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Abstract

Background: A decrease in hippocampal neurogenesis is considered an important cause of cognitive impairment,
while changes in mossy fiber sprouting are closely related to development of spontaneous recurrent seizures in
chronic temporal lobe epilepsy (TLE). Racemic I-3-n-butylphthalide (DL-NBP) can alleviate cognitive impairment in
ischemic stroke and Alzheimer’s disease by promoting neurogenesis. DL-NBP treatment can also improve cogni-
tive function and reduce seizure incidence in chronic epileptic mice. However, the mechanisms of action of DL-NBP
remain unclear. The aim of the present study was to examine the effects of DL-NBP on mossy fiber sprouting, hip-
pocampal neurogenesis, spontaneous epileptic seizures, and cognitive functioning in the chronic phase of TLE.

Methods: Nissl staining was used to evaluate hippocampal injury, while immunofluorescent staining was used to
analyze hippocampal neurogenesis. The duration of spontaneous seizures was measured by electroencephalogra-
phy. The Morris water maze was used to evaluate cognitive function. Timm staining was used to assess mossy fiber
sprouting.

Results: TLE animals showed reduced proliferation of newborn neurons, cognitive dysfunction, and spontaneous
seizures. Treatment with DL-NBP after TLE increased the proliferation and survival of newborn neurons in the dentate
gyrus, reversed the neural loss in the hippocampus, alleviated cognitive impairments, and decreased mossy fiber
sprouting and long-term spontaneous seizure activity.

Conclusions: We provided pathophysiological and morphological evidence that DL-NBP might be a useful thera-
peutic for the treatment of TLE.
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Background

Temporal lobe epilepsy (TLE) is the most common

type of intractable epilepsy, the major characteristic

of which is spontaneous recurrent seizures (SRS). Hip-

pocampal injury and reduced neurogenesis caused by
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which represents a major challenge to successful clini-
cal therapy [4]. Therefore, finding effective drugs to
reduce SRS and improve cognitive dysfunction associ-
ated with epilepsy is of high importance.

L-3-n-butylphthalide (NBP) is the extraction of
Apium graveolens Linn seeds (Chinese celery). One
isomer of NBP, DL-NBP, has been synthesized and
is currently in clinical trials for treatment of acute
ischemic stroke. Recent studies have shown that DL-
NBP improves cognitive function in traumatic brain
injury, ischemic stroke, and Alzheimer’s disease, likely
by reducing neural loss and promoting neuronal regen-
eration [5-8]. However, few studies addressed whether
and how DL-NBP treatment affected neurobehavio-
ral outcomes and pathophysiological changes in the
experimental TLE model chronic stage. One study
confirmed that DL-NBP could improve cognitive
function and alleviate seizure severity in mouse with
chronic epilepsy [9]. They proved that DL-NBP treat-
ment reduced the loss of hippocampal neurons in mice
with chronic epilepsy. This suggests that DL-NBP may
serve as a new therapeutic strategy for preventing cog-
nitive deterioration by reducing neural loss. Neverthe-
less, the effects of DL-NBP treatment on hippocampal
neurogenesis and the mechanisms of reducing seizure
incidence by DL-NBP treatment in TLE model are
unknown.

In the present study, we examined effects of DL-NBP
on mossy fiber sprouting, hippocampal neurogenesis,
spontaneous epileptic seizures, and cognitive function
in the chronic phase of TLE in rats.

Methods

Experimental groups

Adult male Wistar rats (220-250 g) were divided ran-
domly into sham-operated (SHAM; n = 20), epilepsy
(EP; n = 20), and epilepsy plus DL-NBP treatment
(EP+NBP; n = 20) groups. Each rat was housed sepa-
rately during postoperative status epileptics, and then
each group was fed in separate cages (five rats per
cage) after status epileptics. All animals were housed in
standard humidity and temperature conditions in a 12
h light/dark cycle, with ad libitum access to food and
water. All experimental procedures were approved by
the Animal Care and Use Committee of China Medical
University. All animal experiments complied with the
Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines and were carried out in accord-
ance with the Regulations for the Administration of
Affairs Concerning Experimental Animals approved by
the State Council of People’s Republic of China.
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TLE model

