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Introduction

Alzheimer disease (AD), the most prevalent aging-related 
neuro degenerative disease, is characterized by progressive 
memory loss and cognitive dysfunction in older adults.1 Al-
though the underlying molecular mechanisms for AD are not 
fully understood, they have been reported to include various 
cellular events (synaptic damage, amyloid plaques, and neuro-
fibrillary tangles, among others). These alterations are believed 
to progress from areas in the medial temporal lobe, such as the 
hippocampus, to other brain areas, such as the medial prefron-
tal cortex,2 affecting the activity of different neural circuits.

Currently, the only 2 classes of drugs approved to treat 
AD symptoms do not cure or prevent the disease.3 Deep 
brain stimulation (DBS) is currently being assessed as a 

potential therapeutic alternative to this pathologic circuitry 
condition in patients with AD. This neurosurgical procedure 
allows targeted, circuit-based neuromodulation using an 
intra cranial electrode and a pulse generator.4 The choice of 
DBS target is paramount in modulating the neural substrate 
that could reverse or slow the progression of AD. Unlike 
other brain targets of DBS, reinforcing stimulation of the 
med ial forebrain bundle (MFB) simultaneously activates cir-
cuits related to the reinforcement itself and a wide variety of 
regions involved in several types of memory, such as the 
septum–hippocampal circuit, the amygdala, certain thalamic 
nuclei, and the prefrontal and retrosplenial cortices.5 At the 
behavioural level, previous research has shown that intra-
cranial self-stimulation at the MFB (MFB-ICSS) improves 
learning and memory in various tasks, in both young and 
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Background: The assessment of deep brain stimulation (DBS) as a therapeutic alternative for treating Alzheimer disease (AD) is on-
going. We aimed to determine the effects of intracranial self-stimulation at the medial forebrain bundle (MFB-ICSS) on spatial memory, 
neurodegeneration, and serum expression of microRNAs (miRNAs) in a rat model of sporadic AD created by injection of streptozotocin. 
We hypothesized that MFB-ICSS would reverse the behavioural effects of streptozotocin and modulate hippocampal neuronal density 
and serum levels of the miRNAs. Methods: We performed Morris water maze and light–dark transition tests. Levels of various proteins, 
specifically amyloid-β precurser protein (APP), phosphorylated tau protein (pTAU), and sirtuin 1 (SIRT1), and neurodegeneration were 
analyzed by Western blot and Nissl staining, respectively. Serum miRNA expression was measured by reverse transcription polymerase 
chain reaction. Results: Male rats that received streptozotocin had increased hippocampal levels of pTAU S202/T205, APP, and SIRT1 
proteins; increased neurodegeneration in the CA1, dentate gyrus (DG), and dorsal tenia tecta; and worse performance in the Morris 
wat er maze task. No differences were observed in miRNAs, except for miR-181c and miR-let-7b. After MFB-ICSS, neuronal density in 
the CA1 and DG regions and levels of miR-181c in streptozotocin-treated and control rats were similar. Rats that received streptozotocin 
and underwent MFB-ICSS also showed lower levels of miR-let-7b and better spatial learning than rats that received streptozotocin with-
out MFB-ICSS. Limitations: The reversal by MFB-ICSS of deficits induced by streptozotocin was fairly modest. Conclusion: Spatial 
memory performance, hippocampal neurodegeneration, and serum levels of miR-let-7b and miR-181c were affected by MFB-ICSS 
under AD-like conditions. Our results validate the MFB as a potential target for DBS and lend support to the use of specific miRNAs as 
promising biomarkers of the effectiveness of DBS in combatting AD-associated cognitive deficits. 
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aged healthy rats,6,7 as well as in patients with memory im-
pairment caused by brain lesions.8 Moreover, MFB-ICSS 
regu lates the expression of proteins and specific microRNAs 
(miRNAs) related to synaptic plasticity.9

The miRNAs are a large family of small RNAs with an 
integral function in the regulation of gene expression. In 
the brain, miRNAs have been linked to neural plasticity 
events, and the dysregulation of their expression has been 
associated with several neurodegenerative conditions.10 In 
addition, numerous studies have shown that their circulat-
ing levels are easily accessible, which thus allows their use 
as noninvasive biomarkers for AD diagnosis and progno-
sis.11,12 However, there have been few conclusive studies 
regarding their usefulness in assessing the efficacy of 
thera peutic strategies.

Ninety-five percent of AD cases are not directly related to 
mutations in dominant genes, such as the genes for amyloid-β 
precursor protein (APP) or presenilin 1 and presenilin 2.13 
Thus, the use of a sporadic AD model, instead of a transgenic 
animal model, would be a valid approach to analyzing poten-
tial therapies. An increasing number of studies have shown 
that intracerebroventricular (ICV) injection of streptozotocin, 
a glucosamine–nitrosourea compound with diabetogenic ac-
tion, triggers a sporadic AD-like pathology.14–16

In this study, we aimed to assess the effects of a post-
training MFB-ICSS treatment on spatial learning and mem-
ory, neurodegeneration, and serum expression of 14 neural 
plasticity–related miRNAs in a rat model of sporadic AD 
 created by ICV injection of streptozotocin. The first experi-
ment was designed to confirm whether rats that received 
streptozotocin exhibited the main hallmarks of AD according 
to the references mentioned above. Once the model had been 
valid ated, the second experiment was designed to analyze 
the behavioural and molecular effects of MFB-ICSS on rats 
that received streptozotocin.

Methods

Animals

A total of 37 adult male Wistar rats (Harlan Laboratories; 
mean age 13.62 ± standard deviation [SD] 1.10 weeks and 
mean weight 395.74 ± SD 16.57 g at the time of surgery) were 
used for this study. The rats were individually housed in a 
controlled environment (21°C ± 1°C; humidity 60%; lights on 
from 0800 to 2000; food and water available ad libitum). All 
procedures were approved by the University Animal Welfare 
Committee, Universitat Autònoma de Barcelona (Ethics 
Committee on Animal and Human Experimentation, proto-
col number 4848 P1). 

The timeline for the 2 experiments is shown in Figure 1. 
Experiment 1 aimed to validate the effects of streptozotocin 
on spatial memory, neurodegeneration, and hippocampal 
levels of the phosphorylated tau protein (pTAU), APP, and 
sirtuin 1 (SIRT1) proteins at 40 days after the infusion (n = 8 
in control group; n = 7 in streptozotocin group). Experiment 2 
assessed the effects of MFB-ICSS on spatial memory, neuro-
degeneration, and serum expression of candidate miRNAs in 
streptozotocin-infused rats (n  =  6 in streptozotocin group; 
n = 9 in STZ+ICSS group; n = 7 in control group).

Intracerebroventricular injection of streptozotocin

Rats were anesthetized with a mixture of 5% isoflurane with 
oxygen, followed by 2.5% isoflurane to maintain anesthesia. 
With the animal set on a stereotactic apparatus, 2 small per-
forations were made to the skull, –0.7 mm anteroposterior 
(AP) and ±1.6 mm mediolateral (ML) from the bregma, ac-
cording to a stereotaxic atlas.17 For rats in the streptozotocin 
and STZ+ICSS groups, 8  µL of streptozotocin (2 mg/kg; 
Merck Life Science) was injected bilaterally ICV at 

Figure 1: Timeline of the experimental design, using a schematic representation of experiments 1 and 2. On day 0 (D0) of each experiment, 
the rats underwent intracerebroventricular (ICV) infusion with streptozotocin (STZ) or vehicle (control), and a monopolar electrode was im-
planted and aimed at the midfrontal brain. A light–dark (L/D) transition test was carried out on day 26 (D26). Animals were trained on the 
 Morris water maze (MWM) task between days 33 and 37 (D33 and D37, respectively) and were tested and euthanized on day 40 (D40) after 
injection. One group of STZ animals underwent 5 sessions of intracranial self-stimulation (ICSS) of the midfrontal brain after each MWM acqui-
sition session (designated STZ+ICSS); animals in the STZ and control groups received sham treatment. RT-PCR = real-time polymerase 
chain reaction; WB = Western blot. 
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0.7 µL/min, –4.00 mm dorsoventral (DV) from the bregma, 
with the cranial surface as the dorsal reference. Rats in the 
control group received injections of vehicle (citrate buffer). 

Long-term electrode implantation

After the ICV injection, a monopolar stainless steel electrode 
(diameter 150 μm) was implanted unilaterally in each rat, 
aimed at the MFB in the right lateral hypothalamus (–2.3 mm 
AP, –1.8 mm ML, –8.8 mm DV) (for details, see Vila-Solés 
and colleagues18). Appendix 1, Figure S1 (available at www.
jpn.ca/lookup/doi/10.1503/jpn.230066/tab-related-content) 
depicts the exact location of the ICSS electrode tip for each rat 
in the STZ+ICSS group.

Light–dark transition test

Anxiety-like behaviour and exploratory behaviour in a novel 
environment were assessed using the light–dark transition 
test on day 26. The apparatus consisted of a box with a large 
bright compartment (310 × 310 × 240 mm) and a small dark 
compartment (200 × 310 × 240 mm), separated by a divider 
with an opening (100 × 100 mm). The test consisted of 
 placing each rat in the bright compartment, facing away from 
the dark compartment, and allowing it to explore freely for a 
per iod of 5 minutes. The anxious response and exploratory 
behaviour were analyzed with variables such as latency to 
enter the dark compartment, number of transitions from one 
compartment to the other, number of head dips, number of 
rears, and percentage of time spent in each compartment.

Intracranial self-stimulation

On day 30, and before the spatial learning phase began, rats 
in the STZ+ICSS group were taught to self-stimulate by 
pressing a lever in a conventional Skinner box (24 × 27 × 
30 cm; model LE850, Letica Scientific Instruments, Panlab). 
Electrical brain stimulation consisted of 0.3-second trains of 
50-Hz sinusoidal waves (model CS2–10 stimulator, Ciber-
tec). The ICSS behaviour of each animal was shaped to 
 establish the range of current intensities generating re-
sponses on a continuous reinforcement schedule. Once a rat 
achieved a stable ICSS response rate (mean 82 responses/
min), its optimal intensity was calculated as the average be-
tween the partial optimal intensities observed in the 2 ses-
sions on days 30 and 31 (for details, see Vila-Solés and col-
leagues18). The optimal intensity was defined as the 
stimulation intensity at which a rat exhibited the maximum 
rate of lever presses. Each animal’s optimal intensity was 
then used in its treatment sessions.

The ICSS treatment involved 5 sessions (1 session daily for 
5 consecutive days, days 33 to 37), administered immediately 
after each acquisition session in the Morris water maze 
(MWM; described below). During each ICSS treatment ses-
sion, the rat was placed in a self-stimulation box and was free 
to press the lever to self-administer 2500 trains of electrical 
stimulation at the pre-established optimal intensity, which 
ranged from 40 to 175 µA.

Rats receiving sham treatment (streptozotocin and control 
groups) were handled and placed in the Skinner box for 
30 minutes but did not receive electrical stimulation.

