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A B S T R A C T

Neurogenesis in the dentate gyrus (DG) plays a key role in the normal of structure and function of the hippo-
campus—learning and memory. After eating the locoweeds, animals develop a chronic neurological disease
called “locoism”. Swainsonine (SW) is the main toxin in locoweeds. Studies have shown that SW induces neu-
ronal apoptosis in vitro and impairs learning and memory in adult mouse. The present study explored effects of
SW exposure to dams on the postnatal neurogenesis of DG of offspring. Pregnant ICR mice were orally gavaged
with SW at a dose of 0, 5.6 or 8.4 mg/kg/day from gestation day 10 to postnatal day (PND) 21, respectively. We
found that SW impaired the proliferation capacity of neural progenitor cells in the DG so that the number of
newborn cells was reduced at PND 8. Using the postnatal in vivo electroporation, we showed that the dendritic
branching and total length of granule cells were significantly decreased due to SW exposure. In addition, on PND
21, the density of NeuN-positive and Reelin-positive interneurons increased in the hilus, implying the disorder of
neuronal migration. These results suggest that maternal exposure to SW, the neurogenesis of DG on offspring was
disrupted, finally leading to the functional disorder of DG.

1. Introduction

Locoweeds, from Oxytropis and Astragalus, are a great threat to grass
farming in the livestock industry (Lu et al., 2014a; Wu et al., 2014).
Swainsonine (SW) is the main toxin in locoweeds (Obeidat et al., 2005;
Yu et al., 2010). Studies have shown that SW can inhibit α-mannosidase
and finally result in the formation of vacuoles in different kinds of cells
(Armien et al., 2007; Wang et al., 2013). SW-poisoning animals do have
clinical symptoms of nervous system damage such as mentally de-
pressed, drowsy and ataxia (Armien et al., 2011; Dantas et al., 2007;
Driemeier et al., 2000; Wu et al., 2014). Once the poisoned animals stop
feeding on locoweeds, the structure and function of cells in most sys-
tems and organs generally recover within a few days to several weeks
(Armien et al., 2011; Dantas et al., 2007; Wu et al., 2014). However, the
nervous system damage is not easy to repair, and even lead to perma-
nent neurological disorders. These imply that the nervous system is
more sensitive to SW than other systems.

In rodents, the developing central nervous system has a critical
period called brain growth spurt–from the end of pregnancy to the first

2–3 weeks after birth; in humans, the corresponding period begins at
the final trimester of pregnancy and lasts 2 years after birth (Byrnes
et al., 2001). During this time, the brain exhibits rapidly substantial
neurogenes and has a high degree of plasticity, laying foundations for
the normal structure and function of the brain. The hippocampal den-
tate gyrus (DG) is one of regions where neurogenesis occurs during
development and continues, at a slower rate, into adulthood. Hippo-
campus is primarily composed of DG, the cornus ammonis (CA) and the
subiculum, and critical for certain forms of learning and memory
(Squire and Zola-Morgan, 1991). It has been confirmed that a positive
correlation between neurogenesis in DG and the performance of the
animal on behavioral tasks (Kempermann et al., 1997; van Praag et al.,
1999).

DG development begins from around gestation day (GD) 15 and
lasts until the postnatal day (PND) 14-21, which is accomplished by
multiple spatiotemporally regulated developmental processes involving
proliferation, migration, differentiation, and morphological change of
neural stem cells (NSCs) (Altman and Bayer, 1990a, b; Li and Pleasure,
2005). NSCs including radial glial cells (RGCs) and intermediate neural
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progenitors (INPs) migrate toward the hilus of DG and form a pro-
liferative zone, called the subgranular zone (SGZ), at the border be-
tween the hilus and the granular cell layer (GCL) in the second post-
natal week (Li et al., 2009; Li and Pleasure, 2005), and neurogenesis in
the SGZ contributes to be persistent throughout life. RGCs produce INPs
and further differentiate into granule cells (GCs) that are integrated into
the GCL. However, only some newborn GCs can migrate into the normal
position of the GCL to finish the functional demand (Dupret et al., 2007;
Kee et al., 2007). During the process, reelin signaling participates in the
final destination of GCs (Brunne et al., 2013). A great deal of neuro-
pathological defects that cause high cognitive dysfunction are accom-
panied by abnormal hippocampal neurogenesis and plasticity (Xu et al.,
2015). Seizures have effects on the development of hippocampal neu-
rogenesis and irregular hilar basal dendrites (Hattiangady and Shetty,
2010; Jessberger et al., 2007). Normally, GCs develop dendrites to-
wards the molecular layer (ML) of DG and send axons through the hilus.
In contrast, dendrites from seizure-induced GCs appear to grow the
hilus rather than the ML. In addition, results have demonstrated that
factors that interfere with neuronal production (eg, after birth or adult)
may have serious implications on hippocampus-dependent function
(Kempermann and Gage, 2002; Young et al., 1999). Therefore, neuro-
genesis in the DG plays a key role in the normal of structure and
function of the hippocampus.

