyme‑linked immunosorbent assays
Protein contents in tumour necrosis factor-α (TNFα), 
interleukin-6 (IL-6), B-cell lymphoma 2 (Bcl-2), Bcl-2–
associated X (Bax), Aβ1-40 and Aβ1-42 were analysed 
using commercially available ELISA kits (see Supple-
mentary Table  1). For n = 6 animals, one hippocampus 
was used. The tissue was homogenized after thawing 
with fresh lysis buffer (RIPA buffer with 3 detergents, pH 
7.5), protease and phosphatases inhibitors were added 
(Complete mini, PhosSTOP, Roche Diagnostics, Meylan, 
France) and sonicated on ice for 4 × 5 s. After centrifuga-
tion (10,000 g, 5 min, 4  °C), supernatants were then ali-
quoted and stocked at -80  °C and used within 1  month 
for ELISA according to the manufacturer’s instructions. 
To analyse the level of Aβ1-40 and Aβ1-42 in the cortex of 
APP/PS1 mice, a guanidine extraction buffer (5 M guani-
dine HCl) and a centrifugation at 16,000 g, 20 min at 4 °C 
were used to separate soluble (supernatant) and insoluble 
fraction (pellet). For each assay, absorbance was read at 
450  nm and sample concentration was calculated using 
the standard curve. Results are expressed in pg of marker 
per mg of sample tissue.

Immunohistochemical labelling of microglia (IBA‑1) 
and astrocytes (GFAP)
For immunohistochemical labelling, slices in 24-well 
plates were incubated overnight at + 4 °C with Rabbit pol-
yclonal anti-allograft inflammatory factor 1 (anti-IBA-1; 
1:250; see Supplementary Table 2) and mouse monoclo-
nal anti-glial fibrillary acidic protein (anti-GFAP; 1:400). 
Then, slices were incubated 2  h at room temperature 
with secondary anti-rabbit Cy3 cyanine dye (1:400) and 
secondary anti-mouse Alexa fluor 488 (1:1,000) anti-
bodies. Slices were incubated 5  min with 4′,6-diami-
dino-2-phenylindole (DAPI) 10  μg/ml (1:50,000) and 
rinsed with potassium phosphate buffer saline. Finally, 
slices were mounted with Dako Fluorescence Mounting 
Medium (Dako). Images of each slice were taken with a 

fluorescent Microscope (Zeiss). Data from GFAP immu-
nolabeling were calculated as average of 5–6 slices per 
animal, with 5 animals per group, and expressed as num-
ber of immunoreactive cells per mm2. Internal variability 
of the counting was 5.1 ± 0.4% in Rad, 4.8 ± 0.4% in Mol, 
and 4.0 ± 0.3% in PoDG. Data from Iba1 immunolabeling 
were calculated as average of 5 slices per animal, with 5 
animals per group, and expressed as number of immuno-
reactive cells per mm2. Internal variability of the counting 
was 5.4 ± 0.4% in Rad, 5.9 ± 0.5% in Mol and 7.6 ± 0.6% in 
PoDG.

Western blotting
Mice were killed at indicated days after injections and the 
hippocampus rapidly dissected on ice and kept at -80 °C 
until use. To compare the quantities of antibodies in the 
hippocampus, two types of brain extraction are used. 
First, hippocampus was sonicated on ice for 4 × 5 s with 
300 µL of fresh lysis buffer (RIPA buffer with 3 deter-
gents), protease and phosphatases inhibitors were added 
(Complete mini, PhosSTOP, Roche Diagnostics, Meylan, 
France). Homogenates were centrifuged at 14 000  rpm 
for 15  min at 4  °C and the supernatants were then ali-
quoted and stocked at -20  °C. Second, synaptosomal 
hippocampus extraction was realized. Hippocampi were 
dissociated mechanically on ice using a mini-potter in a 
solution of Syn-PER (Thermo, 87,793) containing pro-
tease and phosphatases inhibitors were added (Complete 
mini, PhosSTOP) at the concentration of 10 mL/g tissue. 
The samples were then centrifuged at 1,200  g, 4  °C for 
10 min. The supernatant was separated and a part centri-
fuged at 15,000 g, 4 °C for 20 min. The supernatant from 
the second centrifugation corresponded to the cytosolic 
fraction and was stored at -20◦C. The pellet, corre-
sponding to the synaptosome fraction, was resuspended 
with Syn-PER + PI at a concentration of 1  mL/g of ini-
tial tissue. Proteins contents after both extractions were 
quantified with BCA protein assay kit (Pierce Thermo-
Scientific). Total proteins (30 μg) were diluted in sodium 
dodecyl sulphate loading buffer. Samples were loaded 
in 7.5% polyacrylamide resolving gel and electroblotted 
into a polyvinylidene fluoride membrane (Immobilon 
Transfer membrane, IPVH00010, Merck Millipore, Cork, 
Irlande). Blots were blocked in phosphate buffer saline 
(PBS) containing 0.1% or 0,05% Tween-20 (PBS-T) and 
5% non-fat dry milk for 1 h and incubated with primary 
antibodies overnight at 4 °C for anti-postsynaptic density 
95 mouse antibody (anti-PSD-95 [6G6-1C9]; 1:1000; see 
Supplementary Table  2) and anti-nitrotyrosine mouse 
antibody (1:1000; Supplementary Table 2). For other anti-
bodies, blots were blocked in Tris-buffered saline (TBS) 
containing 0.1% Tween-20 (TBS-T) and 5% bovine serum 
albumin for 2  h and incubated with primary antibodies 
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overnight at 4  °C. Primary antibodies used are detailed 
in Supplementary Table 2. After 3 washes of 5 min with 
PBS-T, membranes were incubated 1  h with horserad-
ish peroxidase (HRP)-conjugated anti-rabbit antibody 
or anti-mouse antibody (each 1:2000; Supplementary 
Table 2), then washed 3 times for 10 min. To visualize the 
signal, blots were incubated in Immobilon® crescendo 
western HRP substrate (WBLUR0500; Millipore) during 
1  min. Pictures of the chemiluminescence signals were 
taken with Chemidoc System (Bio-Rad). Normalization 
was performed with the total protein using Stain-Free™ 
protocol. Stain-free technology eliminated many of the 
issues related to signal normalization for accurate protein 
quantification. Total protein level was directly measured 
on the gel used for western blotting. The total density for 
each lane was measured without need to strip and rep-
robe blots for housekeeping proteins to normalize pro-
tein levels, using the total lane profile instead [49, 50]. 
Each blot was striped by solution Reblot plus strong 1X 
(10X, Millipore, 2504) during 15 min. Blot was blocked in 
PBS-T 0.1% or 0,05% and 5% non-fat dry milk for 1 h or 
Tris buffer saline-T 0.1% and 5% bovine serum albumin 
for 2 h and incubated with primary antibodies overnight 
at 4 °C.

