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Abstract
Lanthanum (La) is a natural rare earth element. It has neurotoxic effects which can impair learning and memory in humans. 
However, its mechanism of neurotoxicity is unclear. Learning and memory are coordinated by dendritic spines which form 
tiny protruding structures on the dendritic branches of neurons. This study investigated the effect of  LaCl3 exposure to preg-
nant and lactating rats on the offspring rats’ learning and memory ability. In this study, rats were divided into 4 groups and 
given distilled water solution containing 0%, 0.125%, 0.25%, 0.5%  LaCl3, respectively, and this was done from conception to 
the end of the location. The effects of  LaCl3 on spatial learning and memory ability in offspring rats and in the development 
of dendritic spines in CA1 pyramidal cells were investigated. The results showed that  LaCl3 impaired spatial learning and 
memory ability in offspring rats, and decreased dendritic spine density during development. In addition,  LaCl3 can affect the 
expression of CaMKII, miRNA132, p250GAP, Tiam1, PARD3, and down-regulated the activation of Rac1 which led to a 
decrease in the expression of Rac1/PAK signaling pathway and downstream regulatory proteins Cortactin and actin-related 
protein 2/3 complex (Arp2/3 complex). This study indicated that the learning and memory impairment and the decrease of 
dendritic spine density in the offspring of  LaCl3 exposure may be related to the down-regulation of the Rac1/PAK signaling 
pathway regulated by Tiam1 and p250GAP.
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Introduction

Rare earth elements (REEs) are widely found in the natu-
ral environment. Examples of REEs include light rare earth 
elements (LREEs), such as lanthanum (La) and cerium, and 
heavy rare earth elements (HREEs) such as yttrium and 
lutecium. These elements have similar chemical properties, 
exist independently in nature (Consani et al. 2018; Eisen-
hour and Reisch 2006; Mleczek et al. 2018), have unique 
physicochemical properties, and are commonly used in 
agriculture, animal husbandry, aquaculture, medicine, and 
other fields (Chen et al. 2015; Gwenzi et al. 2018; Wang 
et al. 2011). China’s rare earth reserves are massive and 
persist in the environment with low mobility. However, 
REEs can be enriched in food crops and ingested by organ-
isms whereby they bioaccumulate and cause chronic toxic-
ity (Chen and Zhu 2008; d’Aquino et al. 2009). In China, 
large-scale exploitation of rare earth minerals has led to a 
sharp increase in the amount of REEs in the environment 
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ecosystems such as soil and water sources and this greatly 
affects human health (Miao et al. 2011; Olias et al. 2005; 
Wen et al. 2006). Therefore, REEs’ mechanism of toxicity 
requires further investigations.

La is a form of LREE, which is chemically active and 
widely applied in the modern pharmaceutical industry. Epi-
demiology studies have revealed that REEs induce neurotox-
icity in children. This is especially so in children with REEs 
blood content level 2.18 ± 1.08 ng/g (Fan et al. 2004). Other 
studies have confirmed that oral administration of 40 mg/kg 
 LaCl3 in offspring rats for a period of 1–6 months resulted 
in significant accumulation of La in the brain tissue (Feng 
et al. 2006). Another study conducted in our group also con-
firmed that exposure to  LaCl3 during pregnancy to 1 month 
after weaning resulted in the accumulation of La in the hip-
pocampus and cortex of the brain (Hu et al. 2018; Zhang 
et al. 2013, 2017a). La has also been shown to cause damage 
to the offspring rats’ nervous system and this leads to abnor-
malities in the morphology of astrocytes and primary neu-
rons (Sun et al. 2018; Yang et al. 2009; Zhang et al. 2017b). 
Therefore, La has been used as a representative element for 
investigating the neurotoxic effects of REEs even though its 
specific mechanism of toxicity is unclear.