The study has shown that SW can cause apoptosis of dopaminergic
neurons in the midbrain (Li et al., 2012). Treatment with SW can affect
the growth of rat neuronal processes, the expression of Golgi manno-
sidase II and lead to neuronal apoptosis (Lu et al., 2013, 2014b). In
addition, our previous study found that SW significantly inhibited adult
neurogenesis in hippocampus and affected spatial learning and memory
in mice (Wang et al., 2015). Here, at the GD 10, dams were exposed to
SW and continued until the PND 21 to investigate the effects of SW on
the neurogenesis of DG. Our results showed that SW exposure impaired
proliferation of RGCs and INPs and reduced the number of newborn
cells in DG on offspring at PND 8. Using postnatal in vivo electropora-
tion and western blot, we found that SW affected dendritogenesis of
GCs and reduced the expression level of spinophilin in neonatal hip-
pocampus. Interestingly, the number of NeuN+ and Reelin+ cells in
hilus significantly increased, suggesting the migration defect of new-
born neurons. In addition, by western blot analysis, we found the re-
lative expression level of NeuN with treatment of 8.4 mg/kg SW ob-
viously decreased in the whole neonatal hippocampus, suggesting that
SW did disrupt the development of hippocampus. These results in-
dicated that exposure of dams to swainsonine affected early develop-
ment of dentate gyrus on offspring.

2. Materials and methods

2.1. Chemical reagents and antibodies

Swainsonine (SW, purity > 99.8%), propidium iodide (PI) and 5′-
Bromo-2′-deoxyuridine (BrdU) were from Sigma. 4′, 6′-diamidino-2-
phenylindole (DAPI) was purchased from Abcam. For immuno-
fluorescence staining, the primary antibodies used in the present study
were as follows: rabbit anti-BLBP (Millipore, ABN14, 1:500), rat anti-
BrdU (Santa Cruz Biotechnology, sc-56258 1:500), rabbit anti-GFP
(Thermo Fisher Scientific, G10362, 1:200), rabbit anti-prox1 (Millipore,
AB5475, 1:1000), mouse anti-NeuN (Abcam, ab104224, 1:1000) and
rabbit anti-Tbr2 (Abcam, ab183991, 1:200). The following second an-
tibodies (1:300 for all) were purchased from Abcam: Alexa Fluor 488-
conjugated donkey anti-rabbit IgG (ab150073), Alexa Fluor 488-con-
jugated goat anti-rat IgG (ab150157) and Alexa Fluor 647-conjugated
goat anti-rat IgG (ab150159). For immunoblot analysis, the primary
antibodies were as follows: mouse anti-synaptophysin (Abcam, ab8049,
1:2000), rabbit anti-spinophilin (Abcam, ab18561, 1:2000), mouse
anti-GAPDH (Cell Signaling Technology, D4C6R, 1:2000) and mouse
anti-NeuN (Abcam, ab104224, 1:2000). And HRP-coupled secondary

antibodies (goat anti-mouse IgG, ab6789, Abcam; goat anti-rabbit IgG,
ab6721, Abcam) from the corresponding species were used in a dilution
of 1:2000.

2.2. Animals and drug treatment

ICR mice aged 3 months old came from the Animal Experimental
Center of Xi'an Jiaotong University (Xi'an, China) and adapted to the
environment for 7 days. All mice were housed at a room with standard
light (12 h light/12 h dark) and appropriate temperature and free to
gain food and water. ICR mice were caged at a ratio of one male to two
females, and the day of appearance of vaginal plug was deemed to the
GD 0.