TLE model animals were established by injection of
kainic acid (KA) into the right lateral ventricle [10]. Rats
were anesthetized using a mixture of 70% nitrous oxide
and 3% isoflurane in 30% oxygen, and maintained with
1.5% isoflurane. A solution of 0.4 pg/uL KA (2 pL total
volume) in sterile saline was injected into the right ven-
tricle using a Hamilton microsyringe (stereotactic coor-
dinates: —1.5 mm mediolateral, —4.0 mm dorsoventral,
and +0.8 mm anteroposterior; depth determined from
the cerebral surface) and an infusion pump (0.5 uL/min).
The needle was left in place for 5 min after the injec-
tion and then removed slowly. The first seizures began at
15-30 min after KA injection. The animals were removed
the stereotaxic frame and then allowed to recover from
anesthesia. A total of 47 rats received KA injection, with
seven deaths (mortality = 14.9%).

Seizure severity was graded using five levels accord-
ing to the Racine scoring system. Grade IV animals with
more severe attack severity and animals with an attack
duration >2 h were used in this study. After approxi-
mately 2 weeks of recovery, animals developed focal SRS
accompanied by interictal spikes and waves (chronic
phase). SHAM animals were injected with normal saline
using the same procedures described above, with no
deaths.

DL-NBP administration

The purity of DL-NBP was >99.5% (CSPC-NBP Pharma-
ceutical Co., Ltd., Hebei Province, China). DL-NBP was
diluted to 7 mg/mL in vegetable oil and administered
orally at a dose of 70 mg/kg/day from the 7" day post-
surgery for 2 weeks.

Water maze test

Rats were subjected to the water maze test on days 31-33
after seizure initiation. As we reported, the match-to-
place version was used to evaluate spatial learning [10].
On the last day of testing (postoperative day 33), the 60
s probe test without a platform was performed to esti-
mate memory of the platform position (number of passes
through the previous platform location).

Electroencephalograph

Electroencephalograph (EEG) was recorded from rats
in the EP group and the EP4+NBP group on days 34—36
after surgery. Intracranial EEG electrodes were placed
into the right hippocampus (# = 5 per group). The elec-
trodes were embedded within the CA3 region of the right
hippocampus (2.4 mm lateral to midline, 3.4 mm ven-
tral to dura, 3.8 mm posterior to bregma) and the regio
nasalis using coordinates derived from the Paxinos and
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Watson atlas. After two days of recovery, the total dura-
tion of spontaneous EEG seizures over 2 h was recorded
from freely moving animals. Digital acquisition software
(LabScribe2; iWorx, USA) was used to record the EEG
signals, which were stored for off-line analysis.

Tissue preparation

On day 37 of recovery, animals were perfused transcar-
dially with 4% paraformaldehyde in phosphate-Buffered
Saline. The tissues were post-fixed and stored in 30%
sucrose solution at 4 °C. The brains were cut into coro-
nal sections from 2.8 to 4.3 mm posterior to bregma (30
pum thick) on a cryotome (Thermo Electron, Waltham,
MA, USA), when they were in the bottom. For each ani-
mal, five from every series of ten sections were used for
immunofluorescent staining.

Immunofluorescent staining

Brain sections were incubated with primary antibod-
ies against guinea pig anti-doublecortin (DCX; 1:400;
Abcam) at 4 °C overnight, followed by incubation in
Alexa Fluor 488 goat anti-rabbit secondary antibodies
(1:200; Invitrogen, USA) for 2 h. Images were collected
by microscopy (Olympus, Japan) using a x20 or x40
objective. The number of DCX-positive cells was counted
using NIH Image] software (https://imagej.nih.gov/ij).

Nissl staining

Brain tissues were fixed with paraffin and then cut into
a series of coronal sections (10 pum thick). Brain sections
were then incubated in toluidine blue solution for 20 min
at 56 °C, quickly washed in distilled water, incubated in
95% alcohol for 5 min, dehydrated in increasing alcohol
concentrations for 5 min, cleared for 5 min with xylene,
and then mounted in neutral gum solution. The num-
ber of CA3 pyramidal neurons in the hippocampus (per
1 mm?) in both cerebral hemispheres was counted by
microscopy with a high magnification objective.