Morris water maze

Spatial learning and memory were assessed using the MWM 
task. The characteristics of the apparatus and experimental 
conditions for this part of the study were described previ-
ously.19 All animals had a single habituation session and a 
single 4-trial cued session on day 30, at 72 hours before the 
first acquisition session of spatial learning, to reduce emo-
tional reactivity and to test the animals for their ability to 
swim to the cued goal.

For each rat, 5 MWM spatial acquisition sessions (desig-
nated A1, A2, A3, A4, and A5) were administered, once daily 
on days 33 to 37. Each session consisted of 2 trials, with a 
mean intertrial interval of 120 seconds. The retention or 
probe test was performed 72 hours after the last acquisition 
session (on day 40).

All swim paths were recorded using a closed-circuit video 
camera (Smart Video Tracking System, version 2.5, Panlab). 
The main outcome variable for the cued and spatial acquisi-
tion sessions were the latencies to target. In the probe test, the 
percentage of time spent in the target quadrant (TQ) in the 
first half of the trial (TQ30) and the entirety of the trial 
(TQ60), the percentage of time spent in the target annulus in 
each period (Ann30 and Ann60), and the average distance to 
target in each period (Dmt30 and Dmt60) were registered, 
where 30 and 60 refer to time in seconds. The percentage of 
time spent near the walls (within a distance of 15 cm; Walls30 
and Walls60) and the speed (Speed30 and Speed60) across 
each trial and session, were analyzed as control variables for 
each group.

Sample collection

In experiment 1, the 2 hemispheres of each rat brain were col-
lected separately, immediately after the probe test. From the 
left brain hemisphere (fixed in 4% formaldehyde in 
0.01 mol/L phosphate-buffered saline for 24 hours at 4°C and 
cryopreserved in sucrose), serial coronal sections of 12 μm 
thickness were obtained in a cryostat (Reichert–Jung Cryocut 
1800) at coordinates from –2.50 mm to –3.80 mm and from 
2.00 mm to 3.50 mm AP to bregma to use for Nissl staining. 
From the right brain hemisphere, the dentate gyrus (DG) and 
the prelimbic cortex (PrL) were dissected as previously de-
scribed by Puig-Parnau and colleagues9 and stored in Allpro-
tect tissue reagent (Qiagen) at –80ºC until use.

In experiment 2, blood samples were collected from the 
lateral tail vein using capillary blood collection tubes 
(Micro vette CB 300, Sarstedt S.A.U.), immediately after the 
last MFB-ICSS session. The tubes were maintained for 
45  minutes at room temperature and centrifuged for 
10  minutes at 3000 rpm to collect serum. After the probe 
test, the right hemisphere of each rat (ipsilateral to the elec-
trode) was collected and processed to obtain histological 
sections for Nissl staining.
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Total protein from DG or PrL sections and RNA from 
serum were extracted using the mirVana PARIS kit 
 (Ambion). Tissue samples were first homogenized in cell dis-
ruption buffer, using a DIAX900 mechanical homogenizer 
(Hei dolph). Serum samples (100 µL) were processed accord-
ing to kit instructions. Lysed samples were centrifuged for 
5 minutes at 18 000g and 4°C for protein extraction. Protein 
quantification was performed using a Pierce BCA protein 
 assay kit (Thermo Fisher Scientific) and a Synergy 4 
spectrophotom eter (BioTek).

Nissl staining

Slides were stained for 3 minutes with filtered 0.5% cresyl 
vio let solution, rinsed in water for 5 minutes, and subse-
quently dehydrated and cover-slipped in Pertex medium. 
Photo micrographs for CA1, CA3, DG, PrL layers II and III, 
and dorsal tenia tecta (DTT) were obtained using a Vanox-T 
AH-2 microscope (Olympus). The number of neurons was 
counted manually, and neuronal density (a widely accepted 
metric for assessing neurodegeneration20) was measured in 
the various regions. In addition, in the PrL and DTT, where 
degenerating neurons could be easily identified as dark-
stained neurons with shrunken cell bodies or presenting 
vacu olation, the percentage of cells with neurodegeneration 
was also quantified. Neuronal density and neurodegenera-
tion were measured using Image J software, as shown in 
 Appendix 1, Figure S2. The values for each animal were ob-
tained by averaging the results for 3 sections.

Western blot

Total protein extracted from the DG and PrL were loaded 
onto Criterion TGX stain-free precast gels (Bio-Rad). Poly-
vinylidene fluoride membranes were incubated with the pri-
mary antibodies SIRT1 (07–131, Millipore; dilution 1:2000), 
APP (803001, Biolegend; dilution 1:2000), pTAU S202 and 
T205 (AT8 and MN1020, Thermo Fisher Scientific; dilution 
1:1000), and pTAU S396 (AB109390, Abcam; dilution 1:70 000) 
at 4ºC overnight and with total TAU (Tau46, sc-32274, Santa 
Cruz Biotechnology; dilution 1:2000) at room temperature for 
1 hour, followed by incubation with peroxidase-conjugated 
secondary antibodies for 1 hour at room temperature and Im-
mobilon Western Chemiluminescent HRP Substrate (EMD 
Millipore). Reactive bands were detected in a FluorChem 
lumin ometer and measured using FluorChem SP software 
(Alpha EaseFC). The rela tive intensities of the various pro-
teins were normalized by comparing each band with the total 
protein lane, as described by Aldridge and colleagues.21

Quantitative real-time polymerase chain reaction for 
miRNA

Complementary DNA (cDNA) was synthesized and pre-
amplified from 3 μL of serum RNA extract using the TaqMan 
Advanced miRNA cDNA synthesis kit in a Veriti 96-well ther-
mal cycler (both from Applied Biosystems). Polymerase chain 
reactions (PCRs) were run on a QuantStudio 7, using the 

TaqMan Advanced miRNA quantitative PCR assay (Applied 
Biosystems). The relative quantity of each target miRNA was 
determined as 2–ΔΔCt (where ΔΔCt = ΔCt sample − ΔCt refer-
ence sample; ΔCt = Ct target − Ct normalizer), using the mean 
of the control group as the reference sample and miR-let-7a-5p 
as the normalizer, these being the most stable endogenous 
candidates according to the NormFinder algorithm.22  

Statistical analyses

The statistical analyses were performed using IBM SPSS Sta-
tistics 25 software. Analysis of performance in the MWM 
over several sessions or trials was conducted using mixed 
analysis of variance (ANOVA): in experiment 1, a 2 × 5 de-
sign; and in experiment 2, a 3 × 5 design (for group × session) 
for the acquisition phase of the spatial learning (average 
score of the 2 trials) and a 2 × 4 design (for group × trial) for 
the cued session. 