SW was dissolved in 0.9% NaCl and the appropriate doses for this
study were determined based on a previous study (Wang et al., 2015)
and preliminary experiments. In this study, only one pregnant mouse
was placed in one cage. The 18 pregnant mice were randomly and
equally divided into three groups, and then they began to be orally
administered with vehicle or SW at the dose of 0, 5.6, 8.4mg/kg/day
from GD 10 to PND 21. The number of pups was removed to 10 at PND
2. All animal experiments were carried out by the Animal Care Com-
mission of the College of Veterinary Medicine, Northwest A&F Uni-
versity (certificate no.: SCXK [SHAAN] 2017−003) in accordance with
ARRIVE guidelines (https://www.nc3rs.org.uk/arrive-guidelines).

2.3. Postnatal in vivo electroporation

Postnatal in vivo electroporation was applied according to the pre-
viously published method (Ito et al., 2014). In short, the plasmid
vector–pCAG-MCS-GFP (GFP) was extracted by the Endo-Free Plasmid
Maxi Kit (Omega). And GFP (3 μg/μL) mixed with 0.1% Fast Green
(Sigma) was injected into the lateral ventricle of the right brain of four
pups per litter at PND 0 through a special glass micro-capillary by using
an electrical pulse of 950ms interval of five pulses at 100 V (ECM 830,
BTX). After the operation, pups were placed on a heating pad at 37 °C
for a few minutes before returning to their mothers for keeping them
alive. These brains were acquired at PND 21 and fixed with 4% par-
aformaldehyde (PFA) for at least 3 days.

2.4. BrdU labeling assay

The BrdU labeling experiment was described in the previous article
(Xu et al., 2018). In brief, pups were intraperitoneally injected with
BrdU (50mg/kg) at PND 8 and sacrificed after 2 h to study cell pro-
liferation. In addition, to further study the early development of post-
natal DG, newborn pups were forced to inject once with BrdU at PND 2
and sacrificed at PND 8 and their brains were fixed in 4% PFA for at
least 24 h.

2.5. Tissue preparation and immunofluorescence staining

The fixed brains were embedded in 4% agarose and then using a
vibration microtome (VT1000S, Leica) subjected to a continuous cor-
onal section with a thickness of 50 μm or 200 μm. After washing three
times in 0.1M phosphate buffer (PB, pH 7.4), sections were incubated
with the primary antibody dissolved in a diluting agent (4% BSA, 0.3%
Triton X-100 and 1% normal goat serum). For BrdU immunostaining,
free-floating slices were pre-treated with 2M HCl for 30min at 37 °C
and neutralized three times for 10min each time with 0.1M borate
buffer (pH 8.5). These slices were incubated with the rat anti-BrdU. All
slices were then rinsed three times in 0.1 M PB and then incubated in
species-specific secondary antibodies for 4 h at room temperature (RT).
Cell nuclei were countstained with DAPI or PI for 20min, and slices
were mounted with Dako. All images were taken using a laser-scanning
confocal microscope (TCS SP8, Leica).
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2.6. Immunoblot analysis

The hippocampus was extracted in ice-cold RIPA-lysis buffer with
1% protease inhibitor (Roche) and phosphatase inhibitor cocktails
(Roche) according to the previous study (Li et al., 2017). These samples
were separated by 10% Bis-Tris, with SDS-PAGE running buffer and
transferred electrophoretically to polyvinylidene fluoride (PVDF)
membranes (Millipore). After 5% fat-free milk for 2 h at RT, primary
antibodies were incubated at 4 °C overnight. HRP-coupled secondary
antibodies (goat anti-mouse IgG, ab6789, Abcam; goat anti-rabbit IgG,
ab6721, Abcam) from the corresponding species were used in a dilution
of 1:2000. All experiments were repeated at least three times. These
specific protein bands on the PVDF membranes (Millipore) were vi-
sualized via enhanced chemiluminescent detection and photographed
with a chemiluminescent imaging system (Beijing Sage Creation com-
pany, China). For densitometric quantifications, these images were
analyzed with the Image J software.

2.7. Quantification and morphological analysis

For quantification of the number of labeled cells, three coronal
slices with a thickness of 50 μm per animal were counted at the same
anatomical level (Bregma −1.70mm to −1.94mm) with reference to
the research article (Kadam et al., 2013) and brain map (Paxinos and
Franklin, 2001). To study cellular proliferation in DG, the number of
BrdU+ cells was counted. For BrdU+ and Prox1+ double labeled cells,
the number of cells in the GCL and hilus was analyzed, respectively. To
further study the early development of postnatal DG, the number of
BrdU+ cells of GCL per 0.01mm2 was analyzed. For quantification of
RGCs and INPs, the number of BLBP+ BrdU+ and Tbr2+ BrdU+ double
labeled cells was counted in the GCL plus SGZ, respectively.

For morphological analysis, three coronal slices with a thickness of
200 μm per animal were counted at the same anatomical level (Bregma
−1.70mm to −2.30mm) according to the previous study (Campbell
et al., 2008) and brain map (Paxinos and Franklin, 2001). 10–15 GFP-
labeled GCs per pup were measured. The Neuron J plug-in was used to
analyze the total length and the number of terminal branches of den-
drites of GCs and the Sholl analysis plug-in was to do the concentric
circle analysis of dendrites (Ferreira et al., 2014; Meijering, 2010). To
analyze the density, all visible spines in the terminal branch of den-
drites at the outer ML and MFB (2–5 μm,>dendrites in diameter) in
the hilus were counted by Image J and the plug-in Neuron J. At least 10
fragments were analyzed for each animal.

2.8. Statistical analysis

In this study, all slices were photographed and subsequently ana-
lyzed by Image J (https://imagej.net/, RRID: SCR_003070). Data ana-
lysis was executed by the software SPSS Statistics 21.0 (http://www-01.
ibm.com/software/uk/analytics/spss/, RRID: SCR_002865). Statistical
analysis of data was by one-way ANOVA with Dunnett's test or
Tamhane's T2 test. For the Sholl analysis, a two-way ANOVA followed
by a Dunnett's test was used to measure repeated data. All charts were
completed by GraphPad Prism 5.0 software (http://www.graphpad.
com/, RRID: SCR_002798). Statistical results were expressed as
mean ± standard deviation (SD) or standard error (SEM), and the
value of p < 0.05 was statistically significant.

3. Results

3.1. SW exposure did not affect the body weight of dams as well as the body
weight and brain of their offspring

No significant difference was found in the body weight of dams
between the control group and the SW-treated groups (Fig. 1a). Brain
weight (Fig. 1b), body weight (Fig. 1c) and the ratio of body weight to

brain weight of the offspring mice (Fig. 1d) did not show significant
difference between the control group and the SW-treated groups.

3.2. SW exposure impaired the early development of postnatal DG

It is well known that as the RGCs proliferate to expand the DG, they
produce INPs and later migrate to the hilus of the DG to give rise to the
prospero homeobox 1-positive (Prox1+) cells (Altman and Bayer,
1990a, b; Li et al., 2009; Li and Pleasure, 2005). We analyzed cell
proliferation in DG by double labeling with BrdU and Prox1 (Fig. 2a
and b) and found that compared with that in control group, the number
of BrdU+ cells was significantly decreased in SW-treated groups
(Fig. 2e) in the whole DG. The number of Prox1+ BrdU+ double-la-
beled cells in GCL showed no significant difference between control and
SW-treated groups (Fig. 2g), whereas the number of Prox1+BrdU+

double-labeled cells in hilus of the SW-treated groups was significantly
reduced (Fig. 2f), indicating that SW exposure inhibited the prolifera-
tion of neural progenitor cells in DG.

In order to investigate the effect of SW on the early development of
postnatal DG, we injected BrdU at PND 2 and followed by fixation and
staining at PND 8 (Fig. 2d). The density of BrdU+ cells in GCL per
0.01mm2 was approximately 39 in the control group and only 29 and
26 BrdU+ cells were found in the 5.6 mg/kg and 8.4 mg/kg groups,
respectively (Fig. 2h). These results indicate that SW impaired the early
development of postnatal DG.

3.3. SW exposure impaired the proliferation capacity of RGCs and INPs in
DG

We have shown that SW exposure reduced the number of newborn
cells. To study the reasons for the decrease in the number of newborn
cells, we used antibodies against brain lipid binding protein (BLBP) and
T-box brain gene 2 (Tbr2) to label RGCs (Fig. 3a and b) and INPs
(Fig. 3d and e), respectively. The results showed that the number of
proliferating RGCs (BLBP+ and BrdU+) in the SW-treated groups was
less than that in control group (Fig. 3c). Moreover, SW strikingly de-
creased the number of proliferating INPs (Tbr2+ and BrdU+) in GCL
(plus the SGZ) in the SW-treated groups (Fig. 3f). These results implied

Fig. 1. Exposure to SW did not affect the body weight of dams, brain weight,
body weight and the ratio of brain weight to body weight of offspring. a Body
weight of dams. (n=6 per group) b Brain weight of offspring at PND 8 (n=9
per group). c Body weight of offspring (n=9 per group). d The ratio of brain
weight to body weight at PND 8 (n=9 per group). No difference was found
between the control group and SW-treated groups. PND postnatal day. Data
were presented as the mean ± SD.
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that SW caused a decline in the proliferative capacity of RGCs and INPs,
thus leading to the disorder of early development of postnatal DG.

3.4. Effects of SW exposure on dendritic development of GCs and synaptic
structure in hippocampus during early postnatal development

Postnatally, plenty of GCs are born and begin to develop (Altman
and Bayer, 1990a). We further investigated the effects of SW exposure
on dendritic development of GCs using postnatal in vivo electroporation
(Fig. 4a, c). We found that the total length of dendrites (Fig. 4d) and the
number of terminal branch tips (Fig. 4e) of GCs on PND 21 were sig-
nificantly reduced in the SW-treated groups compared with those in
control group. The number of intersections between dendrites and
concentric circles was shown by the Sholl analysis (Fig. 4b). Results
showed that the number of intersections was significantly different
between the SW-treated groups and the control one (Fig. 4g), indicating
that SW impaired dendritic development of GCs in DG.

Spines and MFB of GCs are important components to form synapses
with their projecting neurons and target neurons. To further study the
effect of SW on development of dentate GCs, we analyzed the density of
spines on the terminal branch of the dendrites in ML (Fig. 4f) and MFB
(Fig. 4h) in the hilus. No difference in density of spines and MFB was
found between the treated groups and the control group (Fig. 4i and j).
However, we studied the expression levels of synaptophysin and

spinophilin in hippocampus (Fig. 4k) and found that the level of spi-
nophilin (Fig. 4l, m) significantly reduced with the 8.4mg/kg SW-
treated group compared to the control one. Therefore, exposure SW to
dams could impair dendritic development and synaptic formation in the
hippocampus of offspring.

3.5. The number of NeuN+ cells and interneuron subpopulations in the
hippocampus at PND 21 after SW exposure during early postnatal
development

γ-aminobutyric acid (GABA) is considered to be the major neuro-
transmitter of DG interneurons, and its synthetases, glutamate dec-
arboxylase (GAD) 67 and 65, are markers of GABAergic interneurons
(Houser, 2007). The majority of GABAergic interneurons produce
Reelin or calcium-binding proteins, such as parvalbumin (PVALB), and
regulate the proliferation, migration and differentiation of neural pro-
genitor cells, as well as the neurotransmitter release between neurons
(Houser, 2007). On PND 21, in the 8.4mg/kg SW-treated group, the
density of NeuN+ and Reelin+ cells in the hilus showed significant
increase (Fig. 5a, b, c, d). No significant difference in the numbers of
GAD67+ and PVALB+ interneurons in the hilus were found in any
treatment group compared with those in control group (Fig. 5g, h, i, j).
In addition, compared with the control group, the expression level of
NeuN significantly reduced in the 8.4 mg/kg SW-treated group (Fig. 5e

Fig. 2. Developmental SW exposure decreased the number of newborn cells in DG at PND 8. a Representative immunofluorescence images showing newborn cells
labeled by BrdU (red) and Prox1 (green) in DG at 2 h after BrdU injection at PND 8. The sections were counterstained with PI (blue). b High magnifcation of newborn
cells (arrowhead) from the boxed area in the control group (a). c Schematic illustration of the DG. The dashed line at the border between the hilus and the GCL
represents the subgranular zone (SGZ). d Images showed newborn cells labeled by BrdU (red) and PI (blue) in GCL at 6 days after BrdU injection at PND 2. e-g
Quantification of BrdU-labeled newborn cells in the whole DG (e) and BrdU+ Prox1+ cells in the hilus (f) and GCL (g). h Quality analysis of BrdU-labeled newborn
cells per 0.01mm2 in GCL. The data were presented as mean ± SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 vs. the control group (n=6 for each group). Scale
Bars 100 μm in a, d, 8 μm in b.
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and f).

4. Discussion

SW is the main toxic ingredient in locoweeds, causing serious loco
disease (“locoism” or “pea struck”) characterized by weight loss, altered
behavior, depression, abortion, birth defects, and even death
(Stegelmeier et al., 1999). SW has a molecular weight of 173, smaller
than that of pathogens so that it can pass placental barrier freely to
embryos. Here, we exposed SW to dams to study neurotoxicity on DG of
their offspring, including cell proliferation and development during the
early postnatal neurogenesis.

Weight loss is one of the characteristics of SW after locoweed poi-
soning. In this study, dams and their offspring after oral administration
of SW, compared to that of control group, the body weight in the SW-
treated groups was not significantly reduced. Locoweed poisoning is
generally chronic and cumulative, and toxic symptoms are observed
after a few weeks of locoweed feeding (Stegelmeier et al., 1995). It may
be due to the fact that exposure time of SW and accumulated amount of
SW were not enough to affect the body weight in this study.

NSCs persist to produce neurons, with the entire formation of the
DG of hippocampus in the first two weeks after birth (Altman and
Bayer, 1990a; Li et al., 2009; Mathews et al., 2010). Here, we found

that SW exposure apparently decreased the number of BrdU+ cells in
DG, suggesting that SW did impair the proliferation of NSCs in DG.
During development of DG, GCs are produced from stem cells located in
the hilus at PND 8. We used Prox1, a specific marker of dentate GCs in
the hippocampus (Ming and Song, 2011; Mateus-Pinheiro et al., 2018),
and BrdU double-labeling to represent newborn cells with fate de-
termined as GCs. Statistically, it was found that after SW exposure, the
number of Prox1+ BrdU+ cells was significantly decreased in the hilus
and did not change in the GCL, suggesting that SW mainly affected the
generation of neurons.

During the early development of DG, RGCs and INPs are located and
proliferate in hilus. The newly generated neurons migrate toward GCL
and gradually differentiate into GCs and finally settle in GCL. We have
shown that SW exposure decreased the number of BrdU+ neurons. Did
SW directly affect the proliferation of RGCs and INPs or reduce the
number of RGCs and INPs, resulting in the reduction of newborn GCs?
We labeled RGCs and INPs with BLBP and Tbr2, respectively and Tbr2
appears constrained to a future neuronal fate (Hodge et al., 2008;
Steiner et al., 2006). Results showed that with SW exposure, the
number of proliferating RGCs (BLBP+ BrdU+) and INPs (Tbr2+ BrdU+)
was reduced and RGCs were less than INPs. This implied that SW re-
duced the generation of GCs by affecting stem cells, and RGCs were
more susceptible to SW than INPs.

