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Abstract
Rostral intralaminar thalamic deep brain stimulation (ILN-DBS) has been shown to enhance attention and cognition through 
neuronal activation and brain plasticity. We examined whether rostral ILN-DBS can also attenuate memory deficits and 
impaired synaptic plasticity and protect glutamatergic transmission in the rat intraventricular β-amyloid (Aβ) infusion 
model of Alzheimer’s disease (AD). Spatial memory was tested in the Morris water maze (MWM), while structural synaptic 
plasticity and glutamatergic transmission strength were estimated by measuring dendritic spine densities in dye-injected 
neurons and tissue expression levels of postsynaptic density protein 95 (PSD-95) in medial prefrontal cortex (mPFC) and 
hippocampus. All these assessments were compared among the naïve control rats, AD rats, and AD rats with ILN-DBS. We 
found that a single rostral ILN-DBS treatment significantly improved MWM performance and reversed PSD-95 expression 
reductions in the mPFC and hippocampal region of Aβ-infused rats. In addition, ILN-DBS preserved dendritic spine densities 
on mPFC and hippocampal pyramidal neurons. In fact, MWM performance, PSD-95 expression levels, and dendritic spine 
densities did not differ between naïve control and rostral ILN-DBS treatment groups, indicating near complete amelioration 
of Aβ-induced spatial memory impairments and dendritic regression. These findings suggest that the ILN is critical for modu-
lating glutamatergic transmission, neural plasticity, and spatial memory functions through widespread effects on distributed 
brain regions. Further, these findings provide a rationale for examining the therapeutic efficacy of ILN-DBS in AD patients.
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Introduction

Alzheimer’s disease (AD) is the most common neurode-
generative disorder throughout the world. At the functional 
level, AD is characterized by gradual and largely irrevers-
ible declines in memory and cognition. At the molecu-
lar and neuronal levels, AD is associated with β-amyloid 
(Aβ) deposition, neuronal death, and circuit disruption in 
brain regions implicated in memory and higher cognition, 

including the hippocampus, basal forebrain, and cerebral 
cortex. Currently, the most widely used treatments for AD 
are cholinesterase inhibitors, which presumably improve 
cognitive function by increasing acetylcholine transmission 
between the basal forebrain and cerebral cortex (Záborszky 
et al. 2018). However, degeneration of cholinergic circuits 
is among the earliest pathogenic events in AD; thus, cho-
linesterase inhibitors usually demonstrate minimal efficacy 
in the later stages of the disease and are effective only over 
a limited time window (Scarpini et al. 2003).

Deep brain stimulation (DBS) is a potential alternative 
with demonstrated clinical efficacy and safety against move-
ment disorders and neuropsychiatric disorders refractory to 
conventional drug treatments. The therapeutic effects of 
DBS are believed to result in part from direct activation or 
inhibition of specific intracerebral targets, but DBS may also 
influence entire neural circuits spanning widespread brain 
regions, and has therefore been described as a circuit neu-
romodulator (Herrington et al. 2016). The rostral part of 
the intralaminar thalamic nucleus (ILN) has been suggested 
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as a key hub for cognitive function in humans and animals 
(Gold and Squire 2006; Mair and Hembrook 2008; Mair 
et al. 2011) through connections with the hippocampus and 
medial prefrontal cortex (mPFC) (Van der Werf et al. 2002; 
Saalmann 2014). Shirvalkar et al. (2006) reported that a 
single train of high frequency DBS over the ILN enhanced 
object recognition memory in healthy rodents. Moreover, 
this effect was associated with neuronal activation in lim-
bic and neocortical structures essential for memory perfor-
mance, including the dentate gyrus and hippocampus, as 
revealed by upregulation of the immediate-early genes c-fos 
and zif268 (Shirvalkar et al. 2006).

A number of studies have also demonstrated that DBS 
of the fornix can improve memory impairments in animal 
models (Hamani et al. 2011; Hescham et al. 2013a, 2016, 
2017; Leplus et al. 2019). However, DBS of the fornix has 
thus far shown only limited efficacy for improving cogni-
tive dysfunction in AD patients (Leoutsakos et al. 2018). 
Alternatively, the effects of ILN-DBS on AD-associated 
cognitive deficits have not been studied extensively despite 
demonstrations of critical ILN functions in cognition func-
tions, including memory, attention, and reward-based learn-
ing. To examine whether rostral ILN-DBS can ameliorate 
AD-associated cognitive deficits and the underlying synap-
toplastic abnormalities (Malm et al. 2006), we compared 
spatial memory performance and measured markers of glu-
tamatergic transmission in the mPFC and hippocampus of 
rats subjected to intraventricular Aβ infusion with or without 
subsequent ILN-DBS. This model has been shown to mimic 
the neuropathological deposition of Aβ protein in AD and to 
produce phenotypes comparable to sporadic AD (Nitta et al. 
1994; Malm et al. 2006; Srivareerat et al. 2009).