Analysis of the retention test variables, the light–dark test 
results, and the molecular variables were assessed using the 
independent-sample t test or ANOVA, for parametric com-
parisons, or the Mann–Whitney U test or Kruskall–Wallis 
test, for nonparametric comparisons (according to the results 
of normality analysis), followed by the appropriate post hoc 
tests. In addition, a 1-sample t test against a constant was 
used for each group to determine whether the percentage of 
time spent in the TQ differed from chance (25%). Correlations 
between variables were estimated using the Spearman correl-
ation test. Results were considered to be statistically signifi-
cant when p < 0.05 with the 95% confidence interval.

Results

Behavioural, neurodegenerative, and molecular hippo campal 
alterations in rats that received streptozotocin

In terms of spatial learning in the MWM, the results of ex-
periment 1 showed that both the control and streptozotocin 
groups acquired the task (session, F4,52 = 2.876, p = 0.03) as 
indicated by a decrease in latency, according to a similar 
sig nificant downward linear function with some inflection 
(polynomial contrast; first grade, p  =  0.045; fourth grade, 
p = 0.03). No relationship was observed between the exact 
location of the electrode and the behavioural outcome. 
However, the streptozotocin group showed worse perform-
ance (group, F1,13 = 11.427, p = 0.005) regardless of the ses-
sion (group × session, F4,52 = 0.654, p = 0.6) (Figure 2A). Rats 
that received streptozotocin also showed deficient spatial 
retention 72 hours after the last acquisition session relative 
to the control group. The percentage of time in the TQ and 
the annulus was lower in the streptozotocin group during 
both the first 30 seconds (TQ30, t13  =  2.228, p  =  0.02, 
g = 1.085; Ann30, t13 = 2.509, p = 0.01, g = 1.222) and the en-
tire 60-second session (TQ60, t13 = 1.959, p = 0.04, g = 0.954; 
Ann60, t13 = 2.078, p = 0.03, g = 1.012) (Figure 2B). Addition-
ally, only the control group performed above the level of 
chance (25%) in the TQ30 (t7  =  3.935, p  =  0.006) and TQ60 
(t7  =  4.614, p  =  0.002) tests. Moreover, a trend toward 
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significantly larger Dmt30 and Dmt60 values was observed 
in the streptozotocin group relative to the control group 
(t13  =  1.496, p  =  0.08, g  =  0.729, and t13  =  1.564, p  =  0.07, 
g = 0.762, respectively). No significant differences were ob-
served between the groups in terms of time spent near the 
walls, in either the acquisition phase (group, F1,13  =  2.416, 

p = 0.1; group × session, F4,52 = 1.157, p = 0.1) (Appendix 1, 
Figure S3A) or the retention test (Walls30, p = 0.3; Walls60, 
p  =  0.2) (Appendix 1, Figure S3B). In addition, there were 
no effects of streptozotocin on swimming speed in the re-
tention test (Speed30, p > 0.9; Speed60, p = 0.7) (Appendix 1, 
Figure S3C).

Figure 2: Effects of streptozotocin (STZ) on performance in the spatial Morris water maze test and protein levels in the dentate gyrus. (A) Es-
cape latencies for the 5 acquisition sessions; linear trends for the control and STZ groups are represented by dotted lines. (B) Results in the 
retention test, at 30 and 60 seconds, respectively. TQ = percentage of time spent in the target quadrant; Ann = percentage of time spent in the 
annulus; Dmt = mean distance to target. The dashed line in the TQ graph represents chance (25%). (C) Representative Western blot results 
for amyloid-β precurser protein (APP), sirtuin 1 (SIRT1), phosphorylated tau protein (pTAU) S202/T205, pTAU S396, and tau protein (TAU), 
showing total protein band patterns in each case, for the control and STZ groups. (D) Levels of APP, pTAU S202/T205, pTAU S396, TAU, and 
SIRT1 proteins in the dentate gyrus for animals in the STZ and control groups. Throughout Figure 2, data represent mean ± standard error of 
the mean; #p < 0.05 relative to chance; *p < 0.05 for comparison between groups.
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In terms of the cued session, the rats that received strepto-
zotocin eventually found the platform, guided by the discrete 
stimulus, with higher latencies than the control group 
(group, F1,13 = 8.273, p = 0.01) (Appendix 1, Figure S4A).

Relative levels of the following proteins in the DG were sig-
nificantly higher in the streptozotocin group than the control 
group: APP (t13 = 4.084, p = 0.001, g = 1.989), pTAU S202/T205 
(t7.04 = 2.359, p = 0.05, g = 1.219), and SIRT1 (t13 = 2.506, p = 0.03, 
g = 1.220) (Figure 2C and 2D). No differences in pTAU S396 
were observed. In the control group, a significant positive cor-
relation was found between pTAU S202/T205 and escape la-
tency during session A1 (ρ = 0.714, p = 0.047), as well as be-
tween SIRT1 and session A2 latency (ρ = 0.833, p = 0.01). In 
streptozotocin-treated rats, there were positive correlations 
between pTAU and A2 latency (ρ = 0.852, p = 0.02), between 
SIRT1 and A5 latency (ρ = 786, p = 0.04), and between SIRT1 
and Dmt60 (ρ = 929; p = 0.003) (Appendix 1, Table S1). No dif-
ferences were observed in relative levels of any of the afore-
mentioned proteins in the PrL (Appendix 1, Figure S5C 
and S5D).

Relative to control rats, the streptozotocin-treated rats 
showed a significant decrease in neuronal density in the CA1 

(t11  =  3.033, p  =  0.006, g  =  1.608) and the DG (t11  =  1.822, 
p = 0.048, g = 0.996) (Figure 3A and 3B) but not in the CA3 
(Appendix 1, Figure S6). No differences were found in the 
number of neurons in layers II and III of the PrL (Appendix 1, 
Figure S5A and S5B). In the DTT, no differences in neur onal 
density were detected (t12 = 0.213, p = 0.4, g = 0.107), but an in-
crease in the percent neurodegeneration in the DTT was de-
tected in streptozotocin-treated rats (t12  =  3,123 p  =  0.004, 
g = 1.562) (Figure 3A and 3C).

Effects of MFB-ICSS on spatial learning and 
neurodegeneration in rats that received streptozotocin

In experiment 2, performance during the acquisition phase 
resulted in significant differences among the 3 experimental 
groups (group: F2,19 = 7.142, p = 0.005), regardless of the ses-
sion (group × session: F8,76 = 1.166, p = 0.3). The streptozotocin 
group exhibited higher escape latencies compared with both 
the control group (p  =  0.001) and the STZ+ICSS group 
(p  =  0.04). No differences were observed between the 
STZ+ICSS and control groups (Figure 4A). The escape laten-
cies for all groups followed linear functions (polynomial 

Figure 3: Effects of streptozotocin (STZ) on neurodegeneration in the CA1, dentate gyrus (DG), and dorsal tenia tecta (DTT) regions. (A) Rep-
resentative photomicrographs of Nissl-stained sections of CA1 (a, b), DG (c, d), and DTT (e, f) for the control group (a, c, and e) and the STZ 
group (b, d, and f) (scale bar = 100 µm). (B) Neuronal density in the CA1 and DG regions, for the control and STZ groups. (C) Percent neuro-
degeneration in the DTT for the control and STZ groups. Data in Figure 3B and 3C represent mean ± standard error of the mean. *p < 0.05 
relative to the control group.
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Figure 4: Effects of streptozotocin (STZ) and intracranial self-stimulation (ICSS) of the medial forebrain bundle on performance in the spatial 
Morris water maze (MWM) test. (A) Escape latencies for the 5 acquisition sessions in the MWM for control, STZ, and STZ+ICSS groups. 
Linear trends for each group are represented by dotted lines. (B) Results in the retention test, at 30 and 60 seconds, respectively. TQ = per-
centage of time spent in target quadrant; Ann = percentage of time spent in annulus; Dmt = mean distance to target. The dashed line in the 
TQ graph represents chance (25%). Throughout Figure 4, data represent mean ± standard error of the mean; #p < 0.05 relative to chance; 
*p < 0.05 for comparison between groups.
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linear contrast; session, F1,19 = 9.665, p = 0.006; group × ses-
sion, F2,19 = 2.264, p = 0.1). Examining simple effects within 
each group revealed a significant reduction in latencies be-
tween the first and the last acquisition sessions in the control 
(p = 0.006) and the STZ+ICSS (p = 0.03) groups, but not in the 
streptozotocin group.

Differences among experimental groups were also ob-
served in the probe test for the Dmt60 variable (F2,21 = 3.784, 
p = 0.04, η2 = 0.285). In this case, significantly worse perform-
ance was detected in both the streptozotocin and STZ+ICSS 
groups compared with the control group (p  =  0.02 in both 
cases) (Figure 4B). Moreover, only the control group per-
formed above the level of chance in TQ30 (t6  =  4.440, 
p = 0.004) and TQ60 (t6 = 4.571, p = 0.004).

In the acquisition phase, differences were observed be-
tween groups in the percentage of time spent near the walls 
(F2,19 = 4.604, p = 0.02), regardless of the session (F8,76 = 1.406, 
p = 0.2). The streptozotocin group spent more time near the 
walls than the other 2 groups (relative to control, p = 0.008; 
relative to STZ+ICSS, p = 0.046) (Appendix 1, Figure S3D). 
Differences between the streptozotocin group and the other 
groups were also observed for the Wall60 variable 
(F2,21 = 4.865, p = 0.02; control, p = 0.007; STZ+ICSS, p = 0.03) 
(Appendix 1, Figure S3E). In contrast, no significant differ-
ences among groups were observed with regard to Walls30 
(p  =  0.3) or swimming speed (Speed30, p  =  0.9; Speed60, 
p = 0.9) (Appendix 1, Figure S3F).

During the cued session, differences were observed among 
groups (group, F2,19 = 9.252, p = 0.002). Latencies were similar 
between the streptozotocin-treated and STZ+ICSS groups, 
with both having higher latencies than the control animals 
(relative to streptozotocin, p = 0.001; relative to STZ+ICSS, 
p = 0.006) (Appendix 1, Figure S4B).

Additionally, there were no differences between the con-
trol and streptozotocin groups in the light–dark test carried 
out on day 26 (before the ICSS sessions in experiment 2), in 
either of the 2 experiments (Appendix 1, Figure S7).