Dendritic spines are the functional micro-protrusions 
on the dendritic branches of neurons widely found in the 
mammalian brain tissue. Based on the shape of the spines, 
they can be subdivided into mushroom, stubby, thin, and 
branched spines (Bian et al. 2015; Zagrebelsky et al. 2005). 
Dendritic spines are the original sites of neuronal excitatory 
synaptic transmission, and their morphology and structure 
are malleable, leading to changes in synaptic structure and 
function (Berry and Nedivi 2017; Nishijima et al. 2018). 
Dendritic spines are associated with learning and memory 
and studies have shown that the number of mushroom den-
dritic spines in hippocampal CA1 pyramidal cells is signifi-
cantly increased after Morris Water Maze training in off-
spring rats (Beltran-Campos et al. 2011; Joensuu et al. 2018; 
Luscher et al. 2000). However, mice models of Alzheimer’s 
disease show a significant loss of dendritic spine density 
in amyloid plaques (Spires et al. 2005; Tsai et al. 2004). 
Abnormal changes in dendritic spines were also observed 
in a mouse model of MECP2 duplication syndrome (a chil-
dren’s neurological disease) (Jiang et al. 2013). Also, many 
neurological diseases and cognitive dysfunction diseases 
such as Fragile X syndrome, Autism spectrum disorders, 
and Vascular dementia have been associated with abnormali-
ties in dendritic spines (Grossman et al. 2006; Penzes et al. 
2011; Redies et al. 2012; Zoghbi and Bear 2012).

Studies have shown that Ras-related C3 botulinum 
toxin substrate 1 (Rac1) plays an important role in regu-
lating actin polymerization and dendritic spine plasticity 
(Haditsch et al. 2009). Chagnon showed that Rho GTPase-
activating protein 32 (p250GAP) was an important GAP 

which negatively regulated Rac1 activation and affects 
Rac1-induced regulation of the growth and plasticity of 
dendritic spines (Chagnon et al. 2010). T-lymphoma inva-
sion and metastasis 1 (Tiam1) plays an important role in 
regulating the plasticity of hippocampal dendritic spines 
and this requires the involvement of partitioning defec-
tive 3 (PARD3). Besides, Rac1 directly activates the 
P21-activated kinase (PAK) to regulate actin polymeriza-
tion and remodeling, which in turn affects the dendritic 
spine plasticity (Wegner et al. 2008). Therefore, this study 
investigated the relationship between learning and mem-
ory impairment and dendritic spine injury in hippocampal 
pyramidal neurons of offspring rats treated with  LaCl3, and 
explored the underlying mechanism from the perspective 
of the Rac1/PAK signaling pathway regulated by Tiam1 
and p250GAP.

Materials and Methods

Animals

Sixty-four Wistar rats, (30 males and 30 females, weight 
230 ± 20  g, license number: SCXK- 2013-0001) were 
obtained from the Experimental Animal Center of China 
Medical University. The rats were housed in a standard 
environment (temperature 23 ± 1 °C, humidity 55 ± 5%, 
with 12-h light/12-h dark daily), and allowed to eat standard 
food and drink water ad libitum. Animals were acclimatized 
for 1 week before use in experiments. Female Wistar rats 
were randomly divided into four groups, including control 
group, 0.125%  LaCl3 group, 0.25%  LaCl3 group, and 0.5% 
 LaCl3 group (calculated by weight equivalent to 0 mg/kg, 
125 mg/kg, 250 mg/kg, 500 mg/kg  LaCl3) (Hu et al. 2018; 
Zhu et al. 1997). Female and male rats were mated in the 
same cage (♀/♂ = 1:1). The day when sperms were detected 
in the vaginal plug and the vaginal discharge was recorded 
as day 0 of pregnancy. The pregnant rats were individually 
housed and exposed to an aqueous distilled solution contain-
ing  LaCl3 (Sinopharm Chemical Reagent Co., Ltd.) contain-
ing one of the following four doses, 0, 0.125%  LaCl3, 0.25% 
 LaCl3, 0.5%  LaCl3, respectively. The birth of the pups was 
defined as postnatal day 0 (PND 0). For offspring rats,  La3+ 
was mainly ingested through the placenta and milk, and the 
poisoning was terminated on PND 20. On PND 0, 8 pups 
were randomly retained in each group. All experiments and 
surgical procedures were approved by the Institutional Ani-
mal Care and Use Committee of China Medical University, 
and complied with the National Institute of Health Guide for 
the Care and Use of Laboratory Animals. All efforts were 
made to minimize the number and suffering of animals used.
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Morris Water Maze