Materials and methods

The study was approved by the Animal Care and Use Com-
mittee of the Tzu-Chi University and adhered to all relevant 
institutional and national guidelines for animal welfare. 
Male Wistar rats (250–350 g body weight) were individu-
ally housed under a 12-h light/12-h dark cycle (lights were 
switched on at 7:00 am) with food and water ad libitum 
before and during the study period.

β‑amyloid protein infusion and ILN‑DBS

Rats were assigned to the following groups: (1) naïve con-
trols (control), (2) intraventricular Aβ infusion (AD), and 
(3) Aβ infusion plus ILN-DBS electrode implantation and 
stimulation (AD + DBS). These three study groups were 
used for all the tests performed in this investigation. One 
additional study group received Aβ infusion plus electrode 
implantation without stimulation (AD + sham) and was used 

for the Morris water maze (MWM) test only. AD-simulated 
rats were implanted with osmotic minipumps (Model: 2002; 
reservoir volume: 200 μl and 0.5 μl/h infusion rate, Alzet, 
Cupertino, CA) and skull cannulae for intraventricular deliv-
ery of Aβ lasting for 14 days. Briefly, Aβ1–40 and Aβ1–42 
peptides (ANASPECT, San Jose, CA) were dissolved in 
64.9% sterile distilled water plus 35% acetonitrile and 0.1% 
trifluoroacetate to prevent Aβ peptide aggregation. Before 
implantation, minipumps were filled with a 1:1 mixture of 
Aβ1–40 and Aβ1–42 (priming) and submerged in isotonic 
saline solution overnight at 37 °C. Immediately prior to min-
ipump and cannula implantation, rats were anesthetized by 
intraperitoneally injecting them with ketamine and xylazine 
(8 mg ketamine and 1 mg xylazine/100 g body weight) and 
mounted on a stereotaxic frame (David Kopf Instruments, 
Tujunga, CA). An incision was made to expose the skull 
around the bregma. First, three stainless steel screws were 
secured halfway into the skull for fixation of the minipump 
needle cap over the left lateral ventricle and brain stimula-
tion electrode over the right ILN for both AD + sham group 
and AD + DBS group. In the group receiving only intraven-
tricular Aβ infusion (AD group), one small hole was drilled 
for needle insertion, whereas two holes were drilled in rats 
receiving both intraventricular β-amyloid protein and ILN-
DBS, one each for the minipump needle and stimulation 
electrode (comprising twisted stainless steel wires with bare 
diameter 0.125 mm) (MS303/3-B/SPC; Plastics One, Roa-
noke, VA). The minipump needle tip was inserted into the 
left ventricle (AP: − 0.3 mm; ML 2.5 mm; DV: − 4.0 mm, 
according to Paxinos and Watson (1998) to allow Aβ protein 
infusion, and the tip of the electrode was inserted into the 
central lateral nucleus of the right thalamus (AP: − 2.8 mm; 
ML 1.25 mm; DV − 5.5 mm to bregma) (Fig. 1a). The heads 
of the minipump needle and electrode were secured with 
dental cement to the three pre-installed screws, and the 
wound was closed with nylon sutures. Animals were allowed 
to recover for 9 days during minipump infusion. Rats in infu-
sion groups received 300 pmol/day of 1:1 Aβ1–40:Aβ1–42 
for 2 weeks.

Deep brain stimulation protocol

The rats receiving DBS electrode implantation were treated 
with a single ILN-DBS stimulation of 30 min immediately 
before the first MWM training session as described below 
(Fig. 1b). The stimulating electrode array was connected 
to a digital bipolar stimulator (Isolated Pulse Stimulator, 
A-M systems, Sequim, WA) via a spring-shielded stimulat-
ing cable (Plastics One, Roanoke, VA) to deliver stimuli of 
0.5 mA amplitude and 60 μs duration at 100 Hz for 30 min. 
In previous studies, constant current of 100–300 µA was 
used to approximate the response in humans according 
to generated charge density per phase (Stone et al. 2011). 
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However, we applied 0.5 mA (500 µA) based on recent 
rodent DBS studies on learning and memory (Shirvalkar 
et al. 2006; Hamani et al. 2011; Hescham et al. 2013b).

MWM testing

We first examined how AD pathology influenced spa-
tial memory performance in our rat AD model and tested 
whether clinically relevant DBS stimulation over the ILN 
could ameliorate cognitive deficits. In the first experiment, 
8 naïve control (control) rats, 12 intraventricular Aβ infusion 
rats (AD), 8 intraventricular Aβ infusion plus sham stimula-
tion (AD + sham) and 9 intraventricular Aβ infusion plus 
ILN-DBS (AD + DBS) rats were subjected to five consecu-
tive days of MWM training to assess differences in spatial 
learning capacity (protocol described below). The MWM is 
widely used to evaluate spatial learning and memory, which 
requires intact functions of the hippocampus and mPFC 
(Cholvin et al. 2016). Detailed procedures are described in 
previous studies (Vorhees and Williams 2006; Tsai et al. 
2016).

Briefly, it was conducted in a circular tank with a trans-
parent plastic platform submerged 3 cm below the surface of 
the water at the center of the target quadrant. In each train-
ing session, four consecutive trials starting at the drop-off 
point of each quadrant of the tank were selected randomly. 
Animals were allowed to stay on the platform for 15 s after 
locating it. If they failed to find it within 90 s, rats were 
gently guided to the platform and remained for 15 s. The 
time required to find the platform was recorded, analyzed 
and defined as escape latency. Another probe trial was con-
ducted after day 5 MWM to record the percentages of time 
they spent in each quadrant of the water maze.

Confirmation of DBS electrode position

To verify the position of the electrode tip, coronal brain 
sections covering the electrode track were Nissl stained 
and examined under a microscope. Only rats with veri-
fied electrode placement were included in the analyses 
(Fig. 1c, d). Data from two rats were excluded because of 
deviation of the electrode position. In addition, sections were 
immunostained with a rabbit polyclonal antibodies against 

Fig. 1   Animal preparations and 
protocols for intraventricular 
infusion of amyloid-beta (AD) 
and deep brain stimulation 
of the intralaminar thalamic 
nucleus (ILN-DBS). a Both the 
DBS electrode and the Alzet 
osmotic minipump for amyloid-
beta infusion were fixed to the 
skull with dental cement. b 
Schematic diagram illustrat-
ing the experimental protocols 
adopted in the present study. A 
single train of ILN-DBS was 
delivered on the first day of 
Morris water maze training. c 
Nissl staining of coronal brain 
sections for histological con-
firmation of minipump needle 
placement in the left ventricle 
following experiments. d His-
tological confirmation of DBS 
electrode placement in the right 
ILN (arrow). Scale bar = 1 mm. 
e Schematic representation of 
coronal sections at two rostral–
caudal planes showing implan-
tation tip sites of electrodes in 
AD + sham group. f Schematic 
representation of coronal 
sections at two rostral–caudal 
planes showing implantation tip 
sites of electrodes in AD + DBS 
group. The numbers on the left 
indicate locations and coordi-
nates posterior from the bregma
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Aβ1–42 (ab10148, Abcam Inc., MA) to verify infiltration 
into brain parenchyma. Staining was conducted according 
to a previous report (Fig. 2) (Nitta et al. 1994).

Measures of dendritic spine structure

Four control, six AD, and four AD + DBS group rats were 
subjected to another MWM training and memory session, 
killed, and examined for structural changes to dendritic 
arbors and spines in the mPFC and hippocampus by intra-
cellular injection of Lucifer yellow (LY; Sigma, St. Louis, 
MO) and subsequent immunostaining. Briefly, rats were 
deeply anesthetized with chloral hydrate (0.9 mg/100 g 
body weight) and perfused with a fixative containing 2% 
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.3) 
at room temperature for 30 min. Immediately following 
perfusion, the whole brain was carefully removed and sec-
tioned with a vibratome into 400-um thick coronal slices 
including the mPFC and hippocampus. Brain slices were 
first treated with 0.1 M PB containing 10−7 M 4′,6-diamid-
ino-2-phenylindole (DAPI, Sigma) for 30 min to stain cell 
nuclei blue under the same filter set used for visualizing LY. 
This enabled us to select individual neurons from specific 
cortical layers for dye injection. Each slice was then placed 
in a dish on the stage of a fixed-stage epifluorescence micro-
scope (Olympus BX51) and covered with a thin layer of 
0.1 M PB. An intracellular micropipette filled with 4% LY 
in water was mounted on a three-axial hydraulic microma-
nipulator (Narishige, Tokyo, Japan) under an objective lens 
(× 20) with long working distance to facilitate the selection 
of layer III and layer V pyramidal neurons of the mPFC and 
hippocampal CA pyramidal neurons for dye injection. An 
intracellular amplifier (Axoclamp-IIB) was used to generate 
constant negative current for injecting LY until all terminal 
dendrites fluoresced brightly yellow. Approximately, four to 
six well-separated neurons could be injected in each slice. 
The slice was then removed, rinsed in 0.1 M PB, and post-
fixed in 0.1 M PB/4% paraformaldehyde for 3 days.

To preserve the intracellular fluorescence and facilitate 
visualization of dendrites and spines, injected slices were 

immunostained using an LY antibody. Briefly, the injected 
slices were rinsed thoroughly in 0.1 M PB, cryoprotected, 
and carefully sectioned into 50 um serial sections using a 
sliding microtome. These thin sections were preincubated 
with 1% H2O2 in PB for 30–60 min to block endogenous 
peroxidase activity, rinsed three times in phosphate-buffered 
saline (PBS), and incubated for an hour in PBS containing 
2% bovine serum albumin plus 1% Triton X-100 for block-
ing and permeabilization, respectively. Sections were then 
incubated for 18 h at 4 °C in PBS containing biotinylated 
rabbit anti-LY (1:200; Molecular Probes, Eugene, OR). Fol-
lowing subsequent rinses in PBS, sections were incubated 
with standard avidin–biotin horseradish peroxidase reagent 
(Vector, Burlingame, CA) for 3 h at room temperature. Sec-
tions were then reacted at room temperature with a solution 
containing 0.05% 3,3′-diaminobenzidine tetrahydrochlo-
ride (DAB; Sigma) and 0.01% H2O2 in 0.05 M Tris buffer. 
Reacted sections were mounted onto slides for microscopic 
analysis as described in “Data and statistical analysis” 
(below).

Western blotting of postsynaptic density protein 95 
(PSD‑95)

Five control, five AD, and five AD + DBS group rats were 
subjected to a second MWM training session as described 
and then killed for western blotting analysis of the gluta-
matergic postsynaptic marker PSD-95 (Furuyashiki et al. 
1999) in the mPFC and hippocampal region. Briefly, the 
brain regions of interest were rapidly dissected and homog-
enized immediately at 4 °C in 25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (pH 7.4) containing 0.3 M 
sucrose, protease inhibitor cocktail, 50 mM sodium vana-
date (to inhibit phosphatases), and 0.1 M ethylenediami-
netetraacetic acid. Following centrifugation at 600 × 3g for 
15 min to remove unbroken cells and nuclei, the post-nuclear 
supernatant was centrifuged at 21,000×g to obtain the post-
mitochondrial supernatant fraction. Total protein concentra-
tion in this fraction was determined using a Bio-Rad assay 
(Hercules, CA). Next, 20 µg total protein per gel lane was 

Fig. 2   Immunoreactivity for 
amyloid-β is increased in 
coronal sections from rats 
intraventricularly infused with 
amyloid-β (b) compared with 
rats without amyloid-β infusion 
(a). Scale bar = 1 mm
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separated on 15% acrylamide gels containing sodium dode-
cyl sulfate and transferred onto polyvinylidene difluoride 
membranes. Membranes were probed for PSD-95 using 
mouse anti-PSD-95 (1:1000, Chemicon, Temecula, CA) in 
10 mM Tris (pH 7.4) containing 150 mM NaCl and 5% skim 
milk. A monoclonal antibody to GAPDH (Chemicon) was 
used as the gel loading control. A similar dilution of the 
same anti-PSD-95 antibody was used previously to detect 
PSD-95 in rat brain (Ansari et al. 2008). Protein expres-
sion levels were estimated by densitometry. This expression 
measurement protocol was tested for linearity by varying the 
amount of protein loaded in different lanes and the exposure 
time was varied from 10 s to 1 min (or longer if necessary) in 
10-s steps. An exposure time of approximately 1 min yielded 
linear changes in band intensity. Relative optical densities 
(RODs) of the target band were quantified using a densi-
tometer (ImagePro Plus; Media Cybernetics, Silver Spring, 
MD) and are presented relative to the ROD of GAPDH for 
that lane.

Data and statistical analysis

Escape latencies in the MWM training (spatial memory 
acquisition) phase were compared by two-way repeated 
measures analysis of variance (ANOVA) with Tukey’s post 
hoc analysis for pairwise multiple comparisons. Fractional 
search times in the probe test were compared by two-tailed 
independent samples t test and the null hypothesis was a pro-
portion of time in the target zone ≤ 25% (chance or below). 
All statistical tests were conducted using SPSS 14.0 (SPSS, 
Chicago, Illinois) and a p < 0.05 was considered significant.

For morphometric analyses of pyramidal neuron dendritic 
arbors from the three treatment groups (20 cells from naïve 
rats, 30 from Aβ-infused rats, and 20 from Aβ-infused plus 
ILN-DBS group rats), individual micrographs were recon-
structed in three dimensions (3D) using Neurolucida (Micro-
BrightField, Williston, VT). Spine densities (measurement 
details below) were compared among groups by one-way 
ANOVA followed by Newman–Keuls test for pairwise mul-
tiple comparisons.

Dendritic spine density is associated with synaptic plas-
ticity (Chen et al. 2013), so we analyzed dendritic spine 
density from four to six representative pyramidal neurons 
from layer III and layer V mPFC and from hippocampal CA 
in each group. Dendrites were selected according to previ-
ously established criteria (Chen et al. 2009a). Proximal and 
distal basal dendrites of layer III pyramidal neurons were 
defined as the segments 25–50 um and 75–100 um from the 
soma, respectively, while the proximal and distal basal den-
drites of the relatively larger layer V pyramidal neurons were 
sampled over 50–100 um and 100–150 um from the soma, 
respectively. The first or second dendritic branch from the 
apical trunk was designated as the proximal apical dendrite, 

and the terminal dendritic branch after the last visible branch 
point of layer III and V pyramidal neurons (usually overlying 
the junction of cortical layers I and II) was defined as the 
distal apical dendrite (Fig. 3). For hippocampal pyramidal 
neurons, spine density was determined from the most lat-
eral tertiary dendrite on the apical tree and the most lateral 
secondary dendrite on the basal tree. These dendrites were 
always located within the stratum lacunosum moleculare and 
the stratum oriens of Ammon’s horn, respectively. The rep-
resentative segments were visualized and analyzed under a 
100 × oil immersion objective for manual determination of 
dendritic spine density (expressed as number per 10 ìm of 
dendrite length).

Results

Brain deposition of Aβ is a pathological hallmark of AD, 
and Aβ accumulation has been shown to damage neurons 
and disrupt transmission in vulnerable regions such as the 
hippocampus, mPFC, and cholinergic basal forebrain (Ovs-
epian et al. 2016). To examine the effects of Aβ accumula-
tion on cognitive performance and potential amelioration by 
ILN-DNS in rats, we compared MWM performance among 
control rats, AD rats, AD + sham, and AD + DBS. All four 
groups demonstrated similar performance on the first day 
of MWM training, but two-way repeated measures ANOVA 
revealed significant main effects of group (F3, 31 = 4.51, 
p = 0.01) and training day (F4, 124 = 107.23, p < 0.001). There 
was no group × day interaction (F4, 124 = 1.1, p = 0.366) on 
escape latency over the training period. Moreover, post 
hoc analysis revealed significantly longer average escape 
latency in the AD and AD + sham groups compared to con-
trol (p < 0.05). Rostral ILN-DBS on the first day of MWM 
significantly reversed this spatial learning deficit as evi-
denced by significantly shorter escape latency compared to 
the AD + sham and AD groups (p < 0.05) (Fig. 4). Further, 
the probe test conducted on day 5 revealed parallel effects 
on spatial memory, with control and AD + DBS groups 
demonstrating significantly longer swim times in the target 
quadrant compared to the AD + sham group. Alternatively, 
there were no group differences in swimming speed. Thus, 
Aβ-induced spatial learning and memory deficits were res-
cued by a single ILN-DBS treatment.

Since dendritic spine densities of neurons and synaptic 
plasticity correlated closely with cognitive performance and 
CNS disease underlying pathology (Schubert et al. 2007; 
Luebke et al. 2010), we hypothesized that those densities of 
dendritic spine of pyramidal neurons over mPFC and hip-
pocampus where rostral ILN connects and were integrated 
within cognitive circuits would have positive association 
with learning status in different groups. Therefore, additional 
normal, Aβ infusion only, and Aβ infusion with ILN-DBS 
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rats were subjected to the task of MWM. Immediately after 
task completion, rats were killed and subjected to intracel-
lular dye injection, allowing us to identify the differences in 
spine densities on individual neurons. The results showed 
again that rats treated with Aβ infusion supplemented with 
rostral ILN-DBS learned as well as control rats, and both 
groups demonstrated better and faster spatial memory acqui-
sition than rats treated with Aβ infusion alone (Fig. 5a). 
The behavioral difference was accompanied by variation of 
dendritic spine densities among the three groups. Rats with 
intraventricular Aβ infusion demonstrated significantly lower 
(approximately 50%) spine densities on pyramidal neurons 
in CA than normal rats, and the spine densities in rats with 
intraventricular Aβ infusion increased to an extent near to 
those in control rats after ILN-DBS (Fig. 5b, p < 0.0001). In 
the mPFC, both layer III and layer V pyramidal neurons of 
the AD rats had remarkably fewer (approximately 36%) den-
sities of dendritic spines than those observed for the naïve 
control rats (Fig. 6, p < 0.0001). Paralleling the findings for 
dendritic spine densities in CA, the decreased spine densities 
of mPFC due to Aβ infusion showed a significant restoration 
after ILN-DBS, to levels similar to the controls (p < 0.0001).

To investigate whether the dynamic change of dendritic 
spine densities represent functional regulation of quanti-
ties of excitatory synapses, we performed western blotting 
and measured the amount of PSD-95, a protein known to 

associate with glutamatergic excitatory postsynaptic den-
sities and regulate synaptic activity and structural plastic-
ity, in the studied area. Following Aβ infusion, the levels of 
PSD-95 in the hippocampus and mPF dropped by 50% and 
52%, respectively, compared with that of the control rats. In 
accordance to its effectiveness on dendritic spine densities, 
rostral ILN-DBS reversed the reductions in PSD-95 in both 
hippocampus and mPF cortex (Fig. 7, p < 0.01).

Discussion

Our key findings are that rats with intraventricular Aβ infu-
sion toxicity showed consistent spatial memory deficit and 
impaired synaptic plasticity including decreased dendritic 
spine densities and reduced excitatory synaptic markers. To 
test a clinically relevant method of reversing cognitive deficit 
from AD pathology, we used rostral ILN-DBS, and it effec-
tively restored spatial memory performance in the MWM. 
This improvement was accompanied by increased density 
of dendritic spines on the dendritic arbors of hippocampal 
CA pyramidal neurons and medial prefrontal layer III and 
V pyramidal neurons. These changes in structural plasticity 
occurred over all the segments of the basal and apical den-
drites. Western blotting analysis further confirmed that the 
fluctuation in numbers of dendritic spines among the three 

Fig. 3   Intracellular Lucifer yel-
low injection method for mor-
phometric analysis of medial 
prefrontal cortex (mPFC) and 
hippocampal CA pyramidal 
neurons. a Representative layer 
III mPFC pyramidal neuron 
from a rat receiving Aβ infusion 
plus ILN-DBS. a and b proxi-
mal and distal basal dendrites, c 
and d proximal and distal apical 
dendrites; Scale bar = 70 µm. b 
The dendritic arbors visualized 
using Neurolucida
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groups could be attributed to the regulation of excitatory 
synaptic protein expression. These data reaffirm previous 
findings and suggest that rostral ILN-DBS could modulate 
central neuronal circuits, leading to enhanced excitatory syn-
aptic connectivity in pyramidal neurons of the hippocampal 
CA and the mPFC (Shirvalkar et al. 2006; Mair and Hem-
brook 2008). Enhancing the excitability of these neurons 
may lead to more robust outputs to influence downstream 
circuits. This is consistent with previous in vivo and clini-
cal studies indicating that ILN-DBS improved cognition 
(Shirvalkar et al. 2006; Schiff et al. 2007), and it supports 
the potential use of ILN-DBS-induced enhancement of the 
attention and frontal arousal circuit in treating patients with 
cognitive impairment.

ILN-DBS may modulate cerebral cortical and hippocam-
pal circuits through connections from rostral ILN (Van der 

Werf et al. 2002). Our results echoed a study showing that 
modulating neural activity of ILN might facilitate working 
memory task of rats (Mair and Hembrook 2008). To further 
prove the efficacy of ILN-DBS in an AD model, we first 
applied ILN-DBS to rats with intraventricular Aβ infusion. 
AD has been simulated and reproduced via both transgenic 
and non-transgenic animal models (Yamada and Nabeshima 
2000). Intraventricular or intracerebral Aβ injection, in one 
of the non-transgenic animal models, has led to deficits in 
short-term memory, long-term memory, and object recog-
nition in rats (O’hare et al. 1999; Nakamura et al. 2001). 
Changes in dendritic spine density and morphology (struc-
tural synaptic plasticity) are strongly associated with mem-
ory function (Bliss and Gardner-Medwin 1973; Guan et al. 
2009). Dynamic changes of synaptic plasticity are proposed 
to be one of mechanistic for memory formation and stor-
age. In fact, it has been repeatedly demonstrated that various 
internal and external factors could change spatial learning 
and dendritic spines (Chen et al. 2009a; b). The underpin-
nings of cognitive impairment caused by Aβ deposition 
in AD remain elusive. After 14 days of Aβ infusion, we 
showed that Aβ remarkably decreased the spine densities on 

Fig. 4   A single train of rostral ILN-DBS improved the spatial mem-
ory acquisition of rats treated with amyloid-β infusion. a Plot of the 
escape latency of the four groups of rats, naïve control rats, AD, 
AD + sham, and AD + DBS, for 5 consecutive days of MWM assess-
ment. Spatial learning was significantly impaired by Aβ infusion 
alone and rescued by an ILN-DBS application. *p < 0.05, Aβ + ILN-
DBS and naïve control vs. AD + sham and AD group. b, c Repre-
sentative swim paths during the probe test of spatial memory on day 
5. The Aβ + ILN-DBS and naïve control groups spent a significantly 
higher percentage of the swim time in the target quadrant compared 
to the AD group (T target quadrant, L, left quadrant, O opposite quad-
rant, R right quadrant); *p < 0.05; Error bars show SEM

Fig. 5   ILN-DBS reversed Aβ-induced spatial learning and memory 
deficits and Aβ-induced reduction in hippocampal CA pyramidal 
neuron spine density. a Plot of the escape latencies for AD + DBS, 
AD alone, and control group rats over the 5 days of MWM training. 
Escape latencies were significantly shorter in the AD + DBS group 
compared to the AD group. b, c Plots of dendritic spine densities 
and representative images of CA pyramidal neuron apical and basal 
dendrites. *p < 0.05, control vs. AD group. #p < 0.05. AD group vs. 
AD + DBS group. Scale bar = 10 µm. Error bars represent SEM
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pyramidal neurons in both the hippocampus and the mPFC. 
This finding further highlights the ability of soluble Aβ to 
initiate synaptic dysfunction and structural changes that con-
tribute to cognitive deficit (Spires-Jones et al. 2007; Spires-
Jones and Knafo 2011). Furthermore, ILN-DBS restored the 
Aβ-induced decrease in dendritic spine density on pyramidal 
neurons. DBS has been shown to improve the electrophysi-
ological synaptic plasticity of neurons (Sui et al. 2014). In 
addition, amelioration of the impairment of hippocampal 
synaptic plasticity caused by soluble Aβ oligomer has been 
demonstrated for external stimuli such as environmental nov-
elty (Li et al. 2013). Taken together, our results suggest that 
rostral ILN-DBS can also potentiate memory repair through 
structural synaptic plasticity modulation. In recent years, the 
correlation between synaptic activity and Aβ pathogenesis 
in AD is debated. Synaptic activity dynamically regulates 
Aβ secretion, which is implicated as mechanistic of AD and 
its cognitive impairment (Tampellini et al. 2010). While 
some evidences showed that endogenous higher synaptic 

activity increases interstitial fluid Aβ level and subsequent 
Aβ plaque deposition, other data revealed that exogenous 
synaptic activation is beneficial on Aβ-related synaptic and 
behavioral impairment in AD (Tampellini et al. 2010; Bero 
et al. 2011). Our findings suggest that rostral ILN-DBS may 
synchronize synaptic activation and modulate Aβ levels and 
thereby spines.

Shirvalkar et al. used unilateral electrical stimulation of 
ILN in the thalamus in normal rats to enhance cognitive 
performance and achieve widespread cerebral, cortical and 
hippocampal neural activation (Shirvalkar et al. 2006). In 
addition to facilitating object recognition memory, ILN-
DBS also increased exploratory motor behavior in normal 
rats, which is consistent with the increase in arousal status. 
The effect of ILN-DBS on memory enhancement in normal 
rats was confirmed in another study using memory-guided 
response (Mair and Hembrook 2008). Cognitive enhance-
ment has been observed in several studies of diseased 
humans with obesity (Hamani et al. 2008) and epilepsy 

Fig. 6   ILN-DBS also reversed 
the Aβ-induced reduction in 
dendritic spine densities on 
mPFC pyramidal neurons. 
Upper panels: composite micro-
graphs of representative basal 
and apical dendrite segments 
for mPFC Layer III pyramidal 
neurons (left column) and layer 
V pyramidal neurons (right 
column) from naïve control 
(upper row), AD (middle row), 
and AD + ILN-DBS (lower 
row) groups. Spine densities on 
the proximal and distal basal 
and apical dendrites for each 
group are shown below the 
corresponding columns. ILN-
DBS reversed the Aβ-induced 
decrease in the density of den-
dritic spines over the entire den-
dritic arbor of mPFC layer III 
and layer V pyramidal neurons. 
*p < 0.05, naïve control vs. AD; 
#p < 0.05, AD vs. AD + ILN-
DBS. Scale bar = 10 µm. Error 
bars represent SEM
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(Suthana et al. 2012) and normal mice (Stone et al. 2011); 
DBS of the fornix or entorhinal cortex rescued impaired 
memory. Collectively, these reports all indicate that adminis-
tering DBS to a specific target area within a cognitive circuit 
of the brain could restore cognition through the repair of 
defective neural plasticity (Toda et al. 2008; Laxton et al. 
2010). However, these beneficial effects of DBS on cog-
nitive performance have not been explored in the setting 
of AD. Thus, our results further highlight the notion that 
rostral ILN-DBS could also be applied to rat models of AD 
to ameliorate the spatial memory learning deficit as well as 
the underlying impaired synaptic plasticity.