Timm staining

Animals in the three groups (n = 5 per group) were
deeply anesthetized and then perfused intracardi-
ally with sodium sulfide solution (1.2% Na,S-9H,0, 1%
NaH,PO,-H,0) and normal saline. The brains were then
removed and post-fixed in paraformaldehyde solution.
Coronal sections were stained with Timm staining solu-
tion for 90 min at room temperature. Images were taken
using an Olympus BX51 microscope.

Statistics

All statistical analyses were performed using statistical
software (SPSS v25). Water maze data were analyzed by
repeated-measures or one-way analysis of variance. The
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remaining data were analyzed using the Kruskal—Wallis
or Mann—Whitney U non-parametric tests. All data are
presented as mean =+ standard error of the mean. Signifi-
cance was set at P < 0.05.

Results

DL-NBP treatment promotes neurogenesis in the dentate
gyrus

Immunofluorescent staining of DCX-positive neuro-
blasts was performed to examine whether DL-NBP treat-
ment could regulate neurogenesis in the dentate gyrus
(DG) (Fig. 1). At the chronic stage of epilepsy, the num-
ber of hippocampal DCX-positive cells in the EP group
was significantly reduced compared with the SHAM
group (3.0 & 0.4 vs. 17.3 + 2.0, respectively; P < 0.05).
DL-NBP treatment was associated with a significant
increase in the number of DCX-positive newborn neu-
rons compared with the EP group (10.5 £+ 1.3 vs. 3.0 £
0.4, respectively; P < 0.05). These data indicate that DL-
NBP treatment increased the number of newborn neu-
rons in the DG following KA-induced epilepsy.

DL-NBP treatment reduces hippocampal damage

Next, we performed Nissl staining to evaluate hippocam-
pal neuronal damage (Fig. 2). There was a significant
reduction in the number of CA3 neurons in the EP group
compared with the SHAM group (6.0 + 0.6 vs. 20.0 £
1.2, respectively; P < 0.01). DL-NBP treatment was asso-
ciated with a significant increase in the number of Nissl-
positive neurons in the CA3 compared with the EP group
(14.0 £+ 1.0 vs. 6.0 &+ 0.6, respectively; P < 0.05). These
data suggest that DL-NBP treatment attenuated neuronal
loss caused by KA-induced epilepsy.

DL-NBP treatment decreases the frequency and duration
of spontaneous EEG seizures

Spontaneous EEG seizures were assessed on day 36 after
surgery (Fig. 3). No spontaneous seizures were observed
during EEG recording in the SHAM group. Compared
with the EP group, DL-NBP treatment significantly
reduced the frequency (7.5 £ 0.5 vs. 3.5 & 0.7 seizures/2
h, respectively; P < 0.01) and duration (79.3 £ 4.8s vs.
58.8 £ 5.9s /2 h, respectively; P < 0.05) of spontaneous
EEG seizures following KA-induced epilepsy.

DL-NBP treatment decreases mossy fiber sprouting

Mossy fiber sprouting in the hippocampus was evaluated
using Timm staining (Fig. 4). Compared with the SHAM
group, there was a significant increase in the Timm
score after seizure onset in the EP group (0.3 & 0.3 vs.
4.3 + 0.3, respectively; P < 0.001), which was significantly
reduced following DL-NBP treatment (4.3 + 0.3 vs. 2.7 £
0.3, respectively; P < 0.05).
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Fig. 1 Proliferation of newborn neurons in the dentate gyrus (DG). a Newborn cells were labeled with both diamidino phenylindole (DAPI; blue)
and the specific immature granule cell-maker doublecortin (DCX; green). b Reconstructed orthogonal images(x-z and y-z planes) displaying DCX
or DAPlimmunoreactivity separately or as a merged image. ¢ The number of DCX-positive cells in the EP group was significantly less than in the
SHAM group (*P < 0.05 vs. SHAM). DL-NBP treatment significantly increased cell proliferation (#P < 0.05 vs. EP). n = 5 per group. Scale bars: a 50 um;
b 20 um
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Fig. 2 Numbers of neurons in the CA3 region of the hippocampus. a Microscopy image ofthe CA3 region (x 20 magnification). b There was a
significant loss of CA3 neurons in the EP group compared with the control (SHAM) group, while DL-NBP treatment increased the number of CA3
neurons. ¢ Microscopy image of the hippocampus (x4 magnification). (**P < 0.01 vs. SHAM; #P < 0.05 vs. EP; n = 5 per group). Scale bars: 50 um. DG
dentate gyrus
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Fig. 3 Spontaneous EEG seizures in the dentate gyrus (DG). a Image displays a representative example of rhythmic epileptiform EEG activity in the
EP and EP4NBP groups. b, ¢ Post-seizure treatment with DL-NBP decreased the duration of spontaneous EEG seizures (**P < 0.01 vs. EP; *P < 0.05 vs.

DL-NBP improves cognitive function in rats with TLE

We performed the Morris water maze test to evaluate
changes in cognitive function (Fig. 5). Compared with
the SHAM group, rats in the EP group showed a sig-
nificant increase in escape latency (F[2, 4] = 35.581, P
= 0.041), while DL-NBP treatment was associated with
a significant decrease in the escape latency compared
with the EP group (F[2, 4] = 35.581, P = 0.016). There
were no differences in swimming speed, the total swim-
ming path, and the total swimming time between the
different groups. In the probe test, animals in the EP
group showed a significant reduction in the number of
crossings compared with the SHAM group (1.2 £ 0.2
vs. 5.3 £ 0.3, respectively; P < 0.01). Treatment with
DL-NBP was associated with a significant increase in
the number of crossings compared with the EP group
(3.6 £ 0.25 vs. 1.2 £ 0.2, respectively; P < 0.01).

Discussion

In the present study, adult rats were randomly assigned
to control rats, rats with epilepsy, or rats with epilepsy
treated by DL-NBP for 30 days. The key findings of the
study were that, in the chronic phase of seizures in TLE
rats, DL-NBP treatment could reverse neural loss and
reduce mossy fiber sprouting in the hippocampus and
increase neurogenesis in the DG. Furthermore, DL-NBP
treatment was associated with an improvement in spatial
learning cognitive function and a decrease in long-term
seizure activity.

Chronic epilepsy can cause changes in the hippocam-
pal microenvironment [11], which can affect neuronal
survival and ultimately result in neuronal loss in the DG
[11]. Furthermore, several TLE studies have reported that
neurogenesis in the DG can rapidly increase after acute
seizures [10], but decrease in the chronic phase [12, 13].
This decrease in hippocampal neurogenesis in chronic
TLE is caused by decreased neuronal proliferation and
differentiation of newborn cells [14]. The continuous
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Fig. 4 Timm staining in the CA3.Timm scores were significantly increased in the EP group compared with the control group (***P < 0.001 vs.
SHAM) and significantly decreased after DL-NBP treatment (#P < 0.05 vs. EP; n = 5 per group). Black arrows indicate the mossy fiber sprouting
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production of hippocampal newborn neurons and their
integration with existing neural circuits support learning
and memory in the DG [15]. The lack of existing neurons
and insufficient survival rate of newborn neurons make
it difficult to maintain the integrity of neural circuits,
which is critical for normal cognitive function [16]. In
the present study, we used the Morris water maze test of
spatial learning and memory to assess cognitive function.
Nevertheless, follow-up studies should consider other
hippocampal-dependent tasks, including the contextual
fear conditioning task and novel object recognition task,
to provide a more comprehensive analysis of cognitive
function.