The Morris water maze (MWM) is a common laboratory 
tool for investigating spatial learning and memory abilities 
of laboratory rats in neuroscience. The water maze con-
sists of a circular pool with black circumference and bot-
tom (diameter of 150 cm and height of 60 cm, 30 cm depth 
of water and maintained at 25 ± 1 °C). The pool had four 
quadrants. In the center of the second quadrant, there is a 
platform (15 cm in diameter) hidden about 2 cm below the 
surface of the water. On PND 21, one pup was randomly 
selected from each litter for experimentation. A total of 
32 rats (male or female), with 8 rats in each group, were 
selected. During the experiment, the rats in each dose group 
were assigned into 2 cages, with 4 rats per cage, allowing 
them to freely consume and drink distilled water. During the 
training, the rat’s head was positioned in the water pool at 
the center of each quadrant, and allowed to swim freely for 
60 s to find the underwater platform. If the rats found the 
platform, they were allowed to rest on the platform for 20 s. 
If they failed to find it, we guided the rats to the platform and 
allowed them to rest for 20 s. Each rat was trained four times 
a day (one quadrant per day) for 5 days. After the training, 
the rats rested for 1 week and were utilized for place naviga-
tion test and exploration test.

First, the rats were utilized for place navigation test. The 
experimental conditions were similar to those of the train-
ing period. Escape latency was recorded and analyzed while 
the rat was looking for the underwater platform. At the end 
of the place navigation test, the underwater platform was 
removed and the spatial exploration test was performed. The 
rats were permitted to swim for 60 s after being placed in the 
pool, and their memory capacity was evaluated according to 
the number of times they entered the second quadrant and 
passed through the platform. During the test, the rats were 
tested every day at the same time to avoid the influence of 
the physiological changes at different times on the experi-
mental results. The swimming search strategy for the rats 
was recorded and analyzed using the EthoVision XT 11.5 
system (Noldus, Netherlands).

Golgi‑Cox Staining

Golgi-Cox impregnation is among the most effective 
techniques for studying normal and abnormal morphol-
ogy of neurons and glial cells. In this study, the FD Rapid 
GolgiStain Kit (FD NeuroTechnologies, Inc, USA) was 
used to analyze the changes of dendritic spines in the 
hippocampal CA1 region of pups exposed to  LaCl3. Rats 
were anesthetized and the brain was removed immedi-
ately, but carefully to avoid damaging or squeezing the 
tissue. The brain was sliced with a sharp blade into blocks 

of approximately 10 mm thicknesses (adjusted to ensure 
that the hippocampus formation was complete). The tis-
sue was immersed in pre-prepared liquid mixture, and the 
new liquid was replaced the next day and stored at room 
temperature for 2 weeks in a dark environment. Next, the 
tissue was transferred to solution C provided in the kit, and 
the solution was replaced with a new liquid the next day, 
after which the tissue was immersed in the solution in the 
dark at room temperature for 3 days. The tissue was rap-
idly frozen with isopentane and temporarily stored on dry 
ice. This was followed by cutting the tissue into 100 μm 
slices at − 25 °C using a cryostat, and slices were collected 
with gelatin-coated slides, and dried at room temperature 
in the dark. The tissue slices were stained in accordance 
with instructions of the kit. The slices were washed with 
Milli-Q water, soaked in a liquid mixture, dehydrated with 
gradient alcohol, dewaxed with xylene, sealed with resin, 
and examined after drying.

The slices were observed under a × 1000 optical micro-
scope (Leica DM500, Germany). Neurons were included 
in the analysis only if they were intact, fully impregnated, 
and could not be obscured with stain precipitations. The 
density of dendritic spines was quantified by selecting 10 
well-defined dendritic segments of CA1 pyramidal neu-
rons in each section by random sampling. Four slices were 
taken from each dose group, and each slice was from dif-
ferent litters of pups. Statistical analysis was performed 
using ImageJ software. Dendritic spine density was 
expressed as the number of spines on the dendrites per 
10 μm length. Total spines and spines of various types 
were analyzed separately. Morphology of spines was 
defined as stubby, mushroom, thin, and branched. The 
data processor was blinded to the processing conditions.

Rac1 Pull‑Down Assay

Experiments were performed using Rac1 Activation Mag-
netic Beads Pull-down Assay (Milipore, USA). Tissues 
from the hippocampal CA1 area were carefully isolated 
and frozen rapidly in liquid nitrogen. After the addition of 
ice-cold  Mg2+ Lysis/Wash Buffer (MLB), the hippocam-
pus tissue was lysed and the tissue lysates collected. Active 
GTPase Binding Domain (PBD) is a downstream target of 
activated GTPase-GTP. Pak1 PBD is a fusion of GST cou-
pled to glutathione-magnetic beads pulled down to bind 
GTP-Rac1 in tissue lysate extract. The reaction mixture 
was incubated for 45 min at 4 °C. The beads were gathered 
and washed with MLB. The agarose was re-suspended in 
2 × Laemmli and boiled for 5 min. Western blot was used 
to quantify the expression of GTP-Rac1 in the samples 
using the Rac1 monoclonal antibody.
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RNA Isolation and Real‑Time PCR