In terms of effects on neurodegeneration, significant differ-
ences were observed among the 3 experimental groups in 
neuronal density of the CA1 and DG, as well as in the per-
cent neurodegeneration in the DTT (F2,18 = 6.899, p = 0.008, 
η2 = 0.434; F2,18 = 2.852, p = 0.08, η2 = 0.241; and F2,20 = 13.641, 
p = 0.001, η2 = 0.577, respectively). Replicating results from 
experiment 1, we found significant differences between the 
control and streptozotocin groups in terms of neuronal den-
sity of CA1 (p = 0.002) and DG (p = 0.03) and percent neuro-
degeneration in the DTT (p  =  0.008). After the MFB-ICSS 
treatment, however, no differences in CA1 and DG neuronal 
densities were observed relative to the control group 
(Figure 5A and 5B). Percent neurodegeneration in the DTT 
remained significantly increased in the STZ+ICSS group 
compared with the control group (p = 0.01) (Figure 5C).

Circulating miRNAs regulated by MFB-ICSS in rats that 
received streptozotocin

In experiment 2, we analyzed the serum expression of 
14 miRNAs related to neural plasticity and postulated them 

as potential biomarkers of AD. Of these, miR-134, miR-300, 
and miR-485 were below the limit of detection (< 32 Ct) in 
more than 85% of samples and therefore were not considered 
in further analyses. In addition, miR-154 was expressed in 
only 52% of all samples, with a frequency of 75%, 33%, and 
55% in the control, streptozotocin, and STZ+ICSS groups, 
respect ively, with no significant differences among them.

No significant differences were observed among the 3 ex-
perimental groups in levels of most of the other miRNAs that 
were analyzed (miR-16, miR-24, miR-132, miR-146a, miR-
181a, miR-196a, miR-197, and miR-495); the only exceptions 
were miR-181c (F2,16 = 6.720, p = 0.008, η2 = 0.457) and miR-let-
7b (H2  =  6.738, p  =  0.03, ε2  =  0.034). The rats that received 
streptozotocin had significantly lower serum levels of miR-
181c than the control rats (p = 0.007). However, the STZ+ICSS 
rats displayed serum levels of miR-181c similar to those of 
control rats. Additionally, rats in the STZ+ICSS group exhib-
ited significantly lower levels of miR-let-7b than those that 
received streptozotocin (p = 0.02) (Figure 6A).

The correlation analysis of serum miRNAs levels in the 
streptozotocin group revealed a significant negative correla-
tion between miR-181c and miR-181a (ρ = –0.886, p = 0.02), as 
well as between miR-181a and neuronal densities in CA1 and 
CA3 (ρ = –0.900 p = 0.04, in both cases) (Appendix 1, Table S2). 
In STZ+ICSS rats, levels of miR-181c and miR-let-7b were 
negatively correlated with Dmt60 (ρ = –0.786, p = 0.02) and 
TQ60 (ρ = –0.714, p = 0.047) (Figure 6B).

Discussion

The use of animal models to reproduce a sporadic AD-like 
pathology is gaining popularity, because the most common 
forms of AD are also sporadic. Among the various animal 
models, ICV injection of a subdiabetogenic dose (1–3 mg/kg) 
of streptozotocin has been suggested as one of the most use-
ful approaches to test therapeutic strategies.23 In our labora-
tory, ICV injection of a 2 mg/kg dose led to establishment of 
a suitable model, whereas in a previous pilot experiment, a 
dose of 3 mg/kg resulted in high mortality. Our data are con-
sistent with the findings of Moreira-Silva and colleagues,24 
indi cating that 2 mg/kg is the optimal dose for modelling 
sporadic AD in Wistar rats. Furthermore, our results show 
that this dose also impairs rats’ performance of a spatial 
learning task in the MWM, as previously reported in studies 
using higher doses.25,26 Cued trials showed that the ability of 
streptozotocin-treated animals to learn to swim to a cued 
goal was also impaired. Thus, the injection of streptozotocin 
may have affected not only spatial learning but also other 
factors unrelated to place learning.27 Given that streptozoto-
cin did not affect swimming speed, exploratory behaviour in 
the light–dark transition test (rearing, transition, head dip-
ping), or the rate of ICSS response, higher latency in cued 
and spatial learning did not seem to be a consequence of a 
sensory-motor alteration interfering with swimming toward 
the platform. In addition, the unaffected behaviour of the 
streptozotocin-treated rats in the light–dark test (latency, per-
centage of time in the light compartment) suggests that the 
observed effects of streptozotocin on learning tasks are 
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unlikely to be primarily attributable to increased anxiety 
levels. Instead, the high thigmotactic behaviour observed in 
streptozotocin-treated rats may be interpreted as their inabil-
ity to focus on the task. In any case, the fact that streptozotocin-
treated rats eventually found the platform (with more train-
ing) implies that they possessed the necessary skills and 
motivation to accomplish the task. Overall, poor performance 
would indicate difficulty in achieving both associative and 
spatial learning, at least in this early stage of the AD model.

The streptozotocin dose of 2 mg/kg also induced neurode-
generation in the hippocampus at the cellular level. Our find-
ings showed a significant decrease in neuronal density in the 

CA1 and DG, but not in layers II and III of the PrL, which are 
the layers most heavily involved in AD, according to 
 Willumsen and colleagues.28 Although most previous studies 
have focused on the hippocampus, reporting similar ef-
fects,16,24,29,30 Esteves and colleagues31 were the only ones to 
analyze the prelimbic region of the medial prefrontal cortex. 
In accordance with our findings, they reported no effects of 
streptozotocin on PrL cell density 3 months after ICV injec-
tion of the drug. The observed regional distribution of the 
histopathological effects in streptozotocin-treated rats, con-
centrated in the hippocampus and without prefrontal effects, 
could indicate that 37 days after ICV injection of 

Figure 5: Effects of intracranial self-stimulation (ICSS) of the medial forebrain bundle on hippocampal neurodegeneration in rats treated with 
streptozotocin (STZ). (A) Representative photomicrographs of Nissl-stained sections of CA1 (a, b, c), dentate gyrus (DG) (d, e, f), and dorsal 
tenia tecta (DTT) (g, h, i) regions for control (a, d, and g), STZ (b, e, and h), and STZ+ICSS groups (c, f, and i) (scale bar = 100 μm). (B) Neur-
onal density in the CA1 and DG regions, for the control, STZ, and STZ+ICSS groups. (C) Percent neurodegeneration in the DTT region for the 
control, STZ, and STZ+ICSS groups. Data in Figure 5B and 5C represent mean ± standard error of the mean; *p < 0.05 relative to control.
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streptozotocin represents an early stage of AD. Structural 
pathological changes would not have yet occurred in the PrL 
at this early stage, as has been described for human AD.32 
Our results are also in accordance with the stages of cognitive 
and structural change in the streptozotocin model described 
by Knezovic and colleagues.33 To the best of our knowledge, 
our study is the first to detect neurodegeneration in the DTT 
following injection of streptozotocin. The DTT has recently 
been associated with robust odour-evoked activity, which 
suggests a prominent role in olfactory information process-
ing, as well as in mediating communication between olfac-
tory structures and the hippocampal formation.34 These asso-
ciations are especially interesting considering that olfactory 
deficits are detected in the early stages of AD.35

Our data, which show increased hippocampal levels of 
pTAU S202/T205 and APP but not pTAU S396 after injection 

of 2 mg/kg streptozotocin, are also in accordance with the 
findings of Moreira-Silva and colleagues24 and confirm the 
dosage-dependent alteration of the S396 site reported by 
Zappa Villar and colleagues.16 In addition, we observed a 
positive correlation between pTAU S202/T205 and escape 
laten cies in the acquisition test. Interestingly, the presence 
and extent of pTAU-based neurofibrillary tangles pathology 
have been associated with disease duration and the severity 
of cognitive symptoms in AD.36 Our results also showed a re-
duction in the total level of TAU in DG subfield extracts of 
streptozotocin-treated rats. Although a reduction in total 
TAU levels is not typically described as a feature of AD, time-
dependent changes in expression levels of Tau have been re-
ported following injection of streptozotocin. Thus, the reduc-
tion in total TAU levels could correspond to the biphasic 
pattern described in this model, whereby decreased Tau 

Figure 6: Effect of streptozotocin (STZ) and intracranial self-stimulation (ICSS) on serum micro-RNA (miRNA) levels and correlation with be-
havioural parameters. (A) Relative expression of miRNA candidates in control, STZ, and STZ+ICSS groups, calculated as 2−ΔΔCt, using let-7a-
5p as the endogenous normalizer and the control group mean as the reference sample. Data represent mean ± standard error of the mean; 
*p < 0.05 relative to control; #p < 0.05 relative to STZ. (B) Correlation between miR-181c levels and distance to the target at 60 seconds 
(Dmt60) and between miR-let-7b levels and time in the target quadrant where the platform was located by 60 seconds (TQ60). Each dot repre-
sents a single rat in the control, STZ, or STZ+ICSS group, and the linear trend for each group is also shown.
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expression levels are evident during the acute and sub-
chronic response to streptozotocin.37 Furthermore, our data 
showed an effect of streptozotocin on SIRT1 protein levels in 
the DG. Changes in SIRT1 expression have been previously 
reported in a streptozotocin-induced (35–60 mg/kg) diabetic 
rat model38 but not in a streptozotocin-induced AD model. 
The SIRT1 protein is a nicotinamide adenine dinucleotide 
(NAD+)–dependent deacetyl ase associated with longevity 
and protection against aging-related neuronal degeneration 
and cognitive decline.39 In contrast to studies showing reduc-
tions in SIRT1 levels in AD,40,41 a significant increase in levels 
of this protein has also been observed in p25 transgenic AD 
mice42 and patients with AD.43 According to Elibol and 
Kilic,43 the increase in SIRT1 levels could be a consequence of 
a compensatory mechanism against oxidative stress and de-
cline in SIRT1 activity observed in older individuals and pa-
tients with AD. Thus, the increase in SIRT1 levels could result 
from decreased activity of SIRT1 in the streptozotocin-treated 
rats, which could explain why SIRT1 levels were positively 
correlated with worse behavioural performance. To further 
support this point, levels of SIRT1 recovered after with-
drawal of amyloid-β peptides 1–42 have been linked to mem-
ory damage in hCMEC/D3 cells.44

Our findings suggest that MFB-ICSS treatment resulted in 
alleviation of the performance dysfunction of streptozotocin-
treated rats on the spatial task, enabling them to achieve a 
performance level similar to that of the control group. These 
results are consistent with previous studies showing that 
MFB-ICSS compensates for severe cognitive impairment 
caused by lesions in brain regions involved in the evaluated 
tasks.8,42 This phenomenon could be related to the fact that 
such treatment can activate plasticity mechanisms in multiple 
brain memory systems,45–50 possibly explaining its effective-
ness. However, unlike our previous AD model, which in-
volved amyloid-β administration,51 the MFB-ICSS treatment 
was unable to reverse retention impairment at 72 hours. This 
could be explained by the different degrees of disruption 
caused by streptozotocin and amyloid-β at various points of 
the learning and memory task. Whereas animals that re-
ceived streptozotocin injections showed substantial impair-
ment in the first MWM acquisition, the amyloid-β infusion 
exclusively affected task retention. It is possible that a greater 
number of stimulation sessions are required to maintain the 
effects on memory consolidation.