DL-NBP is a multiple growth factor activator that
shows neuroprotective effects in ischemia-reperfusion
injury [17] and chronic cerebral hypoperfusion [8]. The
mechanisms of action include regulation of apoptosis and
autophagy-related protein expression, and activation of
Akt signaling [18]. There are also evidences that DL-NBP
can reduce neuronal damage in various central nervous
system diseases, including ischemic stroke, traumatic
brain injury, and Alzheimer’s disease [6, 7, 19]. Further-
more, NBP treatment can reduce cognitive impairment
by accelerating neurogenesis and restoring synaptic
plasticity [9, 20, 21]. Currently, DL-NBP is widely used
for treatment of ischemic stroke patients in China. The
guidelines for the prevention and treatment of stroke in

China (2021 edition) clearly state that DL-NBP is effec-
tive in improving cognitive function and overall function
in patients with vascular cognitive impairment and has a
good safety and tolerability profile. However, DL-NBP is
not currently used clinically in patients with epilepsy in
China and is unavailable in other countries.

With respect to chronic epilepsy, DL-NBP was found
to increase levels of brain-derived neurotrophic factor,
neuroprotective factor, and Klotho level [9]. However, the
effect of DL-NBP on neurogenesis remains unclear. Con-
sistent with a previous report [9], we found that DL-NBP
treatment reversed cognitive impairment and reduced
neural loss in the hippocampus following TLE. These
findings suggest that DL-NBP may be protective against
neuronal death following TLE. We also found that DL-
NBP significantly increased the number of hippocampal
DCX-positive cells in the chronic stage of epilepsy. These
findings suggest that DL-NBP can promote neurogen-
esis following TLE. Overall, our data suggest that DL-
NBP may improve cognitive function following TLE by
increasing DG neurogenesis and reducing hippocampal
damage. Further studies are required to determine the
specific pathways by which DI-NBP exerts its anti-apop-
totic actions.

Epilepsy is the result of an imbalance between excita-
tory and inhibitory neuronal activity. Recurrent sei-
zures are a major cause of cognitive impairment [22].
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Fig. 5 Morris water maze performance. a Representative swim paths in the probe trial test. b Representative swim paths in the water maze test.
¢ Escape latency to the platform during the match trial in the water maze test. d Number of crossings in the probe trial test. Blue square indicates
starting points. Red square indicates finishing points. *P < 0.05 vs. SHAM, **P < 0.05 vs. SHAM, #P < 0.05 vs. EP (n = 15 per group)

Interestingly, DL-NBP treatment was reported to reg-
ulate the balance between excitatory and inhibitory
neuronal activity, thus reducing seizure severity [9].
Consistent with these findings, we found that DL-NBP
treatment reduced the frequency and duration of spon-
taneous EEG seizures. Mossy fiber sprouting is con-
sidered a major feature of aberrant tissue remodeling
after neural loss caused by epilepsy in both humans and
animal models [23, 24]. Recent studies also suggest that
reduced mossy fiber sprouting is a potential mechanism
of action of several anti-epilepsy therapies, which may

reduce hippocampal neuronal injury [25-27]. Impor-
tantly, we found new evidence for a lower Timm score
in NBP-treated epilepsy rats, which is likely associated
with the reduced frequency of seizure onset. Thus, DL-
NBP may decrease the frequency of seizures by reduc-
ing mossy fiber sprouting in chronic TLE rats.

Conclusions

We found that DL-NBP treatment can improve cogni-
tive function in adult rats after TLE, as well as inhibit
long-term seizure activity, reverse neural loss, increase
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neurogenesis, and reduce mossy fiber sprouting. Thus,
DL-NBP may be a useful therapeutic agent for TLE. Nev-
ertheless, direct evidence and specific mechanism are
needed to provide in future research, that is, enhanced
neurogenesis and decreased mossy fibers are the reason
for the antiepileptic effect of DL-NBP in TLE.

Abbreviations

TLE: Temporal lobe epilepsy; NBP: L-3-n-butylphthalide; DL-NBP: DL-3-n-
butylphthalide; SRS: Spontaneous recurrent seizures; KA: Kainic acid; EEG:
Electroencephalograph; DCX: Doublecortin; DG: Dentate gyrus.

Acknowledgements
Not applicable.

Authors’ contributions

XZ conceived the project and designed the experiments. SZ, FL, WS, JW and
77 performed the experiments and analyzed the data. SZ, FL wrote the manu-
script. All authors revised and approved the final version of the manuscript.

Funding
This study was supported by the National Natural Science Foundation of
China for Xiaogian Zhang (No. 81801053).

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

All experimental procedures were approved by the Animal Care and Use Com-
mittee of China Medical University. All animal experiments complied with the
Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines and
were carried out in accordance with the Regulations for the Administration

of Affairs Concerning Experimental Animals approved by the State Council of
People’s Republic of China.

Consent for publication
Not Applicable.

Competing interests
The authors declared no conflicts of interest with respect to the research,
authorship, funding, and/or publication of this article.

Author details

'Department of Neurology, The First Affiliated Hospital, China Medical Univer-
sity, Shenyang 110001, Liaoning, China. 2Department of Neurology, Tacheng
District People’s Hospital, Tacheng 834700, Xinjiang, China. *Department

of Geriatrics, The First Affiliated Hospital, China Medical University, Shen-
yang 110001, Liaoning, China.

Received: 9 September 2021 Accepted: 7 December 2021
Published online: 03 January 2022

References

1. Helmstaedter C, Elger CE. Chronic temporal lobe epilepsy: a neurode-
velopmental or progressively dementing disease? Brain. 2009;132(Pt
10):2822-30. https://doi.org/10.1093/brain/awp182.

2. Tavakoli M, Barekatain M, Doust HT, Molavi H, Nouri RK, Moradi A, et al.
Cognitive impairments in patients with intractable temporal lobe
epilepsy. J Res Med Sci. 2011;16(11):1466-72.

3. Sutula TP, Hagen J, Pitkdnen A. Do epileptic seizures damage the brain?
Curr Opin Neurol. 2003;16(2):189-95. https://doi.org/10.1097/01.wco.
0000063770.15877.bc.

20.

Page 8 of 9

Holmes M, Flaminio Z, Vardhan M, Xu F, Li X, Devinsky O, et al. Cross talk
between drug-resistant epilepsy and the gut microbiome. Epilepsia.
2020;61(12):2619-28. https://doi.org/10.1111/epi.16744.

ZhaoY, Liu D, Li J, Zhang X, Wang X. L-NBP, a multiple growth factor
activator, attenuates ischemic neuronal impairments possibly through
promoting neuritogenesis. Neurochem Int. 2019;124:94-105. https://
doi.org/10.1016/j.neuint.2019.01.002.

ZhaoY, Lee JH, Chen D, Gu X, Caslin A, Li J, et al. DL-3-n-butylphthalide
induced neuroprotection, regenerative repair, functional recovery
and psychological benefits following traumatic brain injury in mice.
Neurochem Int. 2017;111:82-92. https://doi.org/10.1016/j.neuint.2017.
03.017.

Lei H, Zhang Y, Huang L, Xu S, Li J, Yang L, et al. L-3-n-butylphthalide
regulates proliferation, migration, and differentiation of neural

stem cell in vitro and promotes neurogenesis in APP/PST mouse
model by regulating BDNF/TrkB/CREB/Akt pathway. Neurotox Res.
2018;34(3):477-88. https://doi.org/10.1007/512640-018-9905-3.

Li W, Wei D, Lin J, Liang J, Xie X, Song K, et al. DI-3-n-butylphthalide
reduces cognitive impairment induced by chronic cerebral hypoper-
fusion through GDNF/GFRa1/ret signaling preventing hippocampal
neuron apoptosis. Front Cell Neurosci. 2019;13:351. https://doi.org/10.
3389/fncel.2019.00351.

Ye X, Rong Z, LiY, Wang X, Cheng B, Cheng Y, et al. Protective role of
L-3-n-butylphthalide in cognitive function and dysthymic disorders in
mouse with chronic epilepsy. Front Pharmacol. 2018;9:734. https://doi.
0rg/10.3389/fphar.2018.00734.

Song C, Xu W, Zhang X, Wang S, Zhu G, Xiao T, et al. CXCR4 antagonist
AMD3100 suppresses the long-term abnormal structural changes

of newborn neurons in the intraventricular kainic acid model of
epilepsy. Mol Neurobiol. 2016;53(3):1518-32. https://doi.org/10.1007/
$12035-015-9102-9.