After the offspring rats were anesthetized, the hippocam-
pus tissues were isolated and stored in − 80 °C refrigerator. 
Tissue RNA extraction was performed using the GeneJET 
RNA Purification Kit (Thermo Fisher, USA) according 
to the manufacturer’s protocol. RNA concentrations were 
measured using Nanodrop (Thermo Fisher, USA) and the 
concentration was equalized among the groups. cDNA was 
synthesized by reverse transcription using the PrimeScript 
RT kit (Takara, Dalian, China) according to the manufac-
turer’s protocol. Real-time PCR amplification reactions 
were performed by SYBR Premix Ex TaqII (Takara, Dalian, 
China) and LightCycler 480 (Roche, Switzerland). Primer 
sequence design and synthesis were performed by Takara. 
The primer sequences are shown in Table 1 and Gapdh as the 
internal reference. The miRNA132 primer was designed and 
tested using the Bulge-LoopTM miRNA qRT-PCR Primer 
kit and U6 (Ribobio, China) as the internal reference. The 
results were quantified using the  2−δδCt method.

Western Blotting

The hippocampus tissue of the anesthetized offspring rats 
was carefully isolated and stored in a − 80 °C refrigerator. 
Tissue samples from the hippocampal CA1 region were 
prepared into tissue extracts using RIPA, PMSF (Dingguo 
Changsheng, China), and protease inhibitors (Beyotime, 
China). The BCA kit (Dingguo Changsheng, China) was 

used for protein quantification. The protein samples were 
denatured by boiling after quantification and cooling on ice. 
The target protein was separated using 6–10% SDS-PAGE 
gel electrophoresis, 80 V 30 min, 110 V 60 min and transfer 
to the PVDF membrane after the gel was done, and then 
the PVDF membrane was placed in TBST containing 5% 
skim milk powder for 2 h at room temperature. The PVDF 
membrane was then probed overnight at 4 °C according to 
the following antibody concentrations: CaMKII (1:1000, 
Absin, China), Tiam1 (1:500, Santa Cruz, USA), PARD3 
(1:1000, Thermo Fisher, USA), Rac1 (1:1000, Abcam, 
USA), PAK1/2/3 (1:1000, US Science and Technology 
Commission), p-PAK1/2/3 (1:1000, China Bioss), Cort-
actin (1:1000, US Science and Technology Commission), 
Arp2/3 Complex Subunit 1B (1:1000, Novus Corporation, 
USA), and GAPDH (1:3000, Proteintech, USA). The next 
day, the PVDF membrane was washed 4 times with TBST, 
each time 10 min. The PVDF membrane was incubated for 
1.5 h with HRP Goat Anti-Rabbit IgG (H + L) (1:3000, 
ABclonal, China) and horseradish-labeled goat anti-mouse 
IgG (1:3000, Dingguo Changsheng, China) at room tem-
perature. The membrane was washed 4 times for 10 min. 
A hypersensitive ECL chemiluminescence kit (Beyotime, 
China) was used to visualize the strip in a fully automated 
chemiluminescence image analysis system (Tanon 5200, 
China). Protein expression was analyzed using ImageJ with 
GAPDH serving as an internal reference. The integrated 
density value (IDV) was used to indicate the expression level 
of the protein.

Table 1  Primer sequence of the 
target gene

Gens Accession number Primer sequences (5′–3′)

Camk2a NM_012920.1 Forward: -ATG CTG CCA AGA TTA TCA ACA CCA -
Reverse: -GTG CTT CAA CAA GCG GCA GA-

Arhgap32 XM_017595999.1 Forward: -GCA AGC CAT AGG CAG TTA TGT GAG -
Reverse: -CAA CTC TAT TGC TCC CGG GGCTC-

Tiam1 NM_001100558.1 Forward: -GTC CGA AAG TCA CCC AGA ACATC-
Reverse: -GAA CGC CAT CTT CGT CCA CA-

Pard3 NM_031235.1 Forward: -CCG TAC CTA CAG CTT TGA GCA ATC -
Reverse: -CGC TGC ACT TGA ACC TCC AC-

Rac1 NM_134366.1 Forward: -CCT GCT CAT CAG TTA CