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Abstract
Aims: Entorhinal cortex (EC) deep brain stimulation (DBS) has shown a memory 
enhancement effect. However, its brain network modulation mechanisms remain 
unclear. The present study aimed to investigate the functional connectivity in the 
rat hippocampal- cortex network and episodic- like memory performance following 
EC- DBS.
Methods: 7.0 T functional MRI (fMRI) scans and episodic- like memory tests were per-
formed 3 days and 28 days after EC- DBS in healthy rats. The fMRI data processing 
was focused on the power spectra, functional connectivity, and causality relation-
ships in the hippocampal- cortex network. In addition, the exploration ratio for each 
object and the discrimination ratio of the “when” and “where” factors were calculated 
in the behavioral tests.
Results: EC- DBS increased the power spectra and the functional connectivity in the 
prefrontal-  and hippocampal- related networks 3 days after stimulation and recovered 
4 weeks later. Both networks exhibited a strengthened connection with the EC after 
EC- DBS. Further seed- based functional connectivity comparisons showed increased 
connectivity among the prefrontal cortex, hippocampus and EC, especially on the ip-
silateral side of DBS. The dentate gyrus is a hub region closely related to both the EC 
and the prefrontal cortex and receives information flow from both. Moreover, acute 
EC- DBS also enhanced the discrimination ratio of the “where” factor in the episodic- 
like memory test on Day 3.
Conclusion: EC- DBS caused a reversible modulation effect on functional connectivity 
in the hippocampal- cortex network and episodic- like memory performance.
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1  |  INTRODUC TION

Increasing preclinical studies and clinical trials have shown that deep 
brain stimulation (DBS) has potential for treating dementia- related 
disorders.1– 6 Among these studies, the entorhinal cortex (EC)- DBS 
has shown a memory enhancement effect both in patient and ani-
mal studies. Suthana et al. implanted intracranial depth electrodes in 
epilepsy patients and revealed that EC stimulation enhanced mem-
ory of spatial information.7 Improved episodic memory performance 
was also reported in a recent study using the macrostimulation 
method to deliver EC- DBS in neurosurgical patients.8 In addition, an-
imal studies from our team and other researchers also demonstrated 
improved behaviors in memory- impaired rats after EC- DBS.9– 13

To date, research exploring the neuromodulation mechanism 
of EC- DBS has been limited. Previous animal studies reported 
that acute EC- DBS promoted neurogenesis in the dentate gyrus 
(DG) 3– 5 days after stimulation. Once sufficiently mature, these 
neurons integrated into hippocampal circuits supporting spatial 
memory.14 These studies suggest that EC- DBS- induced memory en-
hancement is closely related with the hippocampus, and there is a 
process of modulation from short- term to long- term. It is worth not-
ing that neurogenesis- related memory improvements were mostly 
observed several weeks after EC- DBS; however, in the studies of pa-
tients, EC- DBS exhibited an acute enhancement effect on memory 
performance. These conflicting may be due to the different types 
of behavioral tests in human (episodic memory) and animal (spatial 
memory) studies. Moreover, it is also reasonable to infer that in addi-
tion to DG neurogenesis, EC- DBS could have other short- term neu-
romodulation mechanisms of regulating memory function.

Multiple functional MRI (fMRI) studies showed that altered 
resting- state functional connectivity of the hippocampal- cortex net-
work is associated with the severity of memory decline in both cog-
nitive impairment patients and animals.15– 18 The EC- hippocampus 
interaction is generally accepted to play an important role in mem-
ory processing.19,20 Previous studies revealed that the impact on 
memory encoding- related potentials within the hippocampus could 
result from EC stimulation in neurosurgical patients.7,21 In addition, 
an increasing number of studies have demonstrated that memory 
consolidation involves strengthening the connection between the 
EC and the prefrontal cortex rather than the hippocampus.22,23 
Recently, Krautwald et al. further reported a stronger response in 
the prefrontal cortex (PFC) compared with the hippocampus during 
EC stimulation, indicating that the acute beneficial effects of EC- 
DBS may depend on both prefrontal and hippocampal functions.24 
However, to our knowledge, EC- DBS- induced functional connectiv-
ity changes in the hippocampal- cortex network, including the pre-
frontal cortex, hippocampus, and EC, remain unclear.

The objective of the present study was to observe the functional 
hippocampal- cortex network changes after acute EC- DBS in the 
rat brain using 7.0 T fMRI. Short- term and long- term effects were 
studied three days and twenty- eight days after stimulation, corre-
sponding to the time points of acute neurogenesis and long- term 

memory improvement caused by EC- DBS in previous animal stud-
ies,9,14 respectively. Data analysis was focused on prefrontal-  and 
hippocampal- related networks. In addition, an episodic- like memory 
test was also performed at different time points.25 We hypothesize 
that the resting- state hippocampal- cortex functional connectivity 
and episodic- like memory performance could be modulated by acute 
EC- DBS.

2  |  METHODS

2.1  |  Animals

Thirty- six 6- week- old male Sprague- Dawley rats (190– 210 g, Charles 
River, China) were housed in groups of two or three per cage under 
the controlled laboratory conditions (12 h light/dark cycle with the 
ambient temperature of 22 ± 2°C). Food and water were provided 
ad libitum. All procedures complied with the ARRIVE guidelines and 
were performed following the U.K. Animals (Scientific Procedures) 
Act, 1986. Protocols were approved by the animal ethics committee 
of Beijing Neurosurgical Institute.

2.2  |  Electrical stimulation of the EC

Animals were anesthetized with isoflurane and placed in a stereo-
tactic frame (Kopf, Germany). Concentric bipolar electrodes (FHC, 
Bowdoin, ME, USA) were implanted into the EC according to co-
ordinates in the Paxinos and Watson rat brain atlas (AP: −6.7 mm; 
ML: ±4 mm; DV: −8 mm).26 Twenty animals received unilateral 
implantation in the left EC. Rats were randomly assigned to the 
EC- DBS group or sham- DBS group. In the EC- DBS group, stimula-
tion was delivered using a pulse stimulator (Master 8, AMPI, Israel) 
for 1 h at parameters that were the same as those in our previ-
ous report (130 Hz, 90 µs, and 500 µA).9 Animals in the sham- DBS 
group only had electrode implantation but did not receive stimula-
tion. Following stimulation, the electrode was removed, the surgi-
cal incision was closed, and the animals were allowed to recover. 
These twenty animals received fMRI scans 3 days and 28 days after 
stimulation. T2- weighted MRI were used to determine the location 
of the electrode target area, and the localization of the electrode 
tip in the left EC is illustrated in Figure S1a. Other sixteen animals 
received bilateral EC implantation. To avoid influence of postopera-
tive cognitive dysfunction, animals were given a one- week recovery 
period after the electrodes were fixed with dental cement. Animals 
were then randomly assigned to the EC- DBS and sham- DBS group, 
and bilateral stimulation parameters were the same as the unilat-
eral stimulation. These sixteen rats received episodic- like memory 
tests 3 days and 28 days after stimulation. Histological staining 
was used to confirm the accuracy of the bilateral coordinate of EC 
(Figure S1b). The Schematic illustration of the experimental group-
ing and timeline were showed in Figure 1a.
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2.3  |  functional MRI data acquisition and 
preprocessing

Twenty animals (n = 10/group) underwent two fMRI scan sessions 
3 days and 28 days after stimulation. All MR images were acquired 
using a 7.0 T MRI scanner (BioClinScan, Bruker, Germany). Rats were 
anesthetized with isoflurane (2%) and secured in a head holder. A 
physiological monitoring system was used to monitor the respiratory 
rate and body temperature (BioTrig, Bruker). Functional images were 
acquired using echo- planar imaging with the following parameters: 
TR =2000 ms, TE =15 ms, flip angle =90°, matrix size =64 × 64, FOV 
=125 mm ×125 mm, slice thickness =1 mm, repetitions =300. In the 
sham- DBS group, after the first fMRI scan session, one rat died over 
the following 12 h, and a visible abnormal cavity was observed in the 
brain tissue of another rat. Thus, 10 rats in the EC- DBS group and 
8 rats in the sham- DBS group were used in subsequent fMRI data 
analyses.

Statistical Parametric Mapping (SPM8) software (Wellcome 
Department of Cognitive Neurology, London, UK) and MATLAB 
(MathWorks, Natick, MA) were used for fMRI data preprocess-
ing. A standard protocol was utilized according to previous stud-
ies.18,27,29 To eliminate the inhomogeneous effects of magnetization, 
the first 10 volumes of each session were removed, and all volumes 
were realigned and spatially normalized to a standard template and 
spatially smoothed using a Gaussian filter (1- mm full width at half 
maximum).30 Then, data were filtered to reduce the effect of low- 
frequency drift and high- frequency noise by using a bandpass filter 
(0.01– 0.08 Hz).

2.4  |  Prefrontal-  and hippocampal- related 
networks analysis

To investigate the prefrontal-  and hippocampal- related networks, 
independent component analysis (ICA) was performed using the 
Group ICA of fMRI Toolbox (GIFT, http://icatb.sourc eforge.net/). 
The number of components was set to 20, as informed by previ-
ous rodent studies.29,31 The prefrontal-  and hippocampal- related 
networks were identified by spatially sorting all components with 
the structural prefrontal and hippocampal masks (Figure 2a).30 For 
each subject, the best- fit component was extracted from each run 
(Figure 2b and 2c). For each best- fit component, by using the utility 
of spectral group comparison in the GIFT, the power spectra were 
compared between the two groups in two different scan sessions. 
After the Shapiro- Wilk test, normally distributed variables were 
compared by two- way ANOVA with Bonferroni posttest, while non- 
normally distributed variables were compared by multiple Mann- 
Whitney tests with FDR correction, and the threshold of significance 
was set to p<0.05. SPM two- sample t- tests were then performed to 
determine the differences in the spatial extent of the prefrontal-  and 
hippocampal- related networks between the two groups, and the 
threshold was set as cluster- level FDR- corrected p < 0.05.

2.5  |  Seed- based functional network analysis

In the present study, ten regions of interest (ROIs), including the 
left and right PFC, DG, CA1, CA3, and EC, were used to perform 

F I G U R E  1  (A) Schematic illustration of the experimental timeline. (B) Details of episodic- like memory test. After animals explored four 
identical objects on the first session and four other identical objects on the second session, the exploratory time of rats on the four objects 
(A1, old familiar stationary; A2, old familiar displaced; B1, recent familiar stationary; B2, recent familiar displaced) was recorded on the test 
session

http://icatb.sourceforge.net/
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seed- based functional connectivity analysis. The center of each 
seed was located in coronal planes according to the Paxinos and 
Watson atlas,26 and the diameter was set to 1 mm (Figure S2). The 
time course of blood- oxygenation- level- dependent (BOLD) signals 
in each session were extracted using REST (http://www.restf mri.
net). Afterward, correlations of the signal time courses with the 
above seeds were calculated. For each rat in each scan session, 
there was a matrix containing all the correlation rates (r- value) 
among the seed regions. The connectivity rate between the EC- 
DBS and sham- DBS groups within each seed- related connections 

was compared at different time points, respectively. After the 
Shapiro- Wilk test, data were compared by multiple Mann- Whitney 
tests with FDR correction, and the threshold of significance was 
set to p < 0.05.

To further observe the causal influence flows changed by EC- 
DBS, the abovementioned significantly changed connections were 
also used for the Granger causality analysis (GCA). ROI- wise GCA 
was implemented on REST software (http://www.restf mri.net/
forum/ REST- GCA) using multivariate coefficients. For each rat, 
there was a coefficient between every two seed regions. After the 

F I G U R E  2  Prefrontal-  and hippocampal- related functional networks. (A) The best- fit components were selected by using the masks of 
structural PFC and HC. PFC, prefrontal cortex; HC, hippocampus. (B and C) Prefrontal-  and hippocampal- related functional network maps of 
an EC- DBS and a sham- DBS rat. D. Power spectra (0.01– 0.08 Hz) of the PFC-  and HC- related networks in EC- DBS and sham- DBS rats 3 days 
and 28 days after stimulation. Data represented as mean ± S.E. of all points. Multiple Mann- Whitney tests, #p < 0.05; two- way ANOVA, 
*p < 0.05, **p < 0.01

http://www.restfmri.net
http://www.restfmri.net
http://www.restfmri.net/forum/REST-GCA
http://www.restfmri.net/forum/REST-GCA
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Shapiro- Wilk test, one sample t- test with Wilcoxon test in GraphPad 
6.0 software was used to determine the directional connectivity (co-
efficient significantly different from zero),32,33 with the threshold set 
at p < 0.05.

2.6  |  Episodic- like memory test and data analysis

Animals received episodic- like memory tests 3 days or 28 days 
after bilateral stimulation, and different objects were used on dif-
ferent test days. In the beginning, animals were handled individu-
ally on 3 consecutive days and were allowed 10 min free open- field 
(50 × 50 × 45 cm) exploration in the empty box for habituation. On 
the test day, there are two familiarization sessions (training) and 
one recognition session (testing). During the familiarization, each 
rat was exposed to four identical objects that were placed in the 
box for 5 min, and there was an hour intertrial between the two 
familiarization trials. The recognition trial was performed an hour 
after the familiarization trial in the same manner for 5 min, except 
those four objects were placed as old familiar stationary (A1), old 
familiar displaced (A2), recent familiar stationary (B1), and recent fa-
miliar displaced (B2) (Figure 1b). The exploration track was recorded 
and analyzed off- line with a computer tracking system (SuperMaze, 
XinRuan, China). For each trial, the exploration ratio was calculated 
and normalized (time spent exploring the object/ average of total 
exploration time of all trials) for each object in each rat. According 
to previous studies,25,27,28 temporal factor (when = [A1 –  B1] / [A1 
+ B1]) and spatial factor (where = [B2 –  B1]/ [B2 + B1]) were further 
calculated based on the exploration ratios and normalized for each 
trial (/average of all trials). After the Shapiro- Wilk test, repeated 
measures one- way ANOVA with multiple comparison tests was used 
to compare the exploration ratios within the test. Two- way ANOVA 
with multiple comparison tests was used to compare the “when” and 
“where” factors between the two groups at different time points. 
The threshold of significance for all the above comparisons was set 
at p<0.05, FDR- corrected.

3  |  RESULTS

3.1  |  Power spectra changes induced by EC- DBS

In the present research, by spatially sorting all components with 
the structural PFC and hippocampus masks, two best matching 
component maps (one for PFC and one for hippocampus) could 
be extracted for each scan. The prefrontal- related network map 
included the bilateral PFC, orbitofrontal cortex, sensorimotor cor-
tex and insula, whereas the hippocampal- related network map in-
cluded the bilateral hippocampus, thalamus, cingulate cortex and 
somatosensory cortex (Figure 2b and 2c). Further, a power spectra 
value in 0.01– 0.08 Hz could be calculated for each component in 
each scan. Significant power spectra difference was observed be-
tween the EC- DBS and sham- DBS groups in both the prefrontal-  and 

hippocampal- related networks. These two networks both exhibited 
increased low- frequency power spectra 3 days after EC- DBS (PFC 
Mann- Whitney U = 15, p<0.05, HC post hoc t = 3.38, p < 0.01) and 
recovered to normal levels 28 days after stimulation. (Figure 2d and 
2e).

3.2  |  Prefrontal-  and hippocampal- related 
functional networks modulated by EC- DBS

Three days after stimulation, compared to sham- DBS, increased 
connectivity of the prefrontal- related network was observed in the 
bilateral PFC, orbitofrontal cortex and ipsilateral EC after EC- DBS 
(Figure 3a). In addition, for the hippocampal- related network, EC- 
DBS also induced increased functional connectivity in the bilateral 
cingulate cortex, ipsilateral EC and caudate putamen (Figure 3b). 
There was no spatial extent difference of the prefrontal-  and 
hippocampal- related networks between the two groups on day 28.

3.3  |  Seed- based functional connectivity and 
causal influence flow changes after EC- DBS

Functional connectivity among ten seed regions, including the left 
and right PFC, DG, CA1, CA3 and EC, was calculated within each 
rat, and the mean connectivity values are presented in Figure 4a. 
Compared to sham- DBS, increased connectivity between the left 
EC and the bilateral PFC (L- EC -  L- PFC U = 17, p<0.05; L- EC –  R- 
PFC U = 9, p < 0.01), the left EC and the left DG (U = 4, p < 0.01), 
the left PFC and the left CA1(U = 7, p < 0.05), the left PFC and the 
left DG (U = 3, p < 0.01), and the left CA1 and the left CA3 (U = 3, 
p<0.01) were observed three days after left EC- DBS (Figure 4b). The 
abovementioned significantly changed connections showed no dif-
ference between the two groups on Day 28 (Figure S3, all p > 0.05). 
Furthermore, the causal influence flows in the above- changed con-
nections were also tested using GCA. On day 3, the left PFC exerted 
a significant influence on the EC (t = 4.274, p < 0.01) and the DG 
(t = 3.01, p < 0.05) as well as an influence from the EC to the DG 
(t = 2.36, p < 0.05) in the EC- DBS group (Figure 4c). In the sham- 
DBS group, these influences were not statistically significant (all 
p > 0.05).

3.4  |  Episodic- like memory performance following 
EC- DBS

A similar exploration pattern was revealed in both EC- DBS and sham- 
DBS groups in different time points (A1>B1 and B2>B1) (Figure 5a), 
and the statistic details were shown in Table S1. There was no explo-
ration ratio difference between the EC- DBS and sham- DBS groups 
on Day 3 and Day 28 (all p > 0.05, Figure S4). Additionally, EC- DBS 
increased the “where” factor as compared to sham- DBS (F1,14 = 6.11, 
p < 0.05), and posttest showed an increased ratio in the EC- DBS 
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group on Day 3 (t = 2.70, p < 0.05, Figure 5b). There was no differ-
ence in the “when” factor between different groups and different 
time points (Figure 5b).

4  |  DISCUSSION

Low- frequency fluctuations in functional networks measured by 
resting- state fMRI are thought to reflect neural baseline activity of 
the brain.31,34 Our study showed that 1 h of EC- DBS temporarily 
increased the power spectra in the prefrontal and hippocampal- 
related networks between 0.01– 0.08 Hz, indicating activation in 
these two networks (Figure 2). Further analysis revealed increased 
functional connectivity within both the prefrontal and hippocampal- 
related networks induced by EC- DBS, including the orbitofrontal 
cortex in the prefrontal- related network and the cingulate cortex 
in the hippocampal- related network (Figure 3). In addition, EC- DBS 
also exhibited increased connectivity between the hippocampal- 
related network and the caudate putamen, a key region in the basal 
ganglia that is generally accepted to participate in motor control and 
procedural memory.35 Moreover, it is interesting to find that both 
networks showed increased connectivity with the EC after EC- DBS. 
In previous studies, EC- DBS facilitated an electrophysiological in-
teraction in the hippocampal- EC network in humans as well as a 
widespread pattern of BOLD responses in rats, including the PFC, 
hippocampus and striatum.7,24 Similarly, in the present study, we 
further observed increased functional connectivity among the EC, 
prefrontal-  and hippocampal- related networks in the resting state in 
a short period after acute EC stimulation, suggesting multinetwork 
modulation induced by EC- DBS.

To further observe the modulation effects on each side, the 
functional connectivity among the ROIs, including the bilateral EC, 

PFC and hippocampus, was also analyzed. Since subregions of the 
hippocampus were reported to play different roles in memory func-
tion,36 the bilateral CA1, CA3 and DG were chosen instead of the 
hippocampus in the ROI- based analysis. In our results, increased 
functional connectivity was mainly revealed on the ipsilateral side 
of EC- DBS, and the DG is an important hub region closely related 
to both the EC and the PFC. Further causal analysis demonstrated 
that the DG received information flow from both the EC and the 
PFC (Figure 4). Previous animal studies showed that acute EC- 
DBS- induced DG neurogenesis 3 days after stimulation in healthy 
animal brains.11,14,37 In addition, Liu et al. also reported that ven-
tromedial PFC- DBS upregulated neurogenesis- associated genes 
in the DG along with enhanced HC cell proliferation.38 Thus, it is 
reasonable that the DG functional changes caused by EC- DBS not 
only depended on the DG- EC interaction but also included other 
hippocampal- cortex connections. Our results provide neuroimaging 
evidence for this speculation.

Based on previous findings, DG neurogenesis- related mem-
ory enhancement usually occurs several weeks after EC- DBS.11,14 
However, human studies have shown a short- term memory improve-
ment effect after EC stimulation.7,8 One possible explanation is that 
the choice of behavior tests in human and animal studies was differ-
ent. Short- period (within hours) virtual reality tasks were performed 
in human studies and concentrated on episodic memory and execu-
tive function, which are the main clinical impairment in Alzheimer's 
disease and Parkinson's disease dementia patients.39,40 Whereas an-
imal studies mostly used relatively long- period (3– 6 days) tasks fo-
cusing on spatial memory, such as the water maze test.9,11,14,37 Here, 
an episodic- like memory test model was chosen, and the whole test 
was only lasting a few hours. In addition, to ensure efficacy, bilateral 
EC stimulation was used in the behavioral testing group. Animals 
in our results showed normal performance similarly to previous 

F I G U R E  3  Prefrontal-  and 
hippocampal- related networks changes 
after EC- DBS. Brain regions showed 
increased functional connectivity in 
prefrontal-  and hippocampal- related 
functional networks in the EC- DBS group 
as compared to the sham- DBS group 
3 days after stimulation. Two sample t- test 
was used in the SPM comparison, and the 
threshold of display was set to cluster- 
level corrected p<0.05. The color bar 
indicates t values. PFC, prefrontal cortex; 
HC, hippocampus; OFC, orbitofrontal 
cortex; EC, entorhinal cortex; Cg, 
cingulate cortex; CPu, caudate putamen
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F I G U R E  4  (A) Functional connectivity among brain regions, including the left and right PFC, DG, CA1, CA3 and EC in the EC- DBS and 
sham- DBS group 3 days after stimulation. The color bar indicates mean r- values. (B) EC- DBS- induced functional connectivity changes 3 days 
after stimulation. Data represented as median with interquartile range of all points. Multiple Mann- Whitney tests, #p < 0.05, ##p < 0.01. 
(C) Granger causality analysis revealed the directions of functional connectivity among the left PFC, DG and EC in EC- DBS rats 3 days after 
stimulation. Directional connectivity coefficients of seed- based functional connections are represented as mean ± S.E. of all points. One 
sample t- test, *p < 0.05, **p < 0.01
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reports (A1>B1and B2>B1).25,28 Moreover, EC- DBS increased the 
“where” factors on day 3, indicating that acute EC- DBS could in-
duce a short- period episodic memory enhancement, especially in 
spatial discrimination. It's also consistent with previous findings in 
human studies.7,8 Meanwhile, our results showed no behavioral dif-
ference between the EC- DBS and sham- DBS on day 28. However, 
these negative results should be cautious to conclude. There are 
two possible reasons: (1) healthy animals were used in the present 
study, the memory enhancement effect was not easy to observe 
because their memory performance was normal; (2) although DBS- 
induced better memory performance has been revealed 3– 4 weeks 
after stimulation in some research,9,38,41 there were other studies 
chose 6– 8 weeks (to make neurons sufficiently mature) to detect the 
neurogenesis- related memory enhancement.11,13,14

The acute episodic- like memory enhancement also suggested 
that EC- DBS induces other acute neuromodulation effects beyond 
neurogenesis, for instance, by increasing the functional connectivity 
among memory- related networks, facilitating the coactivation of the 
important brain regions associated with memory encoding and con-
solidation. Previous studies in patients with epilepsy reported that 
EC- DBS resulted in positive deflections of memory encoding- related 
potentials and a theta- phase resetting in the HC.7,21 Animal studies 
also provide electrophysiological evidence that DBS- induced long- 
term potentiation, a model of synaptic plasticity that is assumed 
to underlie memory formation, in the hippocampus and sustained 
for 5– 7 days.42,43 Other animal research further reported that 