. Hattiangady B, Shetty AK. Implications of decreased hippocampal neu-

rogenesis in chronic temporal lobe epilepsy. Epilepsia. 2008;49(Suppl
5):26-41. https://doi.org/10.1111/j.1528-1167.2008.01635 x.
Hattiangady B, Rao MS, Shetty AK. Chronic temporal lobe epilepsy is
associated with severely declined dentate neurogenesis in the adult
hippocampus. Neurobiol Dis. 2004;17(3):473-90. https://doi.org/10.
1016/j.nbd.2004.08.008.

Zhong Q, Ren BX, Tang FR. Neurogenesis in the hippocampus of
patients with temporal lobe epilepsy. Curr Neurol Neurosci Rep.
2016;16(2):20. https://doi.org/10.1007/s11910-015-0616-3.
Hattiangady B, Shetty AK. Decreased neuronal differentiation of newly
generated cells underlies reduced hippocampal neurogenesis in
chronic temporal lobe epilepsy. Hippocampus. 2010;20(1):97-112.
https://doi.org/10.1002/hip0.20594.

Aimone JB, Wiles J, Gage FH. Potential role for adult neurogenesis in
the encoding of time in new memories. Nat Neurosci. 2006;9(6):723-7.
https://doi.org/10.1038/nn1707.

Nickels KC, Zaccariello MJ, Hamiwka LD, Wirrell EC. Cognitive and neu-
rodevelopmental comorbidities in paediatric epilepsy. Nat Rev Neurol.
2016;12(8):465-76. https://doi.org/10.1038/nrneurol.2016.98.

Xu J, Huai Y, Meng N, Dong Y, Liu Z, Qi Q, et al. L-3-n-butylphthalide
activates Akt/mTOR signaling, inhibits neuronal apoptosis and
autophagy and improves cognitive impairment in mice with

repeated cerebral ischemia-reperfusion injury. Neurochem Res.
2017;42(10):2968-81. https://doi.org/10.1007/511064-017-2328-3.
Wang BN, Wu CB, Chen ZM, Zheng PP, Liu YQ, Xiong J, et al. DL-3-n-
butylphthalide ameliorates diabetes-associated cognitive decline

by enhancing PI3K/Akt signaling and suppressing oxidative stress.
Acta Pharmacol Sin. 2021;42(3):347-60. https://doi.org/10.1038/
s41401-020-00583-3.

Cheng X, Wang H, Liu C, Zhong S, Niu X, Zhang X, et al. DI-3-n-butyl-
phthalide promotes remyelination process in cerebral white matter in
rats subjected to ischemic stroke. Brain Res. 2019;1717:167-75. https://
doi.org/10.1016/j.brainres.2019.03.017.

Lv C, Ma Q Han B, Li J, Geng Y, Zhang X, et al. Long-term DL-3-n-butyl-
phthalide treatment alleviates cognitive impairment correlate with
improving synaptic plasticity in SAMP8 mice. Front Aging Neurosci.
2018;10:200. https://doi.org/10.3389/fnagi.2018.00200.


https://doi.org/10.1093/brain/awp182
https://doi.org/10.1097/01.wco.0000063770.15877.bc
https://doi.org/10.1097/01.wco.0000063770.15877.bc
https://doi.org/10.1111/epi.16744
https://doi.org/10.1016/j.neuint.2019.01.002
https://doi.org/10.1016/j.neuint.2019.01.002
https://doi.org/10.1016/j.neuint.2017.03.017
https://doi.org/10.1016/j.neuint.2017.03.017
https://doi.org/10.1007/s12640-018-9905-3
https://doi.org/10.3389/fncel.2019.00351
https://doi.org/10.3389/fncel.2019.00351
https://doi.org/10.3389/fphar.2018.00734
https://doi.org/10.3389/fphar.2018.00734
https://doi.org/10.1007/s12035-015-9102-9
https://doi.org/10.1007/s12035-015-9102-9
https://doi.org/10.1111/j.1528-1167.2008.01635.x
https://doi.org/10.1016/j.nbd.2004.08.008
https://doi.org/10.1016/j.nbd.2004.08.008
https://doi.org/10.1007/s11910-015-0616-3
https://doi.org/10.1002/hipo.20594
https://doi.org/10.1038/nn1707
https://doi.org/10.1038/nrneurol.2016.98
https://doi.org/10.1007/s11064-017-2328-3
https://doi.org/10.1038/s41401-020-00583-3
https://doi.org/10.1038/s41401-020-00583-3
https://doi.org/10.1016/j.brainres.2019.03.017
https://doi.org/10.1016/j.brainres.2019.03.017
https://doi.org/10.3389/fnagi.2018.00200

Zhao et al. BMC Neurology

21.

22.

23.

24.

25.

26.

27.

(2022) 22:3

Yang LC, Li J, Xu SF, Cai J, Lei H, Liu DM, et al. L-3-n-butylphthalide pro-
motes neurogenesis and neuroplasticity in cerebral ischemic rats. CNS
Neurosci Ther. 2015;21(9):733-41. https://doi.org/10.1111/cns.12438.
Witt JA, Helmstaedter C. Cognition in epilepsy: current clinical issues of
interest. Curr Opin Neurol. 2017;30(2):174-9. https://doi.org/10.1097/
WCO.0000000000000430.

JiaoY, Nadler JV. Stereological analysis of GIuR2-immunoreactive

hilar neurons in the pilocarpine model of temporal lobe epilepsy:
correlation of cell loss with mossy fiber sprouting. Exp Neurol.
2007;205(2):569-82. https://doi.org/10.1016/j.expneurol.2007.03.025.
Freiman TM, Haussler U, Zentner J, Doostkam S, Beck J, Scheiwe C, et al.
Mossy fiber sprouting into the hippocampal region CA2 in patients
with temporal lobe epilepsy. Hippocampus. 2021;31(6):580-92. https://
doi.org/10.1002/hipo.23323.

Vazifehkhah S, Ali MK, Babae JF, Hashemi P, Alireza MS, Nikbakht F.
Evaluation of the ameliorative effects of oral administration of met-
formin on epileptogenesis in the temporal lobe epilepsy model in rats.
Life Sci. 2020;257:118066. https://doi.org/10.1016/j.lfs.2020.118066.
Feng Y, Duan C, Luo Z, Xiao W, Tian F. Silencing miR-20a-5p inhibits
axonal growth and neuronal branching and prevents epileptogenesis
through RGMa-RhoA-mediated synaptic plasticity. J Cell Mol Med.
2020;24(18):10573-88. https://doi.org/10.1111/jcmm.15677.

Botterill JJ, Lu YL, LaFrancois JJ, Bernstein HL, Alcantara-Gonzalez D, Jain S,
et al. An excitatory and epileptogenic effect of dentate gyrus mossy cells
in a mouse model of epilepsy. Cell Rep. 2019;29(9):2875-2889.e6. https://
doi.org/10.1016/j.celrep.2019.10.100.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1111/cns.12438
https://doi.org/10.1097/WCO.0000000000000430
https://doi.org/10.1097/WCO.0000000000000430
https://doi.org/10.1016/j.expneurol.2007.03.025
https://doi.org/10.1002/hipo.23323
https://doi.org/10.1002/hipo.23323
https://doi.org/10.1016/j.lfs.2020.118066
https://doi.org/10.1111/jcmm.15677
https://doi.org/10.1016/j.celrep.2019.10.100
https://doi.org/10.1016/j.celrep.2019.10.100

	DL-3-n-butylphthalide promotes hippocampal neurogenesis and reduces mossy fiber sprouting in chronic temporal lobe epilepsy rats
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Experimental groups
	TLE model
	DL-NBP administration
	Water maze test
	Electroencephalograph
	Tissue preparation
	Immunofluorescent staining
	Nissl staining
	Timm staining
	Statistics

	Results
	DL-NBP treatment promotes neurogenesis in the dentate gyrus
	DL-NBP treatment reduces hippocampal damage
	DL-NBP treatment decreases the frequency and duration of spontaneous EEG seizures
	DL-NBP treatment decreases mossy fiber sprouting
	DL-NBP improves cognitive function in rats with TLE

	Discussion
	Conclusions
	Acknowledgements
	References