Electrophysiological analyses of LTP
Experiments were carried out on freshly prepared hip-
pocampal slices (250  μm) obtained from 11-m.o. APP/
PS1 mice. After decapitation, the brains were quickly 
dissected and placed in ice-cold cutting buffer contain-
ing 40 mM NaCl, 4 mM KCl, 26 mM NaHCO3, 1.25 mM 
NaH2PO4, H20, 0.5  mM CaCl2, 2 H20, 7  mM MgCl2, 6 
H20, 10 mM glucose and 150 mM sucrose at pH 7.4 and 
330 mOsmol (infused with O2/CO2, 95%/5%). The slices 
were then prepared using a vibratome (Leica VT 1000S) 
and kept at 25 °C for at least 1 h before electrophysiologi-
cal recording in artificial cerebrospinal fluid (125  mM 
NaCl, 3.5 mM KCl, 26 mM NaHCO3, 1.2 mM NaH2PO4, 
H20, 2.4  mM CaCl2, 2 H20, 1.3  mM MgSO4, 6 H20 and 
25  mM glucose) at 7.35 and 310 mOsmol. This latter 
buffer was used for the recordings. For electrophysiologi-
cal recordings, the slices were transferred to a multielec-
trode array (MEA 2100-Mini, Multi Channel Systems, 
Reutlingen, Germany) continuously perfused with the 
extracellular medium described above (flow rate 1–2 ml/
min) and maintained at 32 °C. The MEA consisted of 64 
extracellular electrodes. The inter-electrode distance 
was 200  μm. Each individual electrode in the array can 
be used for recording or stimulation. A nylon mesh was 
positioned over the slice to achieve satisfactory electrical 
contact between the surface of the slice and the electrode 
array. Biphasic stimulation (-100 µA to 100 µA) was deliv-
ered by one stimulator (MCS-SCU in vitro, IFB-C, Multi 

Channel Systems) in the Schaffer collateral pathway and 
recordings were made in the CA1 area of ​​the hippocam-
pus [51]. Basal neurotransmission was elicited by stimu-
lations spaced 15 s apart. In order to achieve a long-term 
potentiation (LTP) process, a high frequency stimulation 
(HFS) consisting in 100 Hz pulse for 1  s was applied to 
CA1 afferents. Postsynaptic field excitation potentials 
(fEPSP) were then recorded by all remaining electrodes 
in the array at the same time. The signals were recorded 
and analyzed (MC Analyzer, Multi Channel Systems).

Statistical analyses
Analyses were done using Prism v9.1 (GraphPad Soft-
ware, San Diego, CA, USA). Data were analyzed using 
one-way analyses of variance (ANOVA, F value) or using 
two-way ANOVA with the ICV or genotype and drug 
treatments as independent factors, followed by a Dun-
nett’s post-hoc test. Biochemical analyses (Western blot-
ting, Elisa, colorimetric assays) were analyzed using a 
Kruskal–Wallis non-parametric ANOVA followed by a 
Dunn’s post-hoc test, as the number of samples per group 
was low and/or groups showed heterogeneity of vari-
ances. Object preference, calculated from the duration of 
contacts with the two objects, was analyzed using a one-
sample t-test vs. the chance level (50%). Significance lev-
els were p < 0.05, p < 0.01 and p < 0.001. Statistical data are 
all reported in the Supplementary Table 3.

Results
FENM treatment by SC infusion or repeated IP injections 
improved memory impairment in Aβ25‑35‑treated mice
FENM was infused SC during 7  days in C57Bl/6 mice 
using an implanted osmotic micropump, in the 0.03 to 
0.3  mg/kg/day dose-range. Infusion started on day 1, 
when Aβ25-35 was acutely administered ICV until day 
7, i.e., 24  h before the start of the behavioral analyses 
(Fig. 1a). This mode of administration was compared to 
repeated daily IP injections of FENM or MEM, in the 
same dose-range and as previously described in Swiss 
OF-1 mice [31].

On day 8, mice were tested for their ability to spontane-
ously alternate when exploring the Y-maze, a measure of 
spatial working memory (Fig. 1b-e). Aβ25-35-treated mice 
receiving vehicle solution in the pump showed a highly 
significant deficit as compared with V/V-treated animals 
or untreated controls (Fig.  1b). The FENM infusion led 
to a dose-dependent attenuation of the Aβ25-35-induced 
deficit, with significant effects observed for all groups 
and complete recovery at 0.1 and 0.3 mg/kg/day (Fig. 1b). 
The treatments had no effect on locomotor and explora-
tory activities, as the number of arms explored during the 
8-min session was unchanged among groups (Fig.  1c). 
For comparison, FENM administered repeatedly o.d. 
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attenuated the Aβ25-35-induced alternation deficits at the 
doses of 0.03 and 0.1 mg/kg IP (Fig. 1d). MEM, admin-
istered IP, significantly attenuated the Aβ25-35-induced 
alternation deficit at all doses tested (Fig. 1e).

On days 9 and 10, animals were tested in a novel object 
test to analyze their recognition memory. The test con-
sisted in a first session, on day 9, without object to train 
animals in the open-field. On day 10, two similar objects 
were presented and the interactions of each mouse with 
the object was analyzed. During this session 2, all groups 
receiving Aβ25-35 and/or FENM infusions showed no 
exploratory preference among the objects (Fig. 1f ). Ses-
sion 3 was performed after 1 h and a familiar object was 
replaced but a novel one. Control mice showed a signifi-
cant preferential exploration of the novel object that was 
not the case of Aβ25-35-treated animals (Fig.  1g). FENM 
infusion restored a preferential exploration of the novel 
object, with significant effects measured at all doses 
tested (Fig. 1g).

When administered repeatedly IP, both FENM (Fig. 1h) 
and MEM (Fig.  1i) significantly improved the novel 
object recognition in Aβ25-35-treated mice particularly at 
the doses of 0.1 and 0.3 mg/kg.