Fig. 3. SW administration reduced the number of proliferating RGCs and INPs in DG. a Immunostaining for proliferating RGCs with BLBP (green), BrdU (red), and PI
(blue) in the DG of control and SW-treated groups at 2 h after BrdU injection at PND 8. b High magnifcation of proliferating RGCs (BLBP+BrdU+) (arrowhead) from
the boxed area in the control group (a). c Quality analysis of the number of BLBP+BrdU+ cells in GCL plus SGZ. d Images showed proliferating INPs labeled by Tbr2
(green), BrdU (red) and PI (blue) in the DG at 2 h after BrdU injection at PND 8. e High magnifcation of proliferating INPs (Tbr2+BrdU+) (arrowhead) from the boxed
area in the control group (d). f Quantification of Tbr2+BrdU+-labeled proliferating INPs in GCL plus SGZ. The data were presented as mean ± SEM. *p < 0.05,
**p < 0.01 and ***p < 0.001 (n=6 for each group). Scale Bars 100 μm in a, d, 5 μm in b, 10 μm in e.
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We have shown that the decrease of neurons was due to the decline
of proliferation capacity of NSCs. In this study, we injected BrdU on
PND 2 and acquired brains on PND 8. During this process, BrdU-labeled
stem cells would continue to decline in proliferation as SW accumu-
lated, therefore, eventually leading to a significant decrease in the
number of BrdU+ cells in GCL. This was a reasonable cause. Firstly, it
may be because SW induced the apoptosis of neurons, just like the
previous report (Lu et al., 2015). Secondly, we found that the level of
NeuN, a neuron-specific nuclear protein, significantly reduced with SW
treatment in hippocampus. Reelin, an extracellular matrix glycoprotein,
regulates correct migration and positioning of postmitotic GCs from
SGZ to GCL (Gong et al., 2007). We found that SW treatment increased
the number of NeuN+ and Reelin+ cells in the hilus, indicating that
newborn GCs did not migrate to their final destinations, GCL, according
to previous studies (Ogawa et al., 2012; Tanaka et al., 2016). In

addition, with SW exposure, the number of GAD67+ cells in the hilus
was not changed, but the number of Reelin+ cells was increased. This is
because GAD67 can mark almost all interneurons; while Reelin is the
mark of only one type of interneuron, and the proportion is small
(Houser, 2007).

Because about 90% of dentate GCs are generated after birth (Bayer,
1980), we labeled the newly generated GCs with GFP using postnatal in
vivo electroporation to further investigate dendritic and axonal devel-
opment of GCs in newborn pups with SW exposure to dams from GD 10
to PND 21. As described in the previous study (Ito et al., 2014), GFP-
labeled cells could be shown to develop highly branched dendrites to
the ML and thin and long axons in the hilus of DG. These morphological
distinguishing features resembled normally developed GCs in DG.
During the development of GFP-labeled GCs, they sprout highly bran-
ched dendrites that extended to the ML at PND 14–21 (Ito et al., 2014).

Fig. 4. SW exposure impaired dendritic
development of GCs and synaptic structure
in hippocampus during early postnatal de-
velopment. a Representative images for
GFP-labeled GCs (green) in DG at PND 21
after postnatal in vivo electroporation at
PND 0. Cell nuclei were counterstained with
DAPI (blue). c High magnifcation of the
GFP+ GC from the boxed area in the control
group (a). b Illustration of GCs of control
and SW-treated groups. The number of in-
tersections between dendritic sections and
concentric circles was calculated by the
Sholl analysis. The center of the concentric
circles was located at the first branch point
(arrow) of the dendrite. d-e Quantification
of the total length (d) and the number of
terminal tips (e) of dendrites of the GFP+

GCs. g Sholl analysis of dendrite complexity
between control and SW exposure groups. f
Representative images for spines of GFP-
labeled GCs located at the terminal branch
of the dendrites in ML, as shown in c, the
rectangular box in the ML. h Representative
images for mossy fiber boutons (MFB, ar-
rowhead) of GFP-labeled GCs located at the
hilus, as shown in a, a small rectangular box
in the hilus. i-j Quality analysis of the den-
sity of spines (i) and MFB (j) on GCs. k
Immunoblot analysis for spinonphilin and
synaptophysin expression levels after treat-
ment with 8.4 mg/kg SW compared with
control hippocampus. The GAPDH antibody
was used to control loading. l-m
Densitometric quantification showing spi-
nonphilin (l) or synaptophysin (m)/GAPDH
intensity ratios. Data were presented as
mean ± SEM. *p < 0.05, **p < 0.01 and
***p < 0.001 (n=9 for each group). Scale
Bars 250 μm in a, 25 μm in b, c, 1 μm in f,
3 μm in h.
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We found that SW exposure significantly reduced the total length of
dendrites and the number of terminal branch tips and influenced den-
dritic complex of GCs. These results indicate that during the postnatal
development of GCs, SW impaired the dendritic development of GCs.
And based on our previous study (Wang et al., 2015), we speculated
that SW might affect the synaptic formation by GCs.

From birth until approximately 20 days of age, GCs elaborate their
dendrites and come to receive afferent innervation (Fricke and Cowan,
1977; Loy et al., 1977). Thus, about at PND 20, the dentate gyrus is a
location for forming an enormous number of synaptic connections.
Studies have shown that the morphological classification of dendritic
spines of GFP-labeled GCs can be obviously shown and the density of
spines is similar to that by virus-mediated GFP-expressing (Ito et al.,
2014; Zhao et al., 2006). In this study, we just analyzed the density of
dendritic spines in the terminal branch of dendrites at ML at PND 21
and found no difference between the control group and SW-treated
groups. However, the level of spinophilin, a marker for dendritic spine

and one of post-synaptic components, declined with the exposure to
SW. These results might be reasonable. The dendritic spine is not static
but subject to change (Matsuzaki et al., 2004) and regulated by cytos-
keleton, especially the balance between F-actin and G-actin (Okamoto
et al., 2004). Thus spines change so quickly that they cannot be fully
captured by images.

GCs of DG have thin and unmyelinated axons, the mossy fiber, and
they form giant pre-synaptic boutons (MFB) impinging on large com-
plex spines of the proximal dendrites of hilar mossy cells and CA3
pyramidal cells (Blackstad and Kjaerheim, 1961). Via mossy fiber sy-
napses, GCs transmit afferent input from the entorhinal fibers to the
hippocampus proper (Lisman, 1999). The enormous boutons (MFB,
2–5 μm in diameter) with the abundance of vesicles and the large
number of release sites (Chicurel and Harris, 1992; Rollenhagen et al.,
2007), strongly indicates that this synapse plays a vital role in the in-
formation flow within hippocampal tri-synaptic pathways (Sloviter and
Lomo, 2012). This study showed that statistically, the density of MFB

Fig. 5. The number of NeuN+ cells and interneurons in the hippocampus at PND 21 after SW exposure during early postnatal development. a-b Immunostaining for
hilar cells with NeuN or Reelin (green) and DAPI (blue) in the control and SW-treated groups. c-d Quantification of the number of NeuN+ (c) and Reelin+ (d) cells in
the hilus. e Immunoblot analysis for NeuN expression levels after 8.4 mg/kg SW-treated hippocampus compared with control one. The GAPDH was used to control
loading. f Quantification showing NeuN/GAPDH intensity ratios. g, i Images showed interneurons labeled by GAD67 or PVALB (green), respectively. Cell nuclei were
counterstained with DAPI (blue). h, j Quantification of the number of GAD67+ (h) and PVALB+ (j) cells. Data were presented as mean ± SEM. *p < 0.05 and
**p < 0.01 (n=9 for each group). Scale Bars 100 μm in a, b, g and h.
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was not affected by SW. And the expression level of synaptophysin,
representing the number of synaptic vesicles at the end of the axon and
one of presynaptic components, was not affected by SW. However,
previous study has shown that SW can indeed affect the learning and
memory of adult mice (Wang et al., 2015), which may be due to dif-
ferences in age. It may also be that statistical methods need to be im-
proved.

To summarize, SW inhibited the proliferation of RGCs and INPs and
reduced the number of newborn dentate neurons, and decreased the
developmental complexity of dendrites of GCs, resulting in the disorder
of DG during the early postnatal development. And SW could affect
neuronal migration and lead to hinder of the development of hippo-
campus. The toxicity of SW is attributed to its inhibition of acid or ly-
sosomal α-mannosidase and Golgi α-mannosidase II (Cholich et al.,
2009; Hueza and Gorniak, 2011; Kuntz et al., 2010). SW-mediated in-
hibition of Golgi α-mannosidase II is able to finally lead to abnormal
increase of the synthesis of N-glycosylation (Tulsiani et al., 1988). And
N-linked glycoproteins are widely distributed and play an important
role in signal transduction, cell growth and migration and have im-
portant physiological functions in the central nervous system (Hueza
and Gorniak, 2011). Our previous study also found that Fyn could arrest
SW-induced apoptosis via the activity of Akt and its effective phos-
phorylation in vitro (An et al., 2015). There are still many other SW-
poisoning mechanisms to be discovered to better control the locoweed.
After all, locoweeds could be resistant to drought, cold, pests, and
barren soil, which are the most prevalent poisonous plant in the
grasslands.
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