theta- gamma phase coupling between the EC and CA1/CA3 could 
affect information transfer across the regions, and gamma coher-
ence between the CA1 and CA3 could increase memory encoding.20 
In addition to long- term potentiation, increased serotonin, acetyl-
choline and glutamate levels in the hippocampus are also suggested 
to be involved in the effects of DBS on memory.44,45 Besides the 
undoubtable role of the EC- hippocampus interaction in memory 
acquisition, a recent study also emphasized that during memory 
consolidation, additional synaptic reinforcement takes place within 
the cortical network, which could change the connectivity of the 
EC with cortical regions other than the hippocampus.23 Krautwald 
et al. revealed that EC stimulation in rats caused stronger BOLD re-
sponses in the PFC compared with the hippocampus, suggesting that 
the beneficial effects of EC- DBS might depend on PFC function.24 
Interestingly, our results also demonstrated an acute EC- DBS effect 
on increased resting- state functional connectivity between the EC 
and the PFC, the PFC and CA1, and the CA1 and CA3 (Figure 4). 
Moreover, this network change effect was reversible, which was 
only observed 3 days after stimulation and recovered to the control 
level 4 weeks later, indicating that the short- term and long- term ef-
fects of EC- DBS might rely on different brain network modulation 
mechanisms.

In the present study, two time points were chosen to ob-
serve the hippocampal- cortex network and behavioral modula-
tion effect induced by EC- DBS. Although reversible activation, 
functional connectivity and behavioral changes were observed, 

F I G U R E  5  Behavior performance 
of the animals 3 days and 28 days after 
stimulation. Normalized exploratory ratio 
per object in the episodic- like memory 
test and the discrimination index (where 
and when factors) for each group in 
each test day. Data are represented 
as mean ± S.E. of all points. *p < 0.05, 
**p < 0.01
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to make the design more rigorous, tests before the stimulation 
could ensure there is no difference in baseline between the two 
groups, and more time points after EC- DBS would provide more 
details. Additionally, left- side EC- DBS was used in our study to 
detect the resting state changes in both sides of the brain, de-
sign of random unilateral stimulation and flipping the direction of 
the images to one side in later data processing would make the 
conclusion more robust. Furthermore, to protect the integrity of 
brain tissue as much as possible, we chose a healthy animal model 
rather than a diseased model made by stereotactic surgery, how-
ever, neuroimaging studies combining behavioral tests in cogni-
tively impaired genetically modified animal models or patients 
are still needed in future studies. Besides fMRI, PET and electro-
physiological methods have been widely used in DBS mechanism 
studies.46,47 Multimodal imaging- electrophysiological methods in 
future research would provide high- temporal resolution evidence 
of the dynamic brain network responses to EC- DBS.

5  |  CONCLUSION

Our results showed that acute EC- DBS- induced short- term 
resting- state activation in the prefrontal-  and hippocampal- 
related networks as well as increased functional connectivity 
among multiple brain regions, including the PFC, EC, CA1, CA3 
and DG. An obvious information flow was further detected both 
from the PFC and the EC to the DG. Additionally, acute EC- DBS 
also showed a short- period episodic- like memory enhancement 
effect, especially in spatial discrimination. Consequently, EC- DBS 
caused a reversible modulation effect on resting- state functional 
connectivity in the hippocampal- cortex network and episodic- like 
memory enhancement.

ACKNOWLEDG MENTS
This work was supported by the National Natural Science Foundation 
of China (Nos. 81501186, 81830033 and 61761166004). Thank Dr. 
Feifei Ge for technical assistance.

CONFLIC T OF INTERE S T
None.

AUTHOR CONTRIBUTIONS
YJ and DFL designed this research. YJ, DFL, XZ, HGL, and CZ per-
formed the experiments. YJ and DFL participated in data analysis. YJ, 
DFL, and JGZ wrote the paper. All authors contributed substantially 
to this research.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Yin Jiang  https://orcid.org/0000-0002-0851-6859 

R E FE R E N C E S
 1. Yu D, Yan H, Zhou J, Yang X, Lu Y, Han Y. A circuit view of deep 

brain stimulation in Alzheimer’s disease and the possible mecha-
nisms. Mol Neurodegener. 2019;14:33.

 2. Bick SKB, Eskandar EN. Neuromodulation for restoring memory. 
Neurosurg Focus. 2016;40:E5.

 3. Suthana N, Fried I. Deep brain stimulation for enhancement of 
learning and memory. NeuroImage. 2014;85:996- 1002.

 4. Wang Y, Shen Y, Cai X, et al. Deep brain stimulation in the medial 
septum attenuates temporal lobe epilepsy via entrainment of hip-
pocampal theta rhythm. Cns Neurosci Ther. 2021;27:577- 586.

 5. Nazmuddin M, Philippens IHCHM, van Laar T. Electrical stimulation 
of the nucleus basalis of meynert: a systematic review of preclinical 
and clinical data. Sci Rep- uk. 2021;11:11751.

 6. Liu H, Temel Y, Boonstra J, Hescham S. The effect of fornix deep 
brain stimulation in brain diseases. Cell Mol Life Sci Cmls. 2020;1- 13.

 7. Suthana N, Haneef Z, Stern J, et al. Memory enhancement and 
deep- brain stimulation of the entorhinal area. New Engl J Medicine. 
2012;366:502- 510.

 8. Titiz AS, Hill MRH, Mankin EA, et al. Theta- burst microstimulation 
in the human entorhinal area improves memory specificity. Elife. 
2017;6:e29515.

 9. Zhang C, Hu W- H, Wu D- L, Zhang K, Zhang J- G. Behavioral ef-
fects of deep brain stimulation of the anterior nucleus of thalamus, 
entorhinal cortex and fornix in a rat model of Alzheimer’s disease. 
Chinese Med J- peking. 2015;128:1190- 1195.

 10. Mann A, Gondard E, Tampellini D, et al. Chronic deep brain 
stimulation in an Alzheimer’s disease mouse model enhances 
memory and reduces pathological hallmarks. Brain Stimul. 
2018;11:435- 444.

 11. Xia F, Yiu A, Stone SSD, et al. Entorhinal cortical deep brain stimula-
tion rescues memory deficits in both young and old mice genetically 
engineered to model Alzheimer’s disease. Neuropsychopharmacol 
Official Publ Am Coll Neuropsychopharmacol. 2017;42:2493- 2503.

 12. Hescham S, Jahanshahi A, Meriaux C, Lim LW, Blokland A, Temel 
Y. Behavioral effects of deep brain stimulation of different areas of 
the Papez circuit on memory-  and anxiety- related functions. Behav 
Brain Res. 2015;292:353- 360.

 13. Gondard E, Teves L, Wang L, et al. Deep brain stimulation rescues 
memory and synaptic activity in a rat model of global ischemia. J 
Neurosci. 2019;39:2430- 2440.

 14. Stone SSD, Teixeira CM, DeVito LM, et al. Stimulation of entorhinal 
cortex promotes adult neurogenesis and facilitates spatial memory. 
J Neurosci. 2011;31:13469- 13484.

 15. Zajac L, Koo B- B, Tripodis Y, et al. Hippocampal resting- state func-
tional connectivity patterns are more closely associated with se-
verity of subjective memory decline than whole hippocampal and 
subfield volumes. Cereb Cortex Commun. 2020;1:tgaa019.

 16. Xue J, Guo H, Gao Y, et al. Altered directed functional connec-
tivity of the hippocampus in mild cognitive impairment and 
Alzheimer's disease: a resting- state fMRI study. Front Aging 
Neurosci. 2019;11:326.

 17. Tao J, Liu J, Egorova N, et al. Increased hippocampus- medial pre-
frontal cortex resting- state functional connectivity and memory 
function after Tai Chi Chuan Practice in elder adults. Front Aging 
Neurosci. 2016;8:25.

 18. Jiang Y, Liu D- F, Zhang X, Liu H- G, Zhang J- G. Microstructure and 
functional connectivity- based evidence for memory- related re-
gional impairments in the brains of pilocarpine- treated rats. Brain 
Res Bull. 2019;154:127- 134.

 19. Hafting T, Fyhn M, Molden S, Moser M- B, Moser EI. 
Microstructure of a spatial map in the entorhinal cortex. Nature. 
2005;436:801- 806.

 20. Colgin LL. Theta– gamma coupling in the entorhinal– hippocampal 
system. Curr Opin Neurobiol. 2015;31:45- 50.

https://orcid.org/0000-0002-0851-6859
https://orcid.org/0000-0002-0851-6859


    |  457JIANG et Al.

 21. Hansen N, Chaieb L, Derner M, et al. Memory encoding- related an-
terior hippocampal potentials are modulated by deep brain stimula-
tion of the entorhinal area. Hippocampus. 2018;28:12- 17.

 22. DeVito LM, Eichenbaum H. Distinct contributions of the hippo-
campus and medial prefrontal cortex to the “what– where– when” 
components of episodic- like memory in mice. Behav Brain Res. 
2010;215:318- 325.

 23. Takehara- Nishiuchi K. Entorhinal cortex and consolidated memory. 
Neurosci Res. 2014;84:27- 33.

 24. Krautwald K, Mahnke L, Angenstein F. Electrical stimulation of the 
lateral entorhinal cortex causes a frequency- specific BOLD re-
sponse pattern in the rat brain. Front Neurosci- switz. 2019;13:539.

 25. Kart- Teke E, Silva MADS, Huston JP, Dere E. Wistar rats show 
episodic- like memory for unique experiences. Neurobiol Learn Mem. 
2006;85:173- 182.

 26. Paxinos G, Watson C. The rat brain in stereotaxic coordinates. 6th 
edition. 2007.

 27. Jiang Y, Han C, Liu H, et al. Abnormal hippocampal functional net-
work and related memory impairment in pilocarpine- treated rats. 
Epilepsia. 2018;59:1785- 1795.

 28. Inostroza M, Brotons- Mas JR, Laurent F, Cid E, de la Prida LM. 
Specific impairment of “what- where- when” episodic- like mem-
ory in experimental models of temporal lobe epilepsy. J Neurosci. 
2013;33:17749- 17762.

 29. Poirier GL, Huang W, Tam K, DiFranza JR, King JA. Awake whole- 
brain functional connectivity alterations in the adolescent spon-
taneously hypertensive rat feature visual streams and striatal 
networks. Brain Struct Funct. 2017;222:1673- 1683.

 30. Schwarz AJ, Danckaert A, Reese T, et al. A stereotaxic MRI tem-
plate set for the rat brain with tissue class distribution maps and 
co- registered anatomical atlas: application to pharmacological MRI. 
NeuroImage. 2006;32:538- 550.

 31. Becerra L, Pendse G, Chang P- C, Bishop J, Borsook D. Robust re-
producible resting state networks in the awake rodent brain. PLoS 
One. 2011;6:e25701.

 32. Hamilton JP, Chen G, Thomason ME, Schwartz ME, Gotlib IH. 
Investigating neural primacy in major depressive disorder: multi-
variate Granger causality analysis of resting- state fMRI time- series 
data. Mol Psychiatr. 2011;16:763- 772.

 33. Dong M, Xia L, Lu M, Li C, Xu K, Zhang L. A failed top- down control 
from the prefrontal cortex to the amygdala in generalized anxiety 
disorder: evidence from resting- state fMRI with Granger causality 
analysis. Neurosci Lett. 2019;707:134314.

 34. Damoiseaux JS, Rombouts SARB, Barkhof F, et al. Consistent 
resting- state networks across healthy subjects. Proc National Acad 
Sci USA. 2006;103:13848- 13853.

 35. Kreitzer AC, Malenka RC. Striatal plasticity and basal ganglia circuit 
function. Neuron. 2008;60:543- 554.

 36. Trimper JB, Galloway CR, Jones AC, Mandi K, Manns JR. Gamma 
oscillations in rat hippocampal subregions dentate gyrus, CA3, 

CA1, and subiculum underlie associative memory encoding. Cell 
Rep. 2017;21:2419- 2432.

 37. Ronaghi A, Zibaii MI, Pandamooz S, et al. Entorhinal cortex stimu-
lation induces dentate gyrus neurogenesis through insulin receptor 
signaling. Brain Res Bull. 2019;144:75- 84.

 38. Liu A, Jain N, Vyas A, Lim LW. Ventromedial prefrontal cortex stim-
ulation enhances memory and hippocampal neurogenesis in the 
middle- aged rats. Elife. 2015;4:e04803.

 39. Harada CN, Shega JW, Sachs GA. Rivastigmine for dementia associ-
ated with Parkinson’s Disease. New Engl J Medicine. 2005;352:1387.

 40. Dubois B, Feldman HH, Jacova C, et al. Research criteria for the 
diagnosis of Alzheimer’s disease: revising the NINCDS– ADRDA cri-
teria. Lancet Neurology. 2007;6:734- 746.

 41. Hamani C, Stone SS, Garten A, Lozano AM, Winocur G. Memory 
rescue and enhanced neurogenesis following electrical stimulation 
of the anterior thalamus in rats treated with corticosterone. Exp 
Neurol. 2011;232:100- 104.

 42. Vouimba R, Yaniv D, Diamond D, Richter- Levin G. Effects of ines-
capable stress on LTP in the amygdala versus the dentate gyrus of 
freely behaving rats. Eur J Neurosci. 2004;19:1887- 1894.

 43. Hao S, Tang B, Wu Z, et al. Forniceal deep brain stimulation res-
cues hippocampal memory in Rett syndrome mice. Nature. 
2015;526:430- 434.

 44. Vibholm AK, Landau AM, Alstrup AKO, et al. Activation of NMDA 
receptor ION channels by deep brain stimulation in the PIG visual-
ised with [18F]GE- 179 PET. Brain Stimul. 2020;13:1071- 1078.

 45. Tan SZK, Fung M- L, Koh J, Chan Y- S, Lim LW. The paradoxical effect 
of deep brain stimulation on memory. Aging Dis. 2020;11:179- 190.

 46. Jørgensen LM, Henriksen T, Mardosiene S, et al. Parkinson pa-
tients have a presynaptic serotonergic deficit: a dynamic deep 
brain stimulation PET study. J Cereb Blood Flow Metabolism. 
2021;41(8):1954- 1963.

 47. Kelley R, Flouty O, Emmons EB, et al. A human prefrontal- 
subthalamic circuit for cognitive control. Brain. 2017;141:205- 216.

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Jiang Y, Liu D- F, Zhang X, Liu H- G, 
Zhang C, Zhang J- G. Modulation of the rat hippocampal- 
cortex network and episodic- like memory performance 
following entorhinal cortex stimulation. CNS Neurosci Ther. 
2022;28:448– 457. doi:10.1111/cns.13795

https://doi.org/10.1111/cns.13795