FENM treatment by SC infusion or repeated IP injections 
improved Aβ25‑35‑induced toxicity
The anti-inflammatory activity of FENM infusion was 
first analyzed using global analyses of cytokine levels in 
the hippocampal tissue (Fig. 2a). TNFα level was signifi-
cantly increased by Aβ25-35 treatment (+ 81%; Fig. 2b) and 
this increase was attenuated by FENM infusion, at all 
doses tested. IL-6 level showed a + 37% (p = 0.126) trend 
to be increased by Aβ25-35 and FENM treatment, particu-
larly at the 0.1 mg/kg/day dose, prevented this increase, 
but the ANOVA did not reach significance (Fig.  2c). 
Brains of FENM-infused mice were also analyzed for 
neuroinflammation using an immunofluorescence 
approach to visualize in the hippocampal formation both 

Fig. 1  Protective effect of SC-infused Fluoroethylnormemantine (FENM) or IP-administered FENM or Memantine (MEM) on Aβ25-35-induced 
memory impairments in mice. a Experimental protocols for the SC drug infusion or drug IP administration. Abbreviations: YMT, Y-maze test; 
ORT, object recognition test; †, sacrifice before immunofluorescence or biochemical analyses. Spontaneous alternation in the Y-maze consists 
in recording the successive arm exploration in the maze over 8 min. The object recognition test consists in three 10-min duration sessions (i) 
without objects, (ii) with two identical objects, and (iii) with one familiar and one novel object. The object exploration preference was determined 
on the duration of contacts with each object Animals received Aβ25-35 (9 nmol ICV) on day 1 and then FENM (0.03-0.3 mg/kg/day in the Alzet 
pump) or FENM or MEM (0.03-0.3 mg/kg IP o.d.) between day 1 to 7. b, d, e spontaneous alternation deficits and (c) number of arm entries. 
f session 2 of the object recognition test with two identical objects and (g, h, i) session 3 with a novel and a familiar object. Exploration 
preferences are calculated with the duration of contacts. Abbreviations: C, control (untreated) animals; V, vehicle solution (distilled water for ICV 
and physiological saline for IP injections of SC infusion. Graphs show individual data and mean ± SEM of N = 7-12 animals per group. Dotted lines 
show the (V + V)- and (V + Aβ25-35)-treated group levels in (b-e) and the 50% preference level in (f-i). Abbreviations: C, control, non-injected animals; 
V, vehicle solution. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. (V + V)-treated group; ## p < 0.01, ### p < 0.001 vs. (V + Aβ25-35)-treated group; Dunnett’s test. 
@ p < 0.05, @@ p < 0.01, @@@ p < 0.001 vs. 50% level, one-sample t-test
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astroglial reaction, using GFAP expression (Fig.  2d-i), 
and microglial reaction, using IBA-1 expression (Fig. 2j-
o). Three areas were examined: the stratum radiatum, 
the stratum lacunosum-moleculare and the polymor-
phic layer of the dentate gyrus. The Aβ25-35 treatment 
increased highly significantly GFAP immunolabelling in 
all three areas (Fig. 2d, f, h) by + 29% to + 87% (Fig. 2e, g, 
i) and the FENM infusion, at the dose of 0.1 mg/kg/day, 

significantly prevented these increases without altering 
GFAP expression alone. Similarly, the Aβ25-35 treatment 
highly significantly increased IBA-1 immunostaining in 
all three areas (Fig.  2j, l, n) by + 45% to + 53% (Fig.  2k, 
m, o). The FENM infusion, at 0.1  mg/kg/day, signifi-
cantly prevented these increases without altering IBA-1 
expression alone. These observations however conver-
gently indicated that the SC infusion of FENM efficiently 

Fig. 2  Protective effects of SC-infused FENM, 0.1 mg/kg/day, on Aβ25-35-induced neuroinflammation in mice. a Experimental protocol 
and hippocampal areas of interest. b TNFα and (c) IL-6 levels were analyzed in homogenates by ELISA. d-i Astroglial reaction was analyzed 
in the hippocampus of Aβ25-35-treated mice using GFAP immunolabeling. j-o Microglial reaction in the hippocampus of Aβ25-35-treated mice using 
Iba-1 immunolabeling. d, e, j, k stratum radiatum (Rad), f, g, l, m stratum lacunosum-moleculare (Mol) and (h, i, n, o) polymorphic layer of the dentate 
gyrus (PoDG) with (d, f, h, j, l, n) typical immunofluorescence micrographs (blue: DAPI, green: GFAP, red: Iba-1) and (e, g, i, k, m, o) quantifications. 
Coronal 25 µm thick sections were stained with anti-GFAP or anti-Iba-1 antibody and the three areas of the hippocampus analyzed. Abbreviations: 
sp, stratum pyramidale; sr, stratum radiatum; sg, stratum granulare; sm, stratum lacunosum-moleculare; Hi, hilus. Scale bar in (h, n) = 50 µm applying 
to all pictures. The number of slice analyzed per mouse was n = 5–6 with N = 5 mice per group. *** p < 0.001 vs. the (V + V)-treated group; ### 
p < 0.001 vs. the (Aβ25-35 + V)-treated group; Dunnett’s test



Page 9 of 22Carles et al. Alzheimer’s Research & Therapy            (2025) 17:7 	

prevented the Aβ25-35-induced neuroinflammation in the 
mouse hippocampus.

Two parameters measuring Aβ25-35-induced oxidative 
stress was analyzed: the level of lipid peroxidation of cell 
membranes in the cortex (Fig.  3a) and the nitrosylated 
proteins in the hippocampus (Fig.  3b). Aβ25-35 signifi-
cantly increased lipid peroxidation (+ 84%; Fig.  3a) and 
nitrosylated proteins (+ 35%; Fig.  3b). The FENM infu-
sion significantly attenuated this increase at all doses 
tested (Fig. 3a, b).

Aβ25-35 treatment induces apoptosis and cell death in 
the mouse hippocampus. We analyzed two proteases, 

Bcl-2 and Bax, known as cellular anti-apoptotic and 
pro-apoptotic markers, respectively. Both Bcl-2 and 
Bax levels were increased after Aβ25-35 treatment 
(+ 100% and + 236%, respectively; Fig. 3c, d). Bax level 
was significantly increased by Aβ25-35, but not Bcl-2 
(p = 0.155) (Fig.  3d). The FENM infusion attenuated 
these increases particularly at the 0.03 and 0.1 mg/kg/
day doses. Moreover, the Bax/Bcl-2 ratio, considered 
as a reliable index of apoptosis level, was increased by 
Aβ25-35 (+ 170%; Fig.  3e) and this increase was attenu-
ated in a U-shaped manner following infusion of FENM 
with a maximum effect at 0.1 mg/kg/day (Fig. 3e).

Fig. 3  Protective effects of SC infusion of FENM, on Aβ25-35-inducedoxidative stress and apoptotic markers. a lipid peroxidation, b nitrated proteins, 
c Bcl-2 level, d Bax level, and (e) Bax/Bcl-2 ratio, measured by colorimetric assay, western blotting or ELISA in mouse hippocampus extracts. Animals 
were sacrificed 11 days after Alzet pump implantation. In (b), data show mean ± SEM and a typical blot is shown above the graph. In (c-e), data 
show median and min/max with individual measures. The number of animals per group was N = 4–6. * p < 0.05, ** p < 0.01 vs. (V + V)-treated group; # 
p < 0.05, ## p < 0.01 vs. (V + Aβ25-35)-treated group; Dunn’s test
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FENM treatment by SC infusion improved Aβ25‑35‑induced 
NMDAR subunit altered expressions
Finally, in the Aβ25-35 model, we examined the impact 
of the FENM infusion on the expression of NMDAR 
subunits and the postsynaptic scaffolding protein PSD-
95. First, we determined the time-course of protein 
expressions after Aβ25-35 ICV injection in hippocampus 
homogenates and synaptosomal preparations (Fig.  4). 
In homogenate preparations, the western blot analy-
sis of PSD-95 expression showed a significant reduction 
at day 5 after the Aβ25-35 ICV injection, but not after 
7  days (Fig.  4a). Neither GluN2A (Fig.  4b) nor GluN2B 
levels (Fig. 4c), and a fortiori the GluN2A/GluN2B ratio 
(Fig.  4d), were affected at days 5 or 7 after the peptide 

injection. In order the refine the analysis, we prepared 
synaptosomal preparations of the hippocampus. In syn-
aptosomes, PSD-95 levels were significantly decreased 
at day 5 and 7 after Aβ25–35 injection (Fig.  4e). GluN2A 
levels were increased at day 5 and 7 after Aβ25-35 injec-
tion (Fig. 4f ). GluN2B levels were unaltered (Fig. 4g), but 
the GluN2A/GluN2B ratio was significantly increased at 
both timepoints (Fig. 4h).

The impact of the FENM infusion was therefore ana-
lyzed in synaptosomal preparations 7  days after Aβ25-

35 ICV injection (Fig.  5). The drug, at 0.1  mg/kg/day 
restored PSD-95 expression (Fig. 5a) and GluN2A levels 
(Fig.  5b). GluN2B levels were not affected by either the 
Aβ25-35 or FENM treatment (Fig.  5c). Consequently, the 

Fig. 4  Impact of Aβ25-35 toxicity on PSD-95 and NMDAR GluN2A/B subunits in the mouse hippocampus. Aβ25-35 was administered ICV on day 
1 and after 5 or 7 days, the hippocampus was dissected out and protein expression analyzed in homogenates (a, b, c, d) or synaptosomes 
preparations (e, f, g, h) by western blot: PSD-95 levels (a, e), GluN2A expression (b, f), GluN2B expression (c, g) and GluN2A/GluN2B ratios (d, h). Note 
that protein levels were not altered on days 1 or 3 after Aβ25-35 peptide ICV injection (data not shown). Vehicle solution (V)-treated animals were 
sacrificed at day 6 or 8 and data were pooled. Typical blots are shown above each graph. The whole immunostained and and stain-free blots are 
shown in Supplementary Figs. 1 and 2. The number of animals per group was N = 8–16 per group in (a-d) and N = 4–11 in (e–h). * p < 0.05, ** p < 0.01; 
Dunnett’s test

(See figure on next page.)
Fig. 5  Protective effects of a SC infusion of FENM (0.1 mg/kg/day), on Aβ25-35-induced alteration of PSD-95 and NMDAR subunits expressions 
in synaptosome preparations of mouse hippocampus: a PSD-95, b GluN2A, c GluN2B, d GluN2A/GluN2B ratio, e GluN2D, f P(Tyr1325)-GluN2A, g 
P(Ser1303)-GluN2B. Animals were sacrificed 7 days after the peptide injection. Typical blots are shown above each graph. The whole immunostained 
and and stain-free blots are shown in Supplementary Figs. 3 and 4. The number of animals per group was N = 5–17 per group. * p < 0.05, ** p < 0.01; 
Dunnett’s test. Illustrations were done with www.​biore​nder.​com

http://www.biorender.com
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Fig. 5  (See legend on previous page.)
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FENM treatment restored the GluN2A/GluN2B ratio 
(Fig. 5d) GluN2D levels were also analyzed but no effect 
of the Aβ25–35 peptide nor FENM were measured in the 
synaptosomal preparations (Fig. 5e). The levels of phos-
phorylated GluN2A/B subunits were analyzed to get an 
indirect idea of their respective activations. P(Tyr1325)-
GluN2A was non-significantly decreased after Aβ25-35 
injection in hippocampal synaptosomes (-26%, Fig.  5f ) 
and no significant effect of FENM was observed in com-
parison with Aβ25-35 (Fig. 5f ). On the contrary, P(Ser1303)-
GluN2B was significantly increased after Aβ25-35 injection 
(+ 34%, Fig. 5g) and the FENM treatment prevented the 
increase (Fig.  5g), suggesting that the drug more effi-
ciently restored alteration in GluN2B subunits as com-
pared to GluN2A.

FENM treatment by SC infusion or repeated IP injections 
improved spatial memory impairment in APP/PS1 mice
Results in the Aβ25-35 AD model, indicated that the most 
active doses were 0.3 mg/kg for IP injection, although it 
must be noted that the object recognition test but not 
spontaneous alternation, confirmed here the previous 
results by Couly et  al. [31], and 0.1  mg/kg/day for SC 
infusion. These dosages were therefore selected for drugs 
administration over 4  weeks period in 10-month-old 
APP/PS1 mice (Fig. 6a). Animal body weight was moni-
tored daily after osmotic pump implantation or during 
repeated drug administration, WT and APP/PS1 mice 
exhibited stable body weight throughout the 4 weeks of 
treatment (Fig. 6b-d). The repeated IP FENM treatment 
did not affect the animals’ weight, while the SC infu-
sion treatment had a positive impact for WT and APP/
PS1 mice (Fig.  6d-b). Indeed, the average daily weight 
gain was significantly higher than zero for both FENM-
infused WT and APP/PS1 groups, contrarily to controls 
and FENM IP injected groups (Fig. 6d).

The protective effect of FENM on spatial memory 
impairment in APP/PS1 mice was first determined 
through behavioral testing, after the 4  weeks of treat-
ments. Animals were tested for spontaneous alternation 
in the Y-maze, a rapid measure of hippocampus-depend-
ent spatial working memory in rodents. Veh-treated 
(control) APP/PS1 mice showed a significant decrease in 
alternation compared to control WT animals (Fig.  6e). 
FENM infusion attenuated the deficit (the group perfor-
mance was not significantly different from control WT 
value) while repeatedly injected FENM led to a signifi-
cant prevention of the deficit in APP/PS1 mice (Fig. 6e). 
Interestingly, the number of arm entries was not different 
between Veh-treated WT and APP/PS1 groups or fol-
lowing FENM infusion but decreased following repeat-
edly injected FENM (significantly for WT mice) (Fig. 6f ). 
MEM was also repeatedly injected IP in APP/PS1 mice 

and WT controls (Fig. 6g) at the active dose of 0.3 mg/
kg (Fig. 1i). The drug failed to attenuate the spontaneous 
alternation impairment in APP/PS1 mice (Fig. 6g).

FENM treatment by SC infusion or repeated IP injections 
attenuated neuroinflammation and amyloid load in APP/
PS1 mice
Neuroinflammation was evaluated in the hippocampus 
by measuring the level of TNFα and IL-6. TNFα levels 
were significantly increased in the hippocampus of con-
trol APP/PS1 mice as compared with control WT mice 
and this increase was attenuated by infused FENM and 
significantly prevented by repeatedly injected FENM 
(Fig. 7a). IL-6 levels were significantly increased in con-
trol APP/PS1 mice as compared to control WT animals 
and this increase was significantly prevented by both the 
FENM infusion or repeated injections (Fig. 7b).

GFAP levels measured by Elisa were significantly 
increased in the hippocampus of control APP/PS1 mice 
compared to control WT mice (Fig.  7c). Neither the 
infused FENM nor repeatedly injected FENM decreased 
GFAP levels (Fig. 7c), suggesting that the treatments mar-
ginally affected astroglial reaction after 1  month treat-
ment. IBA-1 level was moderately increased in control 
APP/PS1 mice as compared to WT (Fig.  7d), but both 
FENM treatments tended to decrease IBA-1 level in 
APP/PS1 mice (Fig. 2d).

In the cortex of WT and APP/PS1 mice, we analyzed 
Bax and Bcl-2 levels. Bax levels were moderately but sig-
nificantly increased in control APP/PS1 mice and both 
FENM treatments prevented the increase (Fig. 8a). Bcl-2 
levels were unchanged in APP/PS1 mice and whatever 
the treatment (Fig. 8b).

Amyloid load was analyzed in the mouse cortex by quan-
tifying both guanidine-soluble and insoluble forms of 
Aβ1-40 and Aβ1-42. Contents in Aβ1-40 and Aβ1-42 proteins 
were negligeable in the cortex of WT mice (< 0.15 µg/mg 
Prot. measured for both Aβ species). However, significant 
amounts were measured in the cortex of APP/PS1 mice 
(Fig. 8c-f). The FENM treatments tended to decrease sol-
uble Aβ1-40 contents (Fig.  8c) and insoluble Aβ1-40 levels 
(p = 0.114 for infused FENM and p = 0.064 for repeatedly 
injected FENM, Mann–Whitney’s test; Fig. 8d), and solu-
ble Aβ1-42 contents (p < 0.05 for repeatedly injected FENM; 
Fig. 8e) but did not change insoluble Aβ1-42 levels (Fig. 8f). 
Individual correlations between the levels in Aβ1-40 and 
Aβ1-42 confirmed that the FENM treatments decreased 
similarly both species in soluble forms, with no change in 
the representation slope (Fig. 8g) while for insoluble forms, 
the decreases were accompanied with a change in the 
slopes confirming that the treatments differentially altered 
Aβ species in all animals (Fig. 8h).
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FENM treatment by SC infusion or repeated IP injections 
ameliorated LTP impairment in the hippocampal DG 
in APP/PS1 mice
Based on the FENM effects on NMDAR subunits seen in 
Aβ25-35 mice and to investigate the synaptic mechanism 
underlying impairments in spatial learning and memory, 
we examined the hippocampal long-term potentiation 
(LTP) in APP/PS1 mice. The field excitatory postsynaptic 
potential (fEPSP) of the CA1 was evoked by stimulating 

the Schaffer collateral in CA2 in acute hippocampal slices 
(Fig. 9a). For LTP induction, we applied a high frequency 
stimulation (HFS, 100 Hz for 1 s), a well-established pro-
tocol known for robustly inducing LTP [51]. HFS was 
delivered to brain slices from both WT and APP/PS1 
mice following a 10-min stable baseline at 15 s intervals. 
Typical fEPSP traces from different groups are shown in 
Fig. 9b. The fEPSP amplitude was normalized to the aver-
age fEPSP amplitude during the baseline (Fig. 9c-e). The 

Fig. 6  a Experimental protocol. Wildtype (WT) or APPswe/PS1∂E9 (APP/PS1) mice were infused SC with vehicle solution (Veh) or FENM (0.1 mg/kg/
day) or repeatedly injected IP with FENM (0.3 mg/kg) or MEM (0.3 mg/kg) between 10 to 11 month-of-age (m.o.). Surgery was performed on day 1, 
infusion lasted 28 days, and a Y-maze test (YMT) was performed on day 30. On day 31, animals were sacrificed (†) before biochemical analyses. b,c 
body weight measured weekly for WT (b) and APP/PS1(c) treated groups. d Daily weight gain between day 1 to day 29. § p < 0.05, §§ p < 0.01 vs. 0 
(one-column t-test). e Spontaneous alternation performances and (f) total numbers of arm entries for FENM-treated groups and (g) spontaneous 
alternation performances for MEM-treated groups, in the Y-maze test. * p < 0.05, ** p < 0.01 vs. Veh-treated WT group; # p < 0.05 vs. Veh-treated APP/
PS1 group; Dunnett’s test
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average fEPSP amplitude during the last 10  min after 
HFS (70–80 min) were compared to assess LTP induction 
and maintenance, respectively (Fig. 9f ). In WT mice, the 
amplitude of fEPSP increased immediately after HFS and 
then regularly during the measurement period, indicat-
ing successful LTP induction and maintenance (Fig. 9c). 
The average fEPSP amplitude was also increased after 
HFS in APP/PS1 mice (the first 2  min: 139.4 ± 8.9% for 
WT mice vs. 124.4 ± 7.3% for APP/PS1 mice), but gradu-
ally decreased with time (the first 2 min: 137.0 ± 5.9% for 
WT mice vs. 114.0 ± 0.8% for APP/PS1 mice), showing 
impaired LTP maintenance in APP/PS1 mice. Indeed, a 
significant decrease in normalized slope fEPSP of APP/
PS1 was measured in comparison of WT during the last 
10  min (Fig.  9f ). Both FENM treatments did not affect 

maintenance of fEPSP amplitudes in WT mice (Fig. 9d) 
but allowed a recovery of fEPSP amplitudes in APP/PS1 
mice (Fig. 9e), indicating that the drug prevented fEPSP 
impairment in APP/PS1 mice.

Discussion
In the present study, we confirmed the neuroprotective 
efficacy of FENM and demonstrated the efficacy of SC 
infusion in two mouse models of AD, namely the phar-
macological Aβ25-35 model and the transgenic APP/PS1 
line.

In the first model, FENM was previously reported to 
prevent Aβ25-35 mouse-induced toxicity after repeated 
daily IP injection [31], with a better and more robust pre-
vention of neuroinflammation as compared with MEM, 

Fig. 7  Protective effects of FENM on neuroinflammation in the hippocampus of APP/PS1 mice. Vehicle solution (Veh) or FENM (0.1 mg/kg/
day) was infused for 4 weeks SC or FENM (0.3 mg/kg) was injected IP o.d. for 4 weeks. animals were sacrificed 48 h after the last administration 
day. Levels of the cytokines TNFα (a) or IL-6 (b) and the glial markers GFAP (c) or Iba-1 (d) were analyzed in homogenates by ELISA. Data were 
expressed as percentage of the control, Veh-treated WT group. The number of animal per group was n = 5–6. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 
the Veh-treated WT group; # p < 0.05, ## p < 0.01 vs. the Veh-treated APP/PS1 group; Dunnett’s test
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besides a similar efficacy on cognitive deficits and oxida-
tive stress markers [31]. We here confirmed that infused 
FENM resulted, at all dosages tested from 0.03 to 0.3 mg/
kg/day, in preservation of spatial working memory (spon-
taneous alternation) and recognition memory (novel 

object test), two memory processes generally altered in 
AD models. The dose–response profiles appeared at a 
similar dosage but exhibited more sustained protection 
than the repeated IP administration of either FENM or 
MEM in both tests. The most active dosage, 0.1 mg/kg/

Fig. 8  Protective effects of FENM on neuroinflammation in the cortex of APP/PS1 mice. Vehicle solution (Veh) or FENM (0.1 mg/kg/day) 
was infused for 4 weeks SC or FENM (0.3 mg/kg) was injected IP o.d. for 4 weeks. animals were sacrificed 48 h after the last administration day. 
Levels of the pro-apoptotic marker Bax (a), the anti-apoptotic marker Bcl-2 (b), and the soluble (c, e) and insoluble (d, f) contents in Aβ1-40 (c, 
d) and Aβ1-42 (e, f) were analyzed in homogenates by ELISA. Correlations between Aβ1-40 and Aβ1-42 levels are shown in (g) for soluble extracts 
and in (h) for insoluble extracts. Data in (a, b) were expressed as percentage of the control, Veh-treated WT group. Data in (c-f ) were expressed 
as pg/mg of tissue and represented as box-and-whiskers showing the median and range. The number of animal per group was n = 4–6. * p < 0.05 vs. 
the Veh-treated WT group; ## p < 0.01 vs. the Veh-treated APP/PS1 group; Dunnett’s test
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day, was then used for morphological and biochemi-
cal assays. FENM infusion confirmed the ability of 
the drug to strongly prevent inflammation in the hip-
pocampus, both in terms of astroglial response (GFAP 

immunolabelling), microglial reaction (IBA-1 immunola-
belling), and cytokines release after Aβ25-35 insult. Nota-
bly, infusion of FENM at 0.1  mg/kg/day was the most 
active dose to prevent TNFα and IL-6 increase. Both 

Fig. 9  Recovery of LTP in the CA1 hippocampal area in APP/PS1 mice by FENM treatments. a Schematic illustration of field excitatory postsynaptic 
potential (fEPSP) recordings in hippocampal slices. Abbreviations: CA1 ~ 3, Cornus Ammona 1 ~ 3 layers; DG, dentate gyrus; EC, entorhinal cortex; 
PP, perforant path. b Typiical examples of the fEPSPs recorded in the CA1 area in acute mouse hippocampal slices before (black) and 60 min 
after (red) high frequency stimulations (HFS). c-e The mean amplitude of fEPSPs, expressed as a percentage of the baseline level, is plotted for: 
c the Veh-treated WT and APP/PS1 groups; d the Veh-treated, FENM-infused and FENM repeatedly IP injected WT groups; and (e) the Veh-treated, 
FENM-infused and FENM repeatedly IP injected APP/PS1 groups. It shows the 10 min of baseline recording and 70 min of post‑HFS (arrow) 
recording. Responses were evoked and collected every 15 s. f Average amplitude of fEPSPs during the the last 10 min post‑HFS recorded in WT 
and APP/PS1 mice. Data are presented as the mean ± SEM, n = 4–5 animals per group, ** p < 0.01, *** p < 0.001 vs. Veh-treated WT group; ## p < 0.01, 
### p < 0.001 vs. Veh-treated APP/PS1 group; repeated-value one-way ANOVA in (c, e), Mann–Whitney test in (f)
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cytokines are mainly released by reactive astroglial and 
microglial cells. Our biochemical analyses are thus con-
sistent with the effects we measured for FENM on glial 
cell reactivity.

The impact of FENM infusion on oxidative stress was 
also analyzed in terms of the levels of peroxidation of the 
membrane lipids and nitrosylation of proteins in the cor-
tex and hippocampus, respectively. All doses tested sig-
nificantly prevented the increases in lipid peroxidation 
and protein nitrosylation. NMDARs have a dual effect 
on cellular redox level. First, Na+ and Ca2+ ions enter-
ing via over-activated NMDAR, as seen in neurodegen-
eration, can rapidly overwhelm the entire mitochondrial 
respiratory capacity, leading to leak of electronic integrity 
of the respiratory chain and promoting the generation of 
reactive oxygen species [52]. Second, oxidative stress and 
NMDAR hypofunction have also been proposed to be 
related in several physiopathological processes. Infusion 
of FENM was particularly effective in preventing Aβ25-

35-induced oxidative stress. Indeed, all doses tested pre-
vented lipid peroxidation as well as protein nitrosylation, 
suggesting that alterations of both mitochondrial respi-
ration or endogenous antioxidant defense systems were 
alleviated by the NMDAR antagonist.

Another direct consequence of Aβ25-35-induced tox-
icity and synaptic loss we examined was the level of 
PSD-95 expression. PSD-95 is an accurate marker of 
postsynaptic degeneration that present altered locali-
zation in human AD patient brains [53] and decreased 
expression in advanced stages of neurodegeneration 
in amyloid transgenic mouse models [53], and in Aβ 
infused pharmacological models [54, 55]. In vitro, PSD-
95 and Synaptophysin levels are decreased in a concen-
tration- and time-dependent manner after exposure of 
rat primary hippocampal neurons to Aβ1-42 or Aβ25-35 
[54]. In vivo, Aβ25-35 in situ injection into the hippocam-
pus CA1 layer directly altered PSD-95 and GluN2B in 
CA1 and the dentate gyrus [55]. It has been proposed 
that Aβ, by modifying the conformation of the NMDAR 
C-terminal domain [56, 57] and thus the NMDAR inter-
action with protein phosphatase 1 (PP1), altered syn-
aptic stability [58]. Here, we confirmed that both in 
whole hippocampus homogenates and in synaptosomes, 
in vivo administration of Aβ25-35 significantly decreased 
PSD-95 levels. This effect was prevented by the infusion 
of FENM and can be considered as a direct measure of 
FENM-induced protection of synapses integrity. The 
previously demonstrated affinity of FENM on NMDAR 
GluN subunits at the synapse could thus result in pro-
tecting, directly or indirectly, the integrity and the activ-
ity of NMDAR against glutamatergic excitotoxicity, 
avoiding the endocytosis of NMDAR and consequently 
PSD-95 impairment as observed in AD [59].

NMDAR activity is not only a vector of amyloid toxic-
ity but also a key and subtle actor of the neurodegenera-
tive process. In the AD patient brain, changes in NMDAR 
subunits expression were described. Using immunohis-
tochemistry and confocal microscopy, Yeung et  al. [60] 
recently characterized the expression of NMDAR subu-
nits in post-mortem human brain tissue. They described 
increased level of GluN1 in the stratum moleculare and 
hilus of the dentate gyrus (DG), in the stratum oriens 
of the CA2 and CA3, in the stratum pyramidale of the 
CA2, and in the stratum radiatum of the CA1, CA2, 
and CA3 subregions, as well as in the entorhinal cortex. 
GluN2A expression was significantly increased in AD 
compared with control in the stratum oriens, stratum 
pyramidale, and stratum radiatum of CA1 [60], suggest-
ing either an up-regulation of GluN2A expression or a 
relocalization to the synapse. Indeed, GluN2A NMDARs 
are mainly pyramidal synaptic receptors, concentrated 
within the post-synaptic density and scaffolded by PSD-
95. They are involved in various form of synaptic plastic-
ity such as long-term potentiation (LTP) [61]. Ca2+ entry 
through GluN2A NMDARs increases cAMP response 
element binding protein (CREB) and brain-derived neu-
rotrophic factor (BDNF) signaling. An indirect measure 
of GluN2A activity through the phosphorylation level 
on Tyr1325, showed no difference between Aβ25-35 and 
control mice. However, infused FENM decreased the 
level of P(Tyr1325)-GluN2A suggesting a down regulation 
of NMDAR activity at the synapse. The drug treatment 
could thus further decrease GluN2A activity in Aβ25-35 
mice.

Extrasynaptic NMDAR are predominantly GluN2B-
expressing NMDAR and exert different if not opposite 
actions on post-synaptic neurons [62], in particular by 
inhibiting CREB signaling [63]. Because the NMDARs 
are localized closer to the neuronal soma, Ca2+ entry 
resulting from their sustained over-activation due to glu-
tamate spillover from synapses or Aβ-induced alteration 
of glutamate reuptake by astrocytes, could directly alter 
mitochondrial membrane potential and result in mito-
toxicity and, consequently, cytotoxicity [23]. Further, 
NMDAR subunits, and particularly the GluN2B subunit, 
are mobile on the plasma membrane surface between the 
synapse and extrasynaptic space [64]. These elements led 
to the consideration that synaptic GluN2A NMDARs 
are involved in the physiological response to glutamate, 
including long-term potentiation, and are pro-survival 
while extrasynaptic GluN2B NMDARs are involved in 
the neurotoxicity, including long-term depression or 
spine shrinkage, as observed in excitotoxic events and 
in neurodegenerative pathologies [65–68]. In Aβ25-35 
mice, GluN2B levels were unchanged in homogenates 
and synaptosomes. However, P(Ser1303)-GluN2B levels 
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were increased in Aβ25-35 mice suggesting that the toxic-
ity increased extrasynaptic NMDAR activity. In the hip-
pocampal neuron cultures of rat, it was shown that the 
phosphorylation P(Ser1303)-GluN2B was increased and 
revealed NMDAR-induced excitotoxicity [69]. Infusion 
of FENM restored all changes, suggesting that the drug 
is effective in alleviating NMDAR dysfunctions both in 
terms of regulation, e.g., expression and localization, and 
activity.

It must be noted that NMDAR composition also 
includes GluN2C, that is poorly expressed in the hip-
pocampus [70], and GluN2D that is present in interneu-
rons and glial cells [71–73]. Although this latter was 
shown to be unaffected in our study as neither Aβ25-35 
nor FENM infusion changed GluN2D levels in synapto-
somes, we cannot exclude that this subunit plays a par-
ticular role in FENM direct action. Indeed, FENM shows 
a significantly higher selectivity for GluN2C/2D subunits 
as compared with GluN2A/2B (unpublished data). As Aβ 
oligomers induces NMDAR dysfunction in astrocytes 
and alters the phagocytic capacity of microglia [74, 75], 
FENM by a subunit-selective inhibitory action may slow 
down neuroinflammation and maintain neuronal home-
ostasis, synaptic transmission, and plasticity  [76]. This 
hypothesis could explain how FENM could impact, indi-
rectly, the GluN2A/B subunit expression and activation 
in synaptosome through glial cells activity but also how 
FENM could act on neuroinflammation.

In order to confirm FENM efficacy following a chronic 
administration treatment in a transgenic AD mouse line, 
we analyzed FENM effects in APP/PS1 mice. Numer-
ous AD transgenic lines have been used to report the 
preclinical neuroprotective effect of MEM, including 
5XFAD, Tg2576, Tg4-42, 3xTg-AD, APP23, tgCRND8, 
and APP/PS1 [for a recent review, see [77]]. In APP/
PS1 mice, IP administration of MEM at 10  mg/kg dur-
ing 4 weeks improved left/right discrimination in a water 
version of the T-maze [78]. A 4-month chronic treatment 
with MEM at 10 mg/kg/day improved object recognition 
and allowed a decrease in the number of plaques [79]. 
At 20  mg/kg but by oral gavage during 4  months, the 
drug improved learning in the Morris water maze, while 
decreasing APP and Aβ expression [80]. However, at 
this dose, we previously showed that animal cognition is 
directly and completely impaired by MEM, diminishing 
its relevance for pharmacological translation [31]. In the 
present study, FENM was not only administered at lower 
doses of 0.1  mg/kg/day or 0.3  mg/kg, which are devoid 
of direct effect on animal cognition, but also in older and 
thus more severely affected APP/PS1 mice, 10–11-mo vs. 
7–8-mo.

At the behavioral level, FENM proved more effec-
tive than MEM. FENM successfully restored a correct 

spatial working memory in mice, whereas MEM showed 
no effectiveness at the same dosage. We also confirmed 
that the pathological elevation of TNFα and IL-6 lev-
els in APP/PS1 mice could be alleviated by both FENM 
treatments. Interestingly, in 10-mo APP/PS1 mice, which 
exhibit significant amyloid load [43, 81] and correlated 
memory deficits, one-month treatment with FENM nota-
bly reduced several markers of amyloid load [82]. More 
specifically, the drug decreased levels of both guanidine-
soluble Aβ1-40 and Aβ1-42, which correspond to small oli-
gomeric aggregates. These aggregates represent the most 
toxic amyloid species, causing acute synaptotoxicity and 
inducing neurodegenerative processes [83, 84].

Some studies in transgenic mouse models suggested 
that Aβ deposits may serve as a sink for soluble Aβ spe-
cies. Effective therapeutic strategies could thus poten-
tially decrease soluble Aβ oligomer levels and reduce 
cognitive deficits without impacting or even increasing 
Aβ plaque levels [85]. Our observation that FENM only 
marginally affected constituted guanidine-insoluble, i.e. 
fibrillar, Aβ deposits is thus not necessarily a limitation.

Elisa analyses in the hippocampus of 11-mo APP/PS1 
detected limited microglial, but strong astrocytic reac-
tion. Interestingly, FENM treatment totally prevented the 
former while it has only marginal impact on the second. 
These glial cells express GluN2C or GluN2D NMDARs 
[72, 86]. One hypothesis explaining the observed results 
could be that FENM affected the overactivation of 
microglia, or at least regulated microglial activation 
into prophagocytic or anti-inflammatory phenotypes, 
by a selective inhibition of GluN2C/2D subunit-express-
ing NMDARs. Microglia are involved in the immune 
response, maintenance of homeostasis, extracellular 
signaling, phagocytosis, antigen presentation and synap-
tic pruning in the brain and notably, through regulation 
of neuroinflammation, contribute to AD progression. By 
regulating microglial reactivity, FENM could improve the 
clearance of Aβ in brain, as observed in APP/PS1, sug-
gesting a better glutamatergic activity through microglial 
NMDAR.

The result that GFAP levels was only marginally 
affected by FENM is surprising as astrocytes play a key 
role in Glu release and subsequent activation of presyn-
aptic NMDARs, and in Glu reuptake at the synapse. They 
therefore contribute to the limitation of extrasynaptic 
NMDARs activation in physiological conditions. More-
over, the astrocytic control of glutamatergic synapse is 
particularly dependent on the cytokine TNFα that acts as 
a gating factor for astrocyte activation [87]. The efficacy 
of FENM treatments to alleviate pathologically increased 
levels of TNFα without a direct consequence on astro-
glial activation is therefore paradoxical. Finally, another 
explanation could be that FENM treatment could have 
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been started late while the astrocyte reaction was well 
established.

Finally, we observed that both FENM treatments 
restored LTP in APP/PS1 mice. Synaptic plasticity of the 
hippocampus is fundamental for hippocampal mem-
ory formation, including learning and spatial memory. 
NMDARs are crucial for synaptic plasticity, LTP induc-
tion and maintenance. LTP alteration occurs at 9–15-mo 
in APP/PS1 mice, i.e., in mature adult transgenic APP/
PS1 mice, vs. 19–25-mo non-transgenic controls [88]. 
In the present experiments, APP/PS1 mice still demon-
strated some LTP induction, but with a lesser intensity 
as compared to control animals, and a significant impair-
ment of LTP maintenance over time. Interestingly, the 
GluN2B subtypes of synaptic NMDARs are key player 
in the physiological regulation of LTP and resulting 
plasticity during development [89]. Ji et al. [90] recently 
described an accelerated shift in NMDAR subtypes from 
GluN2B to GluN2A to account for the LTP decrease in 
APP/PS1 animals in relation to the alteration of the hip-
pocampal neurogenesis also observed in these mice [90]. 
In Aβ25-35 mice, we observed that Aβ toxicity increased 
the GluN2A/GluN2B ratio in hippocampus synapto-
somes and that the FENM treatment restored the ratio. 
The drug had therefore, whatever the treatment protocol, 
a major impact on hippocampal plasticity, coherent with 
its ability to improve cognition in APP/PS1 animals.

Conclusion
The present study demonstrated that FENM is an effi-
cient neuroprotective drug in the Aβ25-35 pharmaco-
logical mouse model of AD or in APP/PS1 mice, when 
continuously infused SC. We also described that FENM 
is neuroprotective after repeated IP injections in APP/
PS1 mice while MEM fails to produce effect at doses 
relevant for pharmacological performance assess-
ment. More specifically, we observed the prevention of 
memory deficits, neuroinflammation, oxidative stress, 
apoptosis, alteration in NMDAR subunit expressions 
in synaptosomes and recovery of LTP maintenance. SC 
infusion of the drug, an alternative mode of adminis-
tration that could be implemented using transdermal 
patch, may offer a progressive and continuous steady-
state concentration of the drug, tailored to the needs 
of AD patient care. Indeed, by developing an appropri-
ate transdermal infusion system, FENM therapy would 
lead to improved usability, dosage, and compatibility. 
In particular, the progressive and optimized plasma 
and brain concentrations of the compound achieved at 
pharmacologically relevant levels will contribute to the 
mitigation of adverse side-effect encountered by per os 
repeated dosing.
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