Our results also suggest that MFB-ICSS could reverse the 
decrease in neuronal density observed in the CA1 and DG, but 
the analysis suggested only a partial improvement in neurode-
generation, given that differences were detected only in the 
comparison of MFB-ICSS and control rats. However, the DTT 
area did not show any sign of reversal. This finding could 
suggest a lack of effect of MFB-ICSS in this olfactory- 
related area or could indicate that the rats had reached a 
neurodegenerative stage that was difficult to reverse.

Taken together, and although the MFB-ICSS reversal of spa-
tial learning deficits induced by streptozotocin was fairly mod-
est, our results support the potential of MFB stimulation for 
treating AD-affected circuitry. The partial reversal of deficits 
may be due to high intersubject variability after treatment. 

However, we previously reported that MFB-ICSS improved 
memory impairments and reduced pathological hallmarks in a 
rat model of AD with amyloid-β infusion.51 Nonetheless, it re-
mains unknown whether the response to stimulation is stable 
over time in both cases. Some clinical trials have pointed out 
that the DBS effect in AD is only temporary,52 whereas recent 
studies on tremor syndromes have suggested that alternating 
DBS (once a week for 12 weeks) produces better results than 
stimulation with constant parameters.53,54 Further longitud-
inal follow-up studies in animal models of AD, with compari-
son of different stimulation programs, are required to 
validate the bene ficial effects of DBS and guide its future 
clinical applications.

To the best of our knowledge, this study is the first to ana-
lyze the effects of DBS treatment on the serum expression of a 
subset of neural plasticity–related miRNAs in a model of 
spor adic AD. Of the miRNAs considered, miR-16, miR-24, 
miR-132, miR-146a, miR-181a, miR-196a, miR-197, and miR-
495 did not show any significant differences in the strepto-
zotocin or STZ+ICSS groups relative to the control group. 
Only miR-181c and miR- let-7b were differentially expressed 
after treatment with streptozotocin and MFB-ICSS. In addi-
tion, miR-181c has been reported to be consistently down-
regulated in the blood and cortex of patients with AD.55 Its 
loss of function in primary cortical neurons results in reduced 
synaptogenesis,56 whereas its upregulation has been linked to 
learning and memory.57 Here, serum levels of miR-181c were 
lower in streptozotocin-treated rats than in control rats, with 
no significant alteration observed when rats in the STZ+ICSS 
group were compared with control rats. Considering the 
studies that have shown associations between serum and tis-
sue miRNA levels58,59 and based on our previous findings 
showing upregulation of hippocampal miR-181c levels by 
MFB-ICSS in healthy rats,9 we hypothesize that MFB-ICSS can 
reverse the memory and learning deficits in streptozotocin-
treated rats by modulating levels of hippocampal miR-181c. 
To examine this hypothesis, further research should aim to in-
duce inhibition of miR-181c in the hippocampus of rats with 
AD-like pathology and analyze the effects of MFB-ICSS on be-
haviour and on the expression of its putative targets.

We also found that miR-181c was negatively correlated 
with another member of the miR-181 family,60 miR-181a. Pre-
vious studies have reported miR-181a upregulation in blood 
samples of patients with AD61 and an association with de-
creased SIRT1 expression.62 Consistent with the idea that 
miR-181a is involved in the progression of AD,61 our study 
shows that serum levels of this miRNA were negatively asso-
ciated with hippocampal neuronal density in rats that re-
ceived streptozotocin, whereas this association was positive 
for miR-181c.

We also found lower miR-let-7b levels in rats that under-
went MFB-ICSS compared with those that received strepto-
zotocin. Cerebrospinal fluid from patients with AD has been 
shown to contain higher amounts of miR-let-7b compared 
with healthy controls,63 and its levels have been associated 
with increased severity of AD.64 Our results also showed a 
significant association between levels of miR-181c and 
miR-let-7b and performance on the retention test, whereby 



MFB-ICSS effects in streptozotocin-treated rats

 J Psychiatry Neurosci 2024;49(2) E107

rats with lower levels of miR-181c and higher levels of miR-
let-7b had worse performance.

Our results indicate that the streptozotocin model may 
mimic the alteration of certain miRNAs that have been found 
in the serum of patients with AD. In addition, it appears that 
MFB-ICSS could modulate the serum levels of miR-181c and 
miR-let-7-b in opposite directions. Given the key role of these 
miRNAs in the pathogenesis of AD, further studies analyzing 
their potential as biomarkers of treatment effects would be of 
great biomedical relevance.

Conclusion

This study confirmed that bilateral ICV injection of strepto-
zotocin (2 mg/kg) can be used to reproduce certain distinc-
tive neuropathologic features of AD, including neurodegen-
eration and hippocampal overexpression of pTAU S202/
T205 and APP, as well as deficits in a spatial memory task at 
40 days after the injection. Administration of this dose of 
streptozotocin also induced a substantial increase in SIRT1 
and a reduction in serum levels of miR-181c, both of which 
are detected in patients with AD, highlighting the potential 
of this animal model as a realistic model of sporadic AD. 
Further more, our results indicate that post-training MFB-
ICSS treatment rescues deficits in a spatial learning task and 
miR-let-7b serum levels while partially reversing changes in 
CA1 neuronal density and miR-181c serum levels. Serum lev-
els of both miRNAs were correlated with MWM performance 
of MFB-ICSS–treated rats that received streptozotocin. As 
such, miR-181c and miR-let-7-b may serve as potential bio-
markers for assessing the effectiveness of DBS in combatting 
cognitive deficits in AD.
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