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Abstract
Background: Anterior thalamic nuclei (ATN) deep brain stimulation (DBS) is an effective method of controlling epilepsy, especially
temporal lobe epilepsy.Mossy fiber sprouting (MFS) plays an indispensable role in the pathogenesis and progression of epilepsy, but
the effect of ATN-DBS on MFS in the chronic stage of epilepsy and the potential underlying mechanisms are unknown. This study
aimed to investigate the effect of ATN-DBS onMFS, as well as potential signaling pathways by a kainic acid (KA)-induced epileptic
model.
Methods: Twenty-four rhesus monkeys were randomly assigned to control, epilepsy (EP), EP-sham-DBS, and EP-DBS groups. KA
was injected to establish the chronic epileptic model. The left ATN was implanted with a DBS lead and stimulated for 8 weeks.
Enzyme-linked immunosorbent assay, Western blotting, and immunofluorescence staining were used to evaluate MFS and levels of
potential molecular mediators in the hippocampus. One-way analysis of variance, followed by the Tukey post hoc correction, was
used to analyze the statistical significance of differences among multiple groups.
Results: ATN-DBS is found to significantly reduce seizure frequency in the chronic stage of epilepsy. The number of ectopic granule
cells was reduced in monkeys that received ATN stimulation (P< 0.0001). Levels of 30,50-cyclic adenosine monophosphate (cAMP)
and protein kinase A (PKA) in the hippocampus, together with Akt phosphorylation, were noticeably reduced in monkeys that
received ATN stimulation (P= 0.0030 and P= 0.0001, respectively). ATN-DBS also significantly reduced MFS scores in the
hippocampal dentate gyrus and CA3 sub-regions (all P< 0.0001).
Conclusion: ATN-DBS is shown to down-regulate the cAMP/PKA signaling pathway and Akt phosphorylation and to reduce the
number of ectopic granule cells, which may be associated with the reduced MFS in chronic epilepsy. The study provides further
insights into the mechanism by which ATN-DBS reduces epileptic seizures.
Keywords: Anterior thalamic nuclei; Deep brain stimulation; Epilepsy; Hippocampus; Mossy fiber sprouting
Introduction

Epilepsy is a common neurological disorder that affects
0.5% to 1% of the population worldwide,[1] and almost
30%of patients are refractory to existing medicines.[2] Not
all patients with drug-resistant epilepsy are, however,
suitable candidates for resective surgery, especially those
with multiple seizure foci, seizure foci that are hard to
locate, or seizure foci in brain regions where damage could
lead to severe functional deficits.[3]
Deep brain stimulation (DBS) is a novel technique for
neuromodulation that has recently been used in epilepsy
patients who are unsuitable for resective surgery. Because
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of its crucial role in seizure spread and the Papez circuit, the
anterior thalamic nuclei (ATN) is regarded as one of the
best targets for controlling seizures.[4] A double-blind,
randomized, multicenter study found that treatment with
ATN-DBS produced a median percentage seizure reduc-
tion from baseline of 41% in the first year and 69% in the
fifth year. Better seizure control was achieved in patients
with temporal lobe epilepsy (TLE, median percentage
seizure reductions: 44% at 1 year and 76% at 5 years).[4]

Mossy fiber sprouting (MFS), a common pathological
hallmark of TLE, could mediate reverberating excitation,
which reduces the threshold for granule cell synchroniza-
tion and plays a crucial role in the epileptic brain and
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behavioral seizures.[5] MFS is regulated by multiple
signaling pathways, among which 30,50-cyclic adenosine
monophosphate (cAMP)/protein kinase A (PKA) appears
to play a particularly important role. Ectopic granule cells
are also closely associated with MFS in epilepsy.[6]

Although epileptogenesis in animal models is a continuous
process, it can be divided into three stages: acute, latent,
and chronic.[7] Clinically, almost all patients undergo
ATN-DBS several years after the onset of epilepsy,[4] which
corresponds to the chronic stage in animal models.[7]

Although ATN-DBS is effective in reducing seizures, the
effect of ATN-DBS on ectopic granule cells andMFS in the
chronic stage of epilepsy has not yet been investigated.
Because of similar brain structures and circuits in humans
and non-human primates, the non-human primate epilep-
tic model seems to be most suitable for investigating the
mechanism of ATN-DBS.[8,9] In this study, we used a
kainic acid (KA)-induced epileptic model to investigate the
effect of ATN-DBS on MFS, as well as potential signaling
pathways.
Methods

Ethical approval

The experiments were performed under the guidelines for
the use and care of experimental animals and the study was
approved by the Ethics Committee of Beijing Neurosurgi-
cal Institute, Beijing, China (No. 201703002). All efforts
were made to minimize animal suffering.
Animals and grouping

Twenty-four male rhesus macaques (provided by the
Animal Center of Military Medical Sciences, Beijing,
China; age 7.3± 1.2 years; weight 8.3± 1.4 kg) were
randomly divided into a control group (n= 6), an epilepsy
(EP) group (n= 6), an EP-sham-DBS group (n= 6), and an
EP-DBS group (n= 6). All the animals were kept in an
environmentally controlled room (23–25°C; 12 h light/12 h
dark cycle, lights on at 07:00), with free access to food and
water.
Establishment of epileptic model and behavior monitoring

The establishment of the epileptic model was described in
our previous report.[10] Briefly, the monkeys were
subjected to general anesthesia with an intramuscular
injection of Zoletil (5 mg/kg; Virbac, Carros, France) and
Dexdomitor (20 mg/kg; Zoetis, Parsippany, NJ, USA),
before receiving a magnetic resonance imaging (MRI) scan
using a 3-Tesla MRI scanner (Signa, GE Healthcare,
Waukesha, WI, USA). KA (1 mg/mL; 1.5 mg/kg/target) was
injected into the left hippocampus and amygdales in the
epilepsy groups and normal saline (1.5 mL/kg/target) was
injected at the same points in the control group. The
surgical plan was based on pre-operative MRI scans and
the injections were performed using the workstation of
a neurosurgical robot system (RM-100, Beijing Baihui
Weikang Technology Co., Ltd., Beijing, China). The
vital signs of the animals were monitored throughout
surgery.
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Stereoelectroencephalography (SEEG) electrodes were
implanted into the left hippocampus 24 h and 1 month
after injection to detect epileptic discharge. The behavior of
all animals was scored using the modified Racine scale: 0,
no response; I, facial movement; II, head nodding and
absence; III, unilateral forelimb clonus; IV, bilateral
forelimb clonus and rearing; V, bilateral forelimb clonus,
rearing, and falling.[10]
ATN-DBS implantation and stimulation

Three weeks after the KA injection, monkeys in the EP-
sham-DBS and EP-DBS groups underwent left ATN-DBS
(L301; Beijing PINS Medical Co., Ltd., Beijing, China)
implantation, based on the individuals’ MRI scans and an
atlas of the monkey brain.[11] An extension was tunneled
subcutaneously through the neck to the abdomen, where
an implantable pulse generator (G102, Beijing PINS
Medical Co., Ltd.) was located. Post-operative computed
tomography (CT) was performed to detect any complica-
tions and to confirm the accurate placement of the lead.
One week after lead implantation, monkeys in the EP-DBS
group were stimulated for 8 weeks (stimulation param-
eters: 1.5 V, 90 ms, 150 Hz), and sites of stimulation
contact were selected based on fused post-operative
images. No electrical stimulation was delivered to animals
in the EP-sham-DBS group.
Tissue processing

Three months after the KA and normal saline injections, all
monkeys were deeply anesthetized (20 mg/kg ketamine)
and sacrificed. Three animals from each group were
randomly selected for fresh tissue processing (subgroup A),
and the left hippocampi were removed and stored at
�80°C. The remaining three monkeys in each group
(subgroup B) were perfused with normal saline and then
with 4% paraformaldehyde in 0.1mol/L phosphate-
buffered saline (PBS), before removing thebrain [Figure1A].
Western blotting analysis

Brain tissues were washed with PBS and lysed in radio-
immunoprecipitation assay buffer (50 mmol/L Tris-HCl
[pH 7.4], 150 mmol/L sodium chloride, 1%Nonidet P-40,
0.1% sodium dodecyl sulfate [SDS]), containing phos-
phate and protease inhibitor cocktails. The homogenates
were centrifuged at 12,000� g for 20 min. The protein
concentrations in the supernatants were determined using
a bicinchoninic acid protein assay kit (Pierce, Rockford, IL,
USA). Total protein (60 mg) was resolved by SDS-
polyacrylamide gel electrophoresis on a 12% polyacryl-
amide gel and transferred to polyvinylidene difluoride
membrane (Millipore, Billerica, MA, USA). The mem-
branes were blocked with 10% milk for 1 h and then
incubated with the following primary antibodies: rabbit
anti-b-actin (1:5000; Sigma-Aldrich, St. Louis, MO, USA,
A5060), rabbit anti-phosphorylated (p)-Akt (1:1000,
4060S; Cell Signaling Technology, Danvers, MA, USA),
rabbit anti-Akt (1:1000, 4691S; Cell Signaling Technolo-
gy, Danvers, MA, USA), and rabbit anti-PKA (1:1000,
LS-C63197-50; Lifespan Biosciences, Seattle, WA, USA).
The membranes were then incubated with the secondary
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Figure 1: Flowchart showing the experimental design (A). Position of ATN-DBS. The DBS lead (arrow) was accurately targeted to the left of the ATN, by comparison with the atlas of the
monkey brain (B).[11] 3D reconstruction of DBS lead (C). Stimulation parameters were set as 1.5 V, 90 ms, and 150 Hz. ATN-DBS, anterior thalamic nuclei deep brain stimulation (D). n= 6 in
each group. ATN: Anterior thalamic nuclei; DBS: Deep brain stimulation; EP: Epilepsy; KA: Kainic acid; NS: Normal saline; SEEG: Stereoelectroencephalography.
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antibody and the protein bands were visualized with
enhanced chemiluminescence and quantified using ImageJ
software. b-actin was used as the loading control.
cAMP assay

cAMP levels were measured using a cAMP Direct
Immunoassay Kit (Abcam, Cambridge, MA, USA,
ab65355), according to the manufacturer’s instructions.
The kit contains a recombinant protein G-coated 96-well
plate that facilitates the binding of a cAMP polyclonal
antibody to the plate. cAMP-horseradish peroxidase
(HRP) conjugate directly competes with cAMP in the
sample for binding to cAMP antibody bound to the plate.
After incubation and washing, the amount of cAMP-HRP
bound to the plate can easily be determined using optical
density at 450 nm to detect HRP activity. The optical
density at 450 nm is inversely proportional to the
concentration of cAMP in the sample. The concentration
of cAMP in the test sample is calculated as
cAMP  concentration ¼ Sa

Sv �D; where Sa is the amount
of cAMP in the sample well, calculated from the standard
curve (pmol/mL, nmol/mL, or mmol/L); Sv is the sample
volume added to the sample well (mL); and D is the sample
dilution factor if the sample is diluted to fit within the
standard curve range before the reaction well is set up.
Immunofluorescence (IF) staining

IF was performed as previously described.[3] Briefly, brain
tissue sections were rinsed in PBS and permeabilized with
0.3% Triton X-100 in PBS for 30min at room tempera-
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ture. The sections were blocked with 10% normal goat
serum for 1 h and then incubated overnight at 4°C with
rabbit anti-NeuN (1:500; Abcam, Cambridge, MA, USA,
ab128886) or mouse anti-Calbindin-D28k (1:1000,
Sigma–Aldrich, St. Louis, MO, USA, C9848), followed
by incubation with an Alexa Fluor 594- or 488-conjugated
secondary antibody (1:500; Life Technologies, Waltham,
Massachusetts, USA) for 1 h at room temperature. The cell
nuclei were visualized by counterstaining them with 40,6-
diamidino-2-phenylindole (Sigma-Aldrich). The sections
were observed by confocal microscopy (LSM880, Zeiss,
Germany).
Based on the atlas, three matched sections from each group
were prepared for evaluation[11] and four views in each
section were randomly selected for the measurement of
ectopic granule cell numbers. MFS scores were measured
in each section by two independent observers, based on
the criteria presented in Tables 1 and 2.[12,13] Ectopic
granule cell numbers and MFS scores were averaged for
each monkey.

Statistical analysis

Data are expressed as means± standard deviations. One-
way analysis of variance followed by the Tukey post hoc
correction was used to analyze the statistical significance of
differences among multiple groups. Data were analyzed
using SPSS 21.0 software (IBM, Chicago, IL, USA) and
plotted using GraphPad Prism version 7.0 software
(GraphPad Software, La Jolla, CA, USA). A P value< 0.05
was considered significant.
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Table 1: Mossy fiber scoring in the hippocampal CA3 subfield.

Score Description

0 No granules observed in stratum pyramidale or stratum oriens along the portion of the CA3 sub-region
1 Sparse granules present in discrete bundles
2 Moderate granules observed
3 Prominent granules observed
4 Prominent granules accompanied by near-continuous distribution observed along the entire CA3 region
5 Continuous or near-continuous dense laminar band of granules observed along the entire CA3 region

Table 2: Mossy fiber scoring in the hippocampal dentate gyrus region.

Score Description

0 No granules between tips and crest
1 Sparse granules in the supragranular region in patchy distribution between tips and crest
2 More numerous granules in the supragranular region in continuous distribution between tips and crest
3 Prominent granules in the supragranular region in continuous pattern between tips and crest, with occasional

patches of confluent granules between tips and crests
4 Prominent granules in the supragranular region forming confluent dense laminar band between tips and crest
5 Confluent dense laminar band of granules in the supragranular region extending into the inner molecular layer
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Results

ATN-DBS reduced seizure frequency in the chronic stage in
epileptic monkeys

A schematic showing the experimental design is provided
in Figure 1A. The fusion of pre-operative MRI and post-
operative CT images indicated accurate lead positions
[Figures 1B and 1C]. Position errors were summarized in
our previous study.[14] Status epilepticus was regarded as a
single epileptic seizure lasting >5min or two or more
seizures within a 5-min period, without a return to normal
between the seizures. No seizures were observed in the
control group, whereas status epilepticus and recurrent
spontaneous seizures were observed in all monkeys in the
EP, EP-sham-DBS, and EP-DBS groups. The abnormal
SEEG signal was reported in our previous study.[10]

Monkeys in the EP-DBS group received ATN stimulation and
the total seizurenumber in thisgroupwas significantly reduced
comparedwith theEP-sham-DBSandEPgroups.Detailswere
summarized in our previous study [Figure 1D].[15]
ATN-DBS decreased numbers of hilar ectopic granule cells
in the chronic stage in epileptic monkeys

Hilar ectopic granule cells are rare in normal adult
animals, but, in the TLE model, numbers are greatly
increased and this is closely associated with epilepto-
genesis.[6,16] NeuN is widely used as a marker of granule
cells.[17] In animals with KA-induced epilepsy, there were
significantly more NeuN-positive cells in the dentate hilus
than those in the dentate hilus of control animals. ATN
stimulation significantly reduced the number of NeuN-
positive cells in the dentate hilus of the epileptic monkeys
(F(3,8) = 81.56, P< 0.0001), indicating that ATN-DBS
reduces the number of hilar ectopic granule cells in the
chronic stage in epileptic monkeys [Figures 2A and 2B].
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ATN-DBS inhibited the cAMP/PKA signaling pathway in the
hippocampus of epileptic monkeys

cAMP, which activates PKA, has been shown to play an
indispensable role in the progression of MFS.[5] In this
study, a significant elevation of cAMP expression in the
hippocampus was observed in the EP and EP-sham-DBS
groups compared with the control group. This increase
in cAMP expression was reversed in animals that
received chronic ATN-DBS (F(3,8)= 11.33, P= 0.0030)
[Figure 3A]. A similar trend toward changing PKA
expression was observed in these groups (F(3,8) = 29.68,
P= 0.0001) [Figures 3B and 3C]. The changes in cAMP
and PKA expression suggest that ATN-DBS inhibits the
cAMP/PKA signaling pathway in the chronic epileptic
model.
ATN-DBS decreased Akt phosphorylation in the
hippocampus of epileptic monkeys

Akt phosphorylation, which is mediated by the cAMP/
PKA signaling pathway, influences hippocampal synaptic
plasticity.[18] Normal and low phosphorylated Akt/Akt
was observed in the control group monkeys but the
ratio was increased by KA injection in the epileptic
model. Interestingly, a significant decrease in the ratio was
observed inmonkeys receiving ATN stimulation compared
with the EP and EP-sham-DBS groups, as found in our
previous study.[15]
ATN-DBS inhibited MFS in the dentate gyrus (DG) and CA3
regions of the chronic epileptic hippocampus

Calbindin-D28k is a Ca2+-binding protein that shows a
characteristic spatial pattern of expression in the hippo-
campus and is a marker of the mossy fibers.[19] In the
control group, no obvious calbindin-D28k granules
were seen in the supragranular region of the DG or in
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Figure 2: Number of hilar ectopic granule cells (arrows) in different groups (A, B). In the
KA-induced epileptic model, the number of NeuN-positive cells in the dentate hilus in the EP
and EP-sham-DBS groups was significantly increased compared with the control group and
was significantly reduced in epileptic monkeys that received ATN stimulation. NeuN and
DAPI were labeled as “red” and “blue,” respectively. †P< 0.01; ‡P< 0.001. ATN: Anterior
thalamic nuclei; DAPI: 4’,6-Diamidino-2-phenylindole; DBS: Deep brain stimulation; EP:
Epilepsy; KA: Kainic acid; NeuN: Neuronal nuclei.

Figure 3: cAMP levels in the hippocampus. Significant down-regulation of cAMP expression
hippocampus. Increased PKA expression was reversed in the EP-DBS group compared with t
thalamic nuclei; cAMP: 30,50-Cyclic adenosine monophosphate; DBS: Deep brain stimulation;
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the pyramidal cell layer and stratum oriens of the CA3
region. In the EP and EP-sham-DBS groups, prominent
MFS was observed in the inner molecular layer of the DG.
In the CA3 region, calbindin-D28k staining was noted
primarily in the pyramidal cell layer, with obvious MFS.
Consistently,MFS scores in the DG and CA3 regions in the
EP and EP-sham-DBS groups were significantly higher
than those in the controls. In the EP-DBS group, less MFS
was observed in the DG and CA3, with a significant
decrease in MFS scores compared with the EP and EP-
sham-DBS groups (CA3: F(3,8)= 40.30, P< 0.0001; DG:
F(3,8) = 36.32, P< 0.0001) [Figure 4A–4D]. These results
indicate that ATN-DBS inhibits MFS in the DG and CA3
regions in the chronic epileptic monkey model.
Discussion

ATN-DBS has been shown to have an ideal therapeutic
effect in TLE,[4] andMFS plays an indispensable role in the
pathogenesis and progression of TLE. Our previous study
confirmed that ATN-DBS can inhibit MFS in the acute and
latent stages in a rat model of TLE.[20] Clinically, most
patients who receive ATN-DBS have suffered from
epilepsy for several years, and sometimes for more than
10 years, which is regarded as the chronic stage of epilepsy.
It was, however, not known whether ATN-DBS can inhibit
MFS in the chronic stage of TLE and the potential
pathways involved in any effect were also unknown. In this
study, we showed that ATN-DBS inhibits MFS in chronic
TLE, perhaps by reducing the number of ectopic granule
cells and by modifying the cAMP/PKA signaling pathway
[Figure 4E].
MFS in TLE was inhibited by ATN-DBS

Dentate granule cells project unmyelinated axons, such as
mossy fibers, through the hippocampal dentate hilus to the
CA3 region.[21] Under epileptic conditions, the mossy fiber
collaterals robustly branch out of the hilus and aberrantly,
or reversely, project to the inner third of the molecular
layer, in which the mossy fibers form excitatory synapses,
primarily on the granule cell dendrites.[22] MFS has also
been reported to develop in the CA3 outside the stratum
lucidum. MFS is a common pathological hallmark in
was observed in the hippocampi of animals that received ATN-DBS (A). PKA levels in the
he EP and EP-sham-DBS groups (B, C).

∗
P< 0.05; †P< 0.01; ‡P< 0.001. ATN: Anterior

ELISA: Enzyme-linked immunosorbent assay; EP: Epilepsy; PKA: Protein kinase A.
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Figure 4: MFS in the DG and CA3. In the EP-DBS group, less MFS was observed in the DG and CA3 (A, C). MFS scores in the DG and CA3 regions. A significant decrease in MFS scores was
observed in the EP-DBS group (B, D). Schematic illustration of the inhibitory effect of ATN-DBS on MFS in chronic epilepsy (E). Calbindin-D28k and DAPI were labeled as “green” and “blue,”
respectively.

∗
P< 0.05; †P< 0.01; ‡P< 0.001. ATN: Anterior thalamic nuclei; cAMP: 30,50-Cyclic adenosine monophosphate; DAPI: 4’,6-Diamidino-2-phenylindole; DBS: Deep brain

stimulation; DG: Dentate gyrus; EP: Epilepsy; MFS: Mossy fiber sprouting; PKA: Protein kinase A.
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individuals with mesial TLE and the proportion of granule
cells with sprouted mossy fibers has been estimated to be
approximately 60%.[23]

Electron microscopy studies have shown that sprouted
mossy fiber terminals form asymmetric (excitatory)
contacts with the dendritic spines of granule cells.[24]

Electrophysiological evidence was obtained using the
perforant pathway stimulation (PPS). A single PPS in
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hippocampal slices of normal rats was able to produce an
excitatory postsynaptic potential (EPSP) and a population
action potential in the granule cells. If a second PPS was
triggered, it evoked the EPSP but not the population action
potential. When the same experiment was performed
in hippocampal slices of KA-treated rats, the second
stimulation evoked multiple populations of action poten-
tials, indicating that granule cells became disinhibited, and
thus hyperexcitable. These observations were associated
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with the presence of robust MFS in the hippocampal slices,
suggesting that the aberrant sprouting of mossy fibers into
the molecular layer was associated with the loss of the
dentate “gate.”[25] In our study, we found that ATN-DBS
can inhibit MFS in the chronic stage of epilepsy in the TLE
monkey model. Considering the mechanism of MFS in
TLE, it can be assumed that loss of the dentate “gate”
is relieved by ATN-DBS. In our previous study, we
demonstrated that ATN-DBS can reverse the increase in
levels of the excitatory neurotransmitter glutamate,[7]

which may contribute to the inhibition of MFS, com-
plementing the findings of this study.
MFS is associated with ectopic granule cells and cAMP/PKA
signaling pathway, which is reversed by ATN-DBS

There are two locations in the adult mammalian brain
where new neurons are generated throughout life. One is
the subventricular zone and the other is the DG.[26] In the
normal brain, adult-born progenitors appear to have
sufficient intrinsic programming and adequate extrinsic
cues to develop andmigrate normally, with ectopic granule
cells appearing rarely.[6] Previous studies that focused on
the hilus, however, showed that ectopic granule cells
induced by either pilocarpine or KA in adult rats or mice
survive long-term, at least 18 months.[6,27] Remarkably,
ectopic granule cells appear to have mossy fiber axons that
are extremely similar to those of granule cells in the
epileptic rat. All of the ectopic granule cells that have been
examined had collaterals in the hilus and projected into
the stratum lucidum of area CA3.[6] In this study, a
substantially larger number of ectopic granule cells was
observed in the chronic epileptic monkey. Chronic ATN-
DBS significantly reversed this trend, indicating that ATN-
DBS inhibits the development of ectopic granule cells.

The cellular process of MFS has been proposed to follow a
three-step axon guidance model: step 1, branching; step 2,
reverse projection; and step 3, fasciculation. It has been
further suggested that this processing could be regulated by
specific signaling pathways.[5] Axonal branching is partly
mediated by cAMP[28] and a previous study, using an
optogenetic method to photoactivate primary cultures of
granule cells expressing photoactivated adenylyl cyclase,
showed that activity-dependent increases in intracellular
cAMP levels alone could induce mossy fiber branching.[29]

In mice lacking adenylyl cyclase 8 (which catalyzes the
synthesis of cAMP from ATP), MFS in the DG area was
also decreased following the injection of pilocarpine.[30]

Agents that elevate cAMP levels could activate Akt
through PKA, and a trend of Akt was confirmed. Pre-
treatment with perifosine, an inhibitor of Akt, suppressed
KA-induced neuronal death andMFS.[31] The frequency of
spontaneous seizures was also markedly reduced in rats
pre-treated with perifosine.[31] Mycophenolate mofetil,
which is commonly used as an immunosuppressant in
organ transplantations, reduces MFS in the DG and CA3
regions of the hippocampus, possibly via the Akt signaling
pathway.[32]

In conclusion, ATN-DBS was shown to down-regulate the
cAMP/PKA signaling pathway and Akt phosphorylation
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and to reduce the number of ectopic granule cells, which
may contribute to the inhibition of MFS of chronic TLE.
Our study provides further insights into the mechanism by
which ATN-DBS reduces epileptic seizures.
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