The levels of glutamate transmission and associated 
vesicular glutamate transporters play pivotal roles in the 
refinement of the dendritic structures of pyramidal neu-
rons, as well as in synaptic plasticity and cognition (He 
et al. 2012). Subthalamic deep brain stimulation has been 
shown to achieve therapeutic effects in Parkinson’s disease 
through modulation of glutamatergic terminals and trans-
mission (Walker et al. 2012). Consistent with behavioral 
performance, our findings showed that soluble Aβ oligom-
ers significantly decreased spine densities on pyramidal 
neurons of both the mPF and hippocampus, with paral-
lel reductions of PSD-95. Both results suggest a dramatic 
reduction of glutamatergic excitatory synapses (Deng et al. 
2014). PSD-95 anchors synaptic proteins and interacts 
with NMDA receptors to play important roles in the stabi-
lization of synaptic changes during long-term potentiation 

and synaptic plasticity (Xu 2011; Meyer et al. 2014). Ros-
tral ILN-DBS can increase the reduced dendritic spine 
densities, and the levels of PSD-95 further support that 
ILN-DBS may facilitate cognition and memory through 
modulation of glutamatergic transmission.

Rostral ILN-DBS was shown to increase neural activ-
ity in the cerebral cortex and arousal in rats and patients 
with cognitive impairment (Shirvalkar et al. 2006; Schiff 
et al. 2007). Based on the presumption that arousal status 
is closely related with memory acquisition and consolida-
tion, we began our experiments and found that ILN-DBS 
did restore dysfunctional memory circuits and structural 
neural plasticity in rats with intraventricular Aβ infusion 
(Barondes and Cohen 1968; Saab et al. 2009; Mair et al. 
2011). Whether these behavioral changes in our results 
could be attributed to increased arousal or modulation of 
thalamocortical circuits remains unknown (López-Bendito 
and Molnár 2003; Smith et al. 2009; Staudigl et al. 2012). 
A crucial issue for clinical applicability of ILN-DBS is 
whether the duration or timing of stimulation is optimal, 
an issue that should be addressed in future studies (Mair 
and Hembrook 2008; Suthana et al. 2012). Another limita-
tion of our study is the lack of a comparison group receiv-
ing DBS but without Aβ infusion. Therefore, we cannot 
exclude stimulation-independent effects, such as reparative 
responses from electrode-induced tissue damage. How-
ever, the ‘off’ state appears to have little clinical efficacy 
in patients with DBS electrode implantation, indicating 
that improvements in AD-like pathology and spatial mem-
ory deficits were likely stimulus dependent. Further, our 
AD + sham group showed comparable decreased memory 
performance with AD group and DBS ameliorated this 
impairment. Previous studies also have reported that ILN-
DBS stimulation settings similar to those used in this study 
improved cognition compared to sham stimulation (Shir-
valkar et al. 2006; Tsai et al. 2016). One additional limita-
tion is that we implanted an osmotic minipump at the con-
tralateral hemisphere for intraventricular Aβ infusion and 
this created an obstacle for implantation of DBS electrode 
on this hemisphere. However, unilateral target deep brain 
stimulation has been shown to improve cognitive function 
and memory task performance (Shirvalkar et al. 2010).

Conclusion

DBS to the rat thalamic intralaminar nucleus at clinically 
relevant settings can restore impaired spatial memory and 
structural synaptic plasticity of glutamatergic synapses 
induced by Aβ infusion. Our findings support the potential 
of ILN-DBS for AD treatment.

Fig. 7   ILN-DBS reversed Aβ-induced downregulation of PSD-95 (a 
marker of glutamatergic synapses) in mPFC and hippocampal CA as 
evidenced by western blotting. GAPDH was used as the gel loading 
control. *p < 0.05, naïve control vs. AD; #p < 0.05, AD vs. AD + ILN-
DBS
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