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Abstract—No curative or fully effective treatments are currently available for Alzheimer’s disease (AD), the most
common form of dementia. Electrical stimulation of deep brain areas has been proposed as a novel neuromodu-
latory therapeutic approach. Previous research from our lab demonstrates that intracranial self-stimulation (ICSS)
targeting medial forebrain bundle (MFB) facilitates explicit and implicit learning and memory in rats with age or
lesion-related memory impairment. At a molecular level, MFB-ICSS modulates the expression of plasticity and
neuroprotection-related genes in memory-related brain areas. On this basis, we suggest that MFB could be a
promising stimulation target for AD treatment. In this study, we aimed to assess the effects of MFB-ICSS on both
explicit memory as well as the levels of neuropathological markers ptau and drebrin (DBN) in memory-related
areas, in an AD rat model obtained by Ab icv-injection. A total of 36 male rats were trained in the Morris water maze
on days 26–30 after Ab injection and tested on day 33. Results demonstrate that this Ab model displayed spatial
memory impairment in the retention test, accompanied by changes in the levels of DBN and ptau in lateral entorhi-
nal cortex and hippocampus, resembling pathological alterations in early AD. Administration of MFB-ICSS treat-
ment consisting of 5 post-training sessions to AD rats managed to reverse the memory deficits as well as the
alteration in ptau and DBN levels. Thus, this paper reports both cognitive and molecular effects of a post-
training reinforcing deep brain stimulation procedure in a sporadic AD model for the first time.� 2023 The Author

(s). Published by Elsevier Ltd on behalf of IBRO. This is anopenaccessarticle under theCCBY-NC-ND license (http://creativecom-

mons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form of

dementia. It is characterized by progressive wide-

ranging cognitive and neuropsychiatric disturbances,

among which episodic memory deficits are the earliest

and most distinctive (Weintraub et al., 2012). At a molec-

ular level, it is defined by the presence of amyloid-b (Ab)
plaques (Glenner and Wong, 1984) and tangles made of

hyperphosphorylated tau (ptau) (Grundke-Iqbal et al.,

1986a, 1986b). However, other neuropathological hall-

marks, such as synaptic protein imbalance (e.g. reduced

Debrin (DBN) levels), also appear early in the disease
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(Terry, 2000; Selkoe, 2002). The causative chain and

hierarchy among them are still unknown.

No curative or fully effective treatments are currently

available for AD (Alzheimer’s Association, 2019). Electri-

cal stimulation of deep brain areas (deep brain stimula-

tion, DBS) has been suggested as a novel

neuromodulatory approach to functionally restore mem-

ory circuits affected in AD (Lv et al., 2018). Results from

initial clinical trials of DBS aimed at the nucleus basalis

of Meynert or the fornix in AD patients, although promis-

ing, still pose some limitations regarding the extent and

duration of its effects on cognitive aspects (Kuhn et al.,

2015; Hardenacke et al., 2016; Lozano et al., 2016;

Baldermann et al., 2018; Gratwicke et al., 2018). Yet,

studies using experimental animals are exploring DBS

effects on other brain regions in an attempt to further

reveal potential targets of DBS for AD treatment (Aldehri

et al., 2018; Yu et al., 2019).

Our group has consistently demonstrated that

stimulation of the medial forebrain bundle (MFB), a part
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of the neural substrate of reward, facilitates learning and

memory in healthy and age or lesion-related memory

impaired rats by means of intracranial self-stimulation

(ICSS) (Aldavert-Vera et al., 1997; Segura-Torres et al.,

1988, 2009; Redolar-Ripoll et al., 2002, 2003; Soriano-

Mas et al., 2005 Ruiz-Medina et al., 2008a, 2008b;

Kádár et al., 2014; Garcı́a-Brito et al., 2017; Huguet

et al., 2020). Furthermore, MFB-ICSS has been found

to regulate the expression of synaptic plasticity proteins

in the hippocampus and the retrosplenial cortex (Huguet

et al., 2009, 2020; Kádár et al., 2011, 2013, 2016, 2018;

Aldavert-Vera et al., 2013). Additionally, it has been

shown to modulate the levels of hippocampal miRNAs

described as key regulators of disturbed pathways in AD

(Puig-Parnau et al., 2020). These results suggest that

the MFB, which passes through the lateral hypothalamus,

could be a promising stimulation target in AD treatment.

Nevertheless, MFB-ICSS effects have never been evalu-

ated in AD conditions.

An important handicap when testing treatments for AD

is the lack of translationality of preclinical studies using

experimental models (Cavanaugh et al., 2014; Zhang

et al., 2019). In an attempt to overcome this limitation,

the use of models mimicking sporadic onset AD (sAD),

which accounts for about 95% of all AD cases (Zhang

et al., 2019), is gaining popularity compared to more tra-

ditional transgenic models. In this regard, one of the most

popular strategies used to mimic sAD relies on the deliv-

ery of amyloid-b (Ab), the main constituent of the amyloid

plaques, to the brain.

In this study, we aimed to assess whether the MFB-

ICSS treatment in an AD rat model obtained by a single

intracerebroventricular (icv) injection of Ab aggregates,

could alleviate both the spatial memory affectations and

the alterations found in some molecular markers of early

pathology. Specifically, we assess levels of ptau and

DBN proteins in memory-related areas including the

hippocampus and rhinal, retrosplenial and prelimbic

cortices.
EXPERIMENTAL PROCEDURES

Animals and experimental design

A total of 36 adult male Wistar rats from our laboratory’s

breeding stock, with a mean age of 11.29 weeks

(SD ± 0.68) and a mean weight of 368.63 g

(SD ± 27.73) at the time of surgery, were used for this

study. All procedures were approved by the University

Animal Welfare Committee (CEEAH, protocol number

4848 P1), and were in compliance with the European

Community Council Directive (86/609/CEE, 92/65/CEE,

2010/63/UE), Royal Decree 53/201.

Rats were individually housed in a controlled

environment (20–24 �C temperature, 40–70% humidity,

12-h light/dark cycle) and were allowed free access to

water and rodent chow.

As further described in the following sections, rats

were intracerebroventricularly (icv)-infused with

oligomerized Ab or vehicle and implanted with a

monopolar electrode aimed at the MFB on day 0. The

animals were then trained on the Morris water maze
(MWM) task between day 26 and 30 and tested for

spatial memory 72 h after the training phase, on day 33.

After the probe test, the rats were euthanized for

molecular characterization. The ICSS treatment was

administered immediately after each MWM acquisition

session (experimental timeline shown in Fig. 1).

Thus, a total of four groups were considered (Ab: Ab-
injected rats that receive sham treatment; Ab + ICSS:

Ab-injected rats that receive ICSS treatment; VEH:

vehicle-injected rats that receive sham treatment, and

ICSS: vehicle-injected rats that receive ICSS treatment).

One subject was eliminated from the Ab + ICSS group

due to an unrelated illness and one subject was

eliminated from the ICSS group due to technical issues

during the stimulation treatment. The final sample sizes

were as follows: Ab: n = 10; Ab + ICSS: n = 9; VEH:

n = 8, and ICSS: n = 7.
Preparation and assessment of Ab oligomeric
aggregates

To prepare amyloid-b toxic oligomers for icv injection,

amyloid-b protein fragment 1–42 (Sigma A9810) was

pre-treated with HFIP (Sigma 105228-5G) in order to

obtain a pre-aggregate free solution, by overnight

incubation at 0.2 mM. After that, aliquots containing

3.75 nmol of amyloid-b were divided into Eppendorf

tubes and HFIP was then removed by overnight

evaporation followed by 1.5 h in an exsiccator attached

to a vacuum inlet. Aliquots of dried peptide film were

stored at �80 �C until use. On day �7, dried peptide

was dissolved in PBS pH 7.4 (DPBS Lonza Biowhitaker)

and the solution (25 lM) was then sonicated in a

standard bath sonicator for 5 min and incubated at

37 �C for 168 h in order to obtain oligomeric

aggregates. Before use on day 0, each aliquot was

subsequently diluted with PBS to the final injection

concentration of 15 mM.

The presence of oligomeric aggregates in the injected

sample was assessed via Western blot. Twenty-eight lL
of amyloid-b peptide prepared identically to the ones to

be injected (15 mM) were loaded onto a Criterion TGX

Stain-Free PreCast Gels 4–15% polyacrylamide (Bio-

Rad) lane and electrotransferred to PVDF membrane.

After 1 h of blocking with 5% Bovine Serum Albumin

(Sigma) in TBS-T (tris-buffered saline [100 mM NaCl,

10 mM Tris-HCl, pH 7.5] containing 0.1% Tween-20),

membrane was incubated with rabbit anti-amyloid-b
H31L21 primary antibody (1: 1,000, # 700,254

Thermofisher) at 4 �C, overnight. Goat anti-rabbit

peroxidase-conjugated secondary antibody was used for

1 h at room temperature (1:20,000, no. 31460,

ThermoScientific). Antibody reactive bands were

detected using Immobilon Western Chemiluminescent

HRP Substrate (EMD Millipore) in a FluorChem

luminometer.
Intracerebroventricular injection of amyloid-b

Rats were anesthetized using an intraperitoneal injection

of ketamine and xylazine (110 mg/kg Ketolar� ketamine

chlorhydrate (Parke-Davis S.L. Pfizer, Madrid, Spain)



Fig. 1. Timeline of the experimental design. On day 0, rats were icv infused with oligomerized Ab or vehicle and implanted with a monopolar

electrode aimed at the MFB. Animals were trained on the MWM task between day 26 and 30 and sacrificed on day 33 post-injection. Animals in

Ab + ICSS and ICSS groups receive ICSS treatment after each MWM acquisition session, while Ab and VEH groups receive sham treatment

instead.
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and 0.08 ml/100 g Rompun� xylazine 23 mg/ml; i.p.

(Bayer, Barcelona, Spain). With the animal set on a

stereotactic apparatus, a midline incision was made

using a scalpel, from the frontal cranial bones to the

back of the parietal cranial bones, to expose the dorsal

surface of the skull. Two small perforations were drilled

in the skull, at AP = -0.7 mm and L = �1.6/+1.6 mm

from Bregma, according to stereotaxic atlas (Paxinos

and Watson, 2006). For rats in Ab and Ab + ICSS

groups, 10 mL of Ab1-42 oligomeric preparation at

15 lM was bilaterally injected icv (2x5 lL) with a 10 mL
Hamilton syringe penetrating at DV = -4.00 mm. The

infusion was made over about 7 minutes (rate of 0.7 lL/
minute) and retained 3 minutes to allow for complete dif-

fusion of drug (total of 10 minutes per hemisphere). The

amount of Ab1-42 injected at the concentration of

15 mM in each case equaled 0.677 mg of Ab peptide per

rat. Rats in vehicle groups (VEH and ICSS groups) under-

went the same procedures except that only PBS was

injected.
Electrode implantation

Right after icv injection and still set in the stereotactic

apparatus, rats were chronically implanted with an ICSS

electrode aimed at the MFB in the lateral hypothalamus

at coordinates from Bregma: AP = -2.3 mm;

ML = 2.0 mm, in the right hemisphere (ipsi

hemisphere); and DV = -8.8 mm (Paxinos and Watson,

2006). The electrode device consisted of a single-

channel system with ground, manufactured in our labora-

tory, with two electrodes connected and welded on the

two terminals of a female micro connector (acquired in

microelectronics stores, 34 mm � 80 mm). The electrode

to be implanted at the MFB, was a 200 mm diameter insu-

lated stainless steel strain wire (008-SW PlasticsOne).

The ground electrode was a copper wire that was welded

to one of the screws anchored in the skull during the

stereotaxic intervention. The electrode device was

anchored to the skull with 4 jeweler’s screws and dental

cement, and the incision site was stitched up, allowing

easy access to the protruding connector.

During the post-surgery recovery period (7 days), the

animals were weighed and handled daily and a protocol
for animal welfare supervision was applied during the

whole procedure.

Intracranial self-stimulation treatment

ICSS shaping session took place on days 22 and 23 after

Ab injection, when animals randomly assigned to the

ICSS experimental condition were taught to self-

stimulate by pressing a lever in a conventional Skinner

box (25 � 20 � 20 cm3). Electrical brain stimulation

consisted of 0.3 sec trains of 50 Hz sinusoidal waves at

intensities ranging from 40 to 170 mA. The optimum

current intensity (OI) was established for each rat as the

mean of the two current intensities producing the

highest response rate in the two shaping sessions

(responses/min).

ICSS treatment consisted of 5 sessions (1

session/day for 5 consecutive days), administered

immediately after each MWM acquisition session.

During each session, rats in Ab + ICSS and ICSS

groups were placed in a self-stimulation box and were

free to press the lever to self-administer 2500 trains of

electrical stimulation at the established OI for each

subject. Sham rats (Ab and VEH groups) were handled

and allowed to explore the ICSS box for 30 minutes but

did not receive any electrical stimulation.

Morris water maze

Spatial learning and memory were assessed using the

MWM task, in a 2 m diameter pool. A configuration of

distinctive objects (lights, boxes, toys, balls, etc.) was

used to provide distal visual cues for the animals to

locate themselves within the tank and in reference to

the escape platform (escape target), regardless of the

entry point. All animals were given one habituation

session and one 4-trial cued session 72 h prior to the

first acquisition session in order to reduce emotional

reactivity and test the animals’ ability to swim to the

cued goal (Vorhees and Williams, 2010).

Rats were given 5 MWM acquisition sessions, one per

day on days 26–30, each of which consisted of 4 trials,

with a mean intertrial interval of 120 sec. Each trial

consisted of one swim from the edge of the pool to the

platform set in the middle of the target quadrant, starting

from one of the four different cardinal points in a semi-
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random schedule. If a rat failed to find the platform within

90 sec, it was kindly guided to it, left there for 15 sec and

removed from the pool. Otherwise, when animals found

the platform before the completion of the trial, they were

left on it for 15–30 sec and then were removed by the

experimenter. The probe test, during which the platform

was removed, was performed 72 h after the last

acquisition session. The animal was introduced to the

pool from the starting position and allowed to swim for

60 sec. All swim paths were recorded using a closed-

circuit video camera (Smart Video Tracking System,

Version 2.5, Panlab).
Tissue collection

Immediately after the probe test, animals were

euthanized by decapitation. Ipsilateral (right) brain

hemispheres were collected and fixed in 4%

formaldehyde in 0.01 M PBS for 24 hours. Post-fixed

entire hemispheres were cryopreserved in sucrose 15%

0.01 M PBS at 4 �C for 48 h, followed by another 48 h

in sucrose 30% 0.01 M PBS at 4 �C, and finally frozen

using freeze aerosol and stored at �80 �C until

cryotomy. Serial coronal sections of 35 mm in thickness

were obtained in a cryostat (Reichert-Jung Cryocut

1800, with 2020 microtome) at �25 �C from the

coordinates between Bregma �2.50 and �3.80 (for

parietal-temporal lobe sections) and between Bregma

2.00 and 3.50 (for frontal lobe sections). Sections were

collected into Eppendorf tubes and stored at �80 �C
until their use for free-floating immunohistochemistry.
Ptau and DBN immunostaining

Free-floating sections were set in 24-well plates in TBS

[50 mM Tris; 150 mM NaCl; pH 7,6]. Sections for both

DBN (post-fixed in 2% formaldehyde in TBS for 20 min)

and ptau immunostaining were incubated in 0.3% H2O2

in 0.5% triton TBS (TBS-T) for 40 min to block

endogenous peroxidase and then in 7% normal goat

serum (Vector S-1000, in TBS-T) for 1 h at room

temperature. After that, sections were incubated in

primary antibody (Rabbit anti-DBN1, ABN207, EMD

Millipore, 1: 3,000 for 4 h at room temperature followed

by 1 overnight at 4 �C or Mouse anti-ptau AT8,

MN1020, ThermoScientific, 1:200 for 4 h at room

temperature followed by overnight at 4 �C, 1 h at room

temperature and another overnight at 4 �C), washed in

TBS-T and incubated with biotinylated secondary

antibody (Goat anti-rabbit IgG Biotin, 111-066-144,

Jackson Immunoresearch. 1:600 or Goat anti-mouse
Fig. 2. Photomicrograph analysis for DBN and ptau immunostaining i
analysed regions in a parietal-temporal section (-3.60 mm from Bregma). Are

which are indistinctly drawn in the different hemispheres only for clarificati

labelling intensity levels in each of the analysed regions, shown superimpo

section. Area selected for the threshold measure, imposed for ptau analysis,

shown, according to Paxinos and Watson’s atlas (Paxinos and Watson, 20

cingulum; DG: dentate gyrus; Ect: ectorhinal cortex; hil: hilus; HP: hippocam

cortex; PRh: perirhinal cortex; RhC: rhinal cortices; RSA: retrosplenial agra

cortex; SLM: stratum lacunosum moleculare; SO: stratum oriens; SP: supra
IgG Biotin, 115-065-166, Jackson Immunoresearch.

1:600) for 1.5 h at room temperature. After washing,

sections were incubated in ABC (diluted 1/3 in TBS-T,

Vectastain Elite ABC-Peroxidase kit, PK-6100, Vector)

for 35 min. They were then incubated in DAB (SK-4100,

Vector Labs) prepared according to the manufacturer’s

instructions, without nickel. Sections were mounted onto

gelatinized slides and left to dry overnight. Finally,

sections were subsequently dehydrated in ethanol 50%

(2 � 3 min), 70% (2 � 3 min), 96% (3 � 3 min) and

100% (2 � 5 min), placed in HistoClear (2 � 5 min) and

cover-slipped in Pertex medium (Sigma, Alddrich).

Photomicrographs of hippocampal region, rhinal

cortices and retrosplenial cortex, as well as for prelimbic

cortex were obtained from parietal-temporal sections

(Bregma �2.50 to �3.80) and frontal sections (Bregma

2.00–3.50), respectively (Figs. 2A and 3A), using an

Olympus Vanox-T AH-2 microscope attached to an

Olympus DP73 digital camera, using a 2� objective.

ImageJ was used to quantify immunolabelling

intensity. Mean intensity values were measured in

regions of interest (ROIs) set at the different layers and

subregions for each specific region (Figs. 2B and 3B).

Statistical analyses

All statistical analyses were performed using IBM SPSS

Statistics 25. Normality analyses were performed for

data of each group using the Shapiro-Wilk normality

test. The Student’s t-test was used to assess the effect

of icv infusion of Ab oligomers and ANOVA analyses

were applied to assess the ICSS effect in rats with or

without icv Ab infusion. Additionally, a 2 � 5 mixed GLM

was conducted to study the mean latency in the MWM

acquisition phase using GROUP, SESSION and

GROUP � SESSION as main factors. Correlations

between variables were estimated using the

Spearman’s correlation test. The Hedge’s g or

Spearman’s correlation coefficient (q) were used to

measure the effect size. Statistically significant results

were considered when p < 0.05 using 95% confidence

interval.

RESULTS

Aggregation of Ab1-42 peptide

Different bands, corresponding to different oligomeric

species of Ab (dimers, trimers and tetramers), were

revealed between 8 and 20 kDa, indicating the presence

of soluble toxic Ab1–42 species in the injected solution

(Fig. 4).
n parietal-temporal sections. (A) Location of photomicrographs for

as covered by photomicrographs are shown with rectangular frames,

on. (B) Location of regions of interest (ROIs) employed to quantify

sed in blue in a DBN (left) and ptau (right) stained parietal-temporal

is shown in red. In black, the different regionalization of each area is

06). Scale bar = 500 lm. Abbreviations: cc: corpus callosum; cg:

pus; IP: infrapyramidale; Lent: lateral entorhinal cortex; Pir; piriform

nular cortex; RSC: retrosplenial cortex; RSG: retrosplenial granular

pyramidale; SR: stratum radiatum.

"
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Fig. 3. Photomicrograph analysis for DBN and ptau immunostaining in frontal sections. (A) Location of photomicrographs for prelimbic

cortex analysis in a frontal section (+2.20 mm from Bregma). (B) Location of regions of interest (ROIs) employed to quantify labelling intensity

levels in each of the analysed layers, shown superimposed in blue, in a DBN (left) and ptau (right) stained frontal section. Area selected for the

thresholded measure, imposed for ptau analysis, is shown in red. In black, the different regionalization of medial prefrontal cortex is shown,

according to Paxinos and Watson’s atlas (Paxinos and Watson, 2006). Scale bar = 500 lm. Abbreviations: Cg1: cingulate cortex area1; fmi:

forceps minor of the corpus callosum; IL: infralimbic cortex; PrL: prelimbic cortex. Different bands, corresponding to different oligomeric species of

Ab (dimers, trimers and tetramers), were revealed between 8 and 20 kDa, indicating the presence of soluble toxic Ab1–42 species in the injected

solution (Fig. 4).
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Electrode location and ICSS behaviour

Fig. 5 shows the location of the tip of the electrodes of the

subjects who received ICSS (ICSS and Ab + ICSS

groups). In all animals, the tip of the electrode was

located in the MFB, anywhere between anteroposterior

coordinates �1.8 mm and �2.56 mm in reference to

Bregma.
No significant differences were observed between the

ICSS and Ab + ICSS groups in terms of ICSS behaviour.

Specifically, the administration of Ab did not affect any of

the following parameters: the optimal intensity of

stimulation (ICSS: 130.71 mA; Ab + ICSS: 121.11 mA),
the maximum response rate (ICSS: 60.14 responses/

min; Ab + ICSS: 72.55 responses/min), the average



Fig. 4. Aggregation state of injected amyloid-b peptide. Western

blot of Ab solution to be injected: sonicated Ab 1–42 peptide dilution

(25 mM in PBS) was incubated for 168 h at 37 �C and diluted to 15 mM
before loading the sample on PAGE and transfering it onto a PVDF

membrane, probed with amyloid-b monoclonal antibody H31L21,

revealing the presence of Ab aggregates of 8–20 kDa (dimers, trimers

and tetramers). Molecular weight standards are indicated on the right.

Fig. 5. Location of ICSS electrode at the MFB. Location of the terminal tip

and ICSS groups, superimposed on the figures of the Paxinos and Watson

Abbreviations: AHP: anterior hypothalamic area; EP: entopeduncular nucleu

bundle-lateral hypothalamus; PaV: paraventricular hypothalamic nucleus; o

ventricle.
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time that it took the subjects to administer the 2500

stimulation trains of the post-training treatment (ICSS:

38.85 min; Ab + ICSS: 37.35 min).
Spatial learning and memory

Spatial learning curves according to escape latencies

across the different acquisition sessions in the MWM for

the four experimental groups, are depicted in Fig. 6.

Statistical analysis showed an interaction

GROUP � SESSION [F12,120 = 1.876, p < 0.05)],

indicating that the profile was not the same for all

groups. The ICSS group differs the most from the rest,

presenting a descending linear evolution of greater

slope than that of the Ab + ICSS (p = 0.027) and VEH

(p = 0.050) groups. This facilitative effect of ICSS

treatment on the acquisition in rats without Ab became

evident in session 3, where the ICSS group presented

lower latencies than those of the VEH group

(p = 0.032; g = 1.085). Differences between groups

diminished in the last two sessions.

Conversely, no differences were observed in the

evolution of learning between the Ab group and the

Ab + ICSS and vehicle groups. Furthermore, group Ab
also showed a significant decrease in performance

between the first and the last training session, indicating

that all groups learned the task (p < 0.001 for all

groups). In fact, there were no significant effects of Ab
on the acquisition and short-term memory of the task.
of the ICSS stimulation electrodes in the subjects of the Ab + ICSS

atlas at coordinates �1.80 mm to �2.56 mm posterior to Bregma.

s; f: fornix; MeA: medial amygdaloid nucleus; MFB: medial forebrain

pt: optic tract; VMH: ventromedial hypothalamic nucleus; 3 V: 3rd



Fig. 6. Effects of Ab injection and ICSS treatment on spatial task acquisition. Mean escape

latencies (±95% confidence interval) for the five acquisition sessions in the MWM. n= 8, 10, 7 and 9

rats/group (VEH, Ab, ICSS and Ab + ICSS, respectively). *p < 0.05 ICSS vs VEH.

Fig. 7. Effects of ICSS treatment on spatial memory in Ab-
injected rats. Mean distance to target area during the first 30

seconds of the probe test. Each dot represents a single animal.

Mean ± 95% confidence interval is depicted. n = 8, 10, 7 and 9

rats/group (VEH, Ab, ICSS and Ab + ICSS, respectively). *p < 0.05

vs VEH; #p < 0.05 vs Ab.
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Significant effects for the mean distance to the target

area during the first 30 sec of the probe test were

observed for both the Ab (F1,30 = 6.833; p < 0.05) and

ICSS (F1,30 = 4.885; p < 0.05) factors, but not for their

interaction. Thus, a general disruptive effect of Ab,as
well as a facilitation by ICSS treatment were observed

on the retention at 72 h.. Specifically, rats in the Ab
group showed worse retention than the vehicle ones

(p = 0.040; g = 1.009) (Fig. 7). ICSS treatment in Ab
rats not only reduced the mean distance to the target

with respect to the Ab group (p = 0.039; g = 0.981),

but also caused similar results to those observed in the

VEH group. On the other hand, the percentage of time

spent in the target quadrant was similar for all groups.

All of them performed above chance level (25%) during

both the first 30 seconds [VEH: t7 = 4.77, p < 0.05;
Ab: t9 = 3.27, p < 0.05; ICSS:

t6 = 3.38, p < 0.05; Ab + ICSS:

t8 = 4.57, p < 0.05] and the

totality of the trial [VEH: t7 = 3,51,

p < 0.05; Ab: t9 = 2.60,

p < 0.05; ICSS: t6 = 3.91,

p < 0.05; Ab + ICSS: t11 = 3.78,

p < 0.05].

Additionally, no differences

were observed between groups in

any variable of the cued sessions,

indicating that the Ab animals

showed no signs of motor,

emotional, or motivational

disturbance prior to training that

could interfere with escape

learning in the MWM. Similarly,

effects of Ab or ICSS treatments

on other control variables

evaluated in the MWM training

sessions, such as time on walls or

speed of swimming, were not

observed. Finally, no differences
were recorded between groups in relation to the type of

swimming trajectory in any of the sessions evaluated.
Ptau levels

Ab-injected rats presented increased ptau levels in layer II

of entorhinal cortex [t16 = 2.209, p < 0.05; g = 0.998]

with respect to VEH, but not in other rhinal cortices,

hippocampus or prelimbic cortex. In retrosplenial cortex,

a trend towards a significant increase [t15 = 2.099,

p < 0.05; g = 0.968] was also found in layer III of

agranular part in Ab-injected versus VEH rats. Two-way

ANOVA suggests that ICSS treatment had effects on

ptau expression in CA1 and CA3 [F1,29 = 4.077,

p < 0.05 and F1,30 = 3.737, p = 0.053, respectively].

In the most distal part of CA1 a significant reduction of

ptau levels was found in Ab + ICSS group with respect

to Ab group (p = 0.046; g = 0.947) (Figs. 8 and 10). In

contrast, no effect on ptau levels was found for the

ICSS group in this area, despite a reduction of ptau

being observed in CA3 (p = 0.042; g = 1.095).

Instead, Ab + ICSS group presented no significant

differences relative to VEH group in any region.

No significant correlations were found between ptau

levels in any of the analysed regions and impaired

behavioural parameters.
DBN levels

Ab group presented significantly decreased DBN levels

with respect to VEH group in layers Ib and II

[t,15 = 2.246, p < 0.05; g = 1.051 and t,15 = 2.584,

p < 0.05; g = 1.209, respectively), and a trend

[t,15 = 2.017, p = 0.062; g = 0.943) to significance

pointed at a reduction in layer III of the lateral entorhinal

cortex, but not in perirhinal nor ectorhinal cortices

(Figs. 9 and 10). DBN levels in these regions showed a

significant correlation with the mean distance to the

target during the first 30 s of the probe test, in Ab rats,
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where the rats with higher DBN levels were also the

ones with a better performance (Table 1 and Fig. 11).

In the hippocampus, a significant reduction was found

in the outer molecular layer of suprapyramidal branch

in DG [t,15 = 3.011, p < 0.05; g = 1.408] of Ab rats,

and a trend towards significance [t16 = 2.060,

p < 0.05; g = 0.931] was detected in CA1 stratum
oriens. A significant decrease was also found in layer I

of granular retrosplenial cortex [t14 = 2.226, p < 0.05;

g = 1.060] and in layer III of prelimbic cortex

[t16 = 2.692, p < 0.05; g = 1.216] (Figs. 9 and 10).

In contrast, those rats in the Ab + ICSS group did

not display any significant difference in DBN levels

with respect to VEH in any of the studied regions,

including those affected in the non-stimulated Ab
group. A statistically significant interaction between the

effects of ICSS and Ab infusion was detected in CA1

stratum oriens and trends towards significance were

found in DG hilus region [F1,30 = 5.754, p < 0.05 and

F1,30 = 3.500, p = 0.070 respectively]. In these two

regions, DBN increases were found in Ab + ICSS

rats compared to Ab rats (p = 0.038; g = 0.880 and

p = 0.034; g = 0.901 respectively) (Figs. 9 and 10).

Additionally, correlations found in the Ab group

between DBN levels in superficial layers of the

entorhinal cortex and behavioural affection

disappeared in the Ab + ICSS group, thus replicating

VEH dynamics (Fig. 11).
DISCUSSION

DBS of different brain regions has been suggested as a

novel neuromodulatory treatment for AD. Rewarding

electrical stimulation aimed at the MFB appears to be

a suitable approach to this aim, as MFB-ICSS has

been demonstrated to be able to facilitate learning and

memory in rodents and to modulate plasticity

molecules previously reported to be altered in AD

pathology. On this premise, this work assessed for the

first time, the effects of post-training MFB-ICSS on

spatial learning and memory and on neuropathology

molecular markers, including DBN and ptau (at

Ser202/Thr205), in a sporadic AD rodent model

obtained by Ab injection.

This study shows that MFB-ICSS treatment

consisting of 5 post-training sessions is able to

recover the mild spatial memory deficit found in the

AD-like rats as well as reverse the aberrant levels of

DBN and ptau in specific memory-related areas.
Fig. 8. Effects of Ab injection and ICSS treatment on ptau
levels. Ptau immunohistochemistry staining intensity in the layers

and subregions of (A) rhinal cortices, (B) hippocampus and (C)
retrosplenial cortex presenting different levels in VEH, Ab, ICSS
and Ab + ICSS groups after 33 days of Ab injection. Regions not

depicted here did not show different levels of ptau. Each dot

represents a single animal. Mean ± 95% confidence interval is

depicted. n = 8, 10, 7 and 9 rats/group (VEH, Ab, ICSS and

Ab + ICSS, respectively). *p < 0.05 vs VEH. #p < 0.05 vs Ab; a
p � 0.07 vs VEH. Abbreviations: L: layer; LEnt: lateral entorhinal

cortex; RSA: retrosplenial agranular cortex.
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Injection of amyloid-b into the brain is one of the most

extended strategies to model sAD in rodents, sustained

by the assumed role of Ab in triggering AD

etiopathology. However, far from being a consistent

procedure, a great variety of methodologies leading to

different behavioural and neuropathological outcomes

have been reported in a great deal of published works.

Kasza et al. (2017) addressed the problem of the struc-

tural heterogeneity of oligomeric samples testing for dif-

ferent Ab1-42 aggregation concentration (25, 75 and

200 lM) and at different times (24 and 168 h) and devel-

oped an optimized protocol to obtain a sAD rat model by

icv injection. They observed spatial memory disturbances,

increased ptau immunopositivity, impaired synaptic plas-

ticity (LTP) and decreased neuron viability in the hip-

pocampus, 7 days after Ab injection, and found the

results were more consistent when using 25 lM or

75 lM concentrations and when testing at 168 h in the

aggregation process (Kasza et al., 2017). On the basis

of these results, the present study used the lower Ab1-
42 aggregation concentration and the longer aggregation

time to prepare the toxic oligomers to further characterize

its effects on spatial memory and the above-mentioned

neuropathological markers at a later time point of 33 days

post-injection. Moreover, in addition to the hippocampal

region, histopathological hallmarks were assessed in rhi-

nal cortices, including the entorhinal cortex, where AD

pathology is generally considered to be initiated, and in

the retrosplenial cortex as well as in the prelimbic cortex,

where it is thought to progress toward, according to the

disconnection hypothesis (Braak and Braak, 1991; Reid

and Evans, 2013; Migliaccio et al., 2015).

At a behavioural level, the Ab group, which was

subjected to training at days 26–30 after the injection,

did not show significant learning differences regarding

control rats in acquisition phase, unlike what was

reported at an earlier time point of 7 days (Kasza et al.,

2017).

Instead, Ab rats did show impaired spatial memory

retention 72 h later, revealed by differences in mean

distance to the target area in the probe test. While this

variable has not historically been as popular as

latencies when it comes to assessing spatial learning

and memory impairment, it is considered a robust

variable regarding the assessment of spatial memory

accuracy, especially in age-related impairment (Vorhees

and Williams, 2006; Gallagher et al., 2015).

Ab animals also showed changes in the levels of DBN

and ptau, which were concentrated in superficial layers of

the lateral entorhinal cortex and the hippocampus.

Moreover, an exhaustive analysis of the molecular

marker levels in the different studied regions and layers

showed only slight changes, which is in keeping with
Fig. 9. Effects of Ab injection and ICSS treatment on DBN levels. DBN im

(A) rhinal cortices, (B) hippocampus, (C) retrosplenial cortex and (D) prelimb

groups after 33 days of Ab injection. Regions not depicted here did not s

Mean ± 95% confidence interval is depicted. n = 8, 10, 7 and 9 rats/group

p � 0.07 vs VEH; b p � 0.07 vs Ab. Abbreviations: DG: dentate gyrus; hil: hilu

retrosplenial granular cortex; SP: suprapyramidale.
descriptions of the initial stage of the disease in humans

and transgenic mice (Braak et al., 2006; Khan et al.,

2014). Furthermore, DBN levels in the entorhinal cortex

correlated with the impaired mean distance to target area

of behavioural tests in the Ab-injected group. This is in line

with the idea that synaptic damage correlates more

robustly with the degree of cognitive impairment than with

the number of amyloid plaques, tangles, and neuronal

loss (Ishizuka and Hanamura, 2017). Thus, these results

confirm the existence of spatial memory deficit together

with the early AD-like regional distribution of taupathology

and synaptopathology up to 33 days after an acute low-

dose injection of amyloid-b.
In addition, we assessed the effects of a post-

training rewarding electrical stimulation treatment

targeting the MFB in this early AD model. MFB-ICSS

treatment allowed the stimulated animals to reach

performance levels similar to those of the control

group in fewer training sessions, thus confirming the

accelerating effect previously seen in other conditioning

paradigms (Aldavert-Vera et al., 1997; Redolar-Ripoll

et al., 2003). This effect was not observed in the Ab
rats, which suggests that despite a lack of apparent

Ab-effect on either the acquisition or on the short-term

retention of the task, Ab-injection could partially prevent

the facilitating effect of ICSS treatment. Interestingly, a

similar outcome was reported after OXR1 blockade

(Garcı́a-Brito et al., 2020).

Remarkably, present results showed that MFB-ICSS

treatment reverses 72-h memory impairment observed

in this Ab model. This has also been observed in

various paradigms, including in subjects with severe

deficits due to brain injuries and after the receptor

blockade of some neurochemical systems (Redolar-

Ripoll et al., 2003; Segura-Torres et al., 2009; Kádár

et al., 2014; Garcı́a-Brito et al., 2020). Moreover, the per-

sistence of deficits in the explicit spatial memory is in

agreement with previous results, also in a sAD model tar-

geting the intralaminar thalamic nucleus (Tsai et al.,

2020). In fact, stimulation of both the intralaminar nuclei

and the MFB activates multiple brain regions related to

cognitive processes such as attention or memory, as

revealed by an increased c-fos expression (Shirvalkar

et al., 2006; Aldavert-Vera et al., 2013; Kádár et al.,

2016). The fornix, the main afference and efference to

and from the hippocampal system, has also been used

as a target for stimulation treatment to improve memory,

in this case in both animals and humans (Ruofan et al.,

2022). Although there are no comparative studies in

terms of functional efficacy, both bundles -the MFB and

the fornix- are related and connect regions that are part

of the medial and corticolimbic circuits (Ross et al.,

2016; Coenen et al., 2018).
munohistochemistry staining intensity in the layers and subregions of

ic cortex presenting different levels in VEH, Ab, ICSS and Ab + ICSS

how different levels of DBN. Each dot represents a single animal.

(VEH, Ab, ICSS and Ab + ICSS, respectively). *p < 0.05 vs VEH; a

s; L: layer; LEnt: lateral entorhinal cortex; PrL: prelimbic cortex; RSG:



Fig. 10. Effects of Ab injection and ICSS treatment on ptau and DBN levels. Representative photomicrographs of ptau (left) and DBN (right)

immunolabelling in rhinal cortices, hippocampus, retrosplenial cortex and prelimbic cortex, for VEH, Ab, ICSS and Ab + ICSS rats, sacrificed

33 days after Ab injection (scale bar = 500 lm).
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Table 1. Correlation analyses between DBN levels in superficial

layers of lateral entorhinal cortex and altered behavioural vari-

ables 33 days after Ab injection. Table includes the correlations

found significant for the Ab group, according to Spearman’s correlation

test (p < 0.05, in bold in the table). Correlation with LEnt_LII and mean

distance to target is depicted in Fig. 9.

q = Spearman’s correlation coefficient; n = 7 and 10 rats/group (VEH and Ab,
respectively). Abbreviations: L: layer; LEnt: lateral entorhinal cortex; Mdt: mean

distance to target area.

Fig. 11. Scatter plot showing the relation between DBN immuno-
labelling intensity in layer II of lateral entorhinal cortex with
mean distance to target area during the first 30 sec of probe test,
in VEH, Ab and Ab + ICSS groups, showing loss of correlation in

Ab + ICSS group and approximation to VEH dynamics. Each dot

represents a single rat. Spearman’s correlation test was used to

determine significance (p < 0.05). q = Spearman’s correlation

coefficient; n = 7, 10 and 9 rats/group (VEH, Ab and Ab + ICSS,

respectively). Abbreviations: L: layer; LEnt: lateral entorhinal cortex;

Mdt: mean distance to target area.
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Interestingly, the activation of the MFB through ICSS

manages to compensate for a memory deficit caused by

a lesion in the fornix (Yoganarasimha and Meti, 1999).

Furthermore, although the fornix can functionally activate

reward-related regions such as the nucleus accumbens

(Ross et al., 2016), its stimulation has not been shown

to cause ICSS behaviour, to our knowledge. In contrast,

the MFB is a nuclear component of the brain reward sys-

tem, and its stimulation results in an easily obtained and

persistent ICSS behaviour (Milner, 1991). In fact, MFB

has been used as a therapeutic target to treat emotional

disorders such as depression and anhedonia

(Bewernick et al., 2017; Fenoy et al., 2021) both of which

arise in certain phases of Alzheimer’s disease (Bennett

and Thomas, 2014; Wei et al., 2019). In this context,

and without ruling out the importance of the fornix for
learning and memory, stimulation of the MFB would have

the advantage of being able to affect a wider range of

symptoms present in Alzheimer-like neurodegenerative

diseases.

Additionally, the present work demonstrates that

MFB-ICSS effects in this sAD model are accompanied

by a significant decrease of ptau levels in CA1

hippocampal region. This finding is especially interesting

considering that the CA1 region has been shown to be

the most sensitive hippocampal region in AD (West

et al., 1994), after reports of dendritic spine loss and

synaptic alterations that characterize the disease

(Knobloch and Mansuy, 2008). In this subregion, MFB-

ICSS has been previously found to cause long-lasting

structural changes, including extended dendritic arboriza-

tion of pyramidal neurons (Chamorro-López et al., 2015).

Furthermore, levels of the postsynaptic protein DBN,

involved in dendritic spine morphogenesis, were

increased in both CA1 and DG hippocampal subregions

of MFB-ICSS-treated Ab rats, specifically in the same

regions where we have previously found that MFB-ICSS

upregulates ARC protein (Kádár et al., 2013), a well-

known synaptic plasticity marker involved in memory con-

solidation processes. Thus, these results suggest that

MFB-ICSS regulates coordinated molecular mechanisms

that overlap with those affected in AD. In this regard,

MFB-ICSS modulated the hippocampal expression of

specific synaptic plasticity-related microRNAs, such as

miR-132, miR-181c and miR-495, and the SIRT1 protein

(Puig-Parnau et al., 2020), a deacetylase linked to neu-

ronal health and plasticity during normal aging (Michán

et al., 2010; Hadar et al., 2018), all of which have shown

alterations in both AD animal models (Schonrock et al.,

2010; Hernandez-Rapp et al., 2016) and AD patients

(Julien et al., 2009; Wang et al., 2011; Wong et al.,

2013; Hadar et al., 2018). In addition, since the DBN,

ARC, BDNF, amyloid beta precursor protein (APP) bind-

ing family (APPB) as well as the tau tubulin kinase (TTBK)

mRNAs have been described as putative targets of the

MFB-ICSS-regulated miRNAs (Puig-Parnau et al.,

2020), we suggest that these gene expression regulators

could be acting as potential mediators of the recovering

effects of MFB-ICSS in the AD-like pathological condi-

tions described in this study. To examine this hypothesis,

further studies should aim to induce the overexpression

and/or downregulation of the miRNAs candidates in the

hippocampus of AD rats and analyze the expression of

their putative targets and the behavioural effects.

Additionally, although some studies have referred to

the synaptic plasticity, neurogenesis and gliogenesis

induction as underlying mechanisms of the therapeutic

effects of DBS, the timeline of these effects is still an

open field of investigation. Some of the clinical trials in

AD point out that the deficit is alleviated only temporarily

(Lozano et al., 2016) and that the response to stimulation

might not be stable over time. This has also been

observed in other neuropathological conditions, such as

tremor syndromes with long-term aberrant plasticity in

cerebellar networks (Peters and Tisch, 2021). Emerging

results indicate the potential of alternating stimulation pat-

terns at weekly (Seier et al., 2018) but not at daily inter-
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vals (Petry-Schmelzer et al., 2019) in order to improve

clinical outcomes after DBS. Therefore, the contribution

of further longitudinal follow-up studies in animal models

comparing different stimulation programs may be neces-

sary to guide future clinical applications in an attempt to

avoid the decline of the beneficial effects of DBS

treatments.

In conclusion, the MFB-ICSS treatment was able to

reverse both spatial memory deficit as well as

neuropathological signs, including ptau increase and

DBN decrease in entorhinal cortex and hippocampus,

observed in rats 33 days after Ab injection. To our

knowledge, these findings provide the first evidence

supporting both cognitive and molecular effects of a

rewarding DBS procedure in a sporadic AD model, and

they delineate the need to encourage further research

into the administration of DBS to the MFB as a potential

tool to fight early AD hallmarks from an integrative

multifactorial perspective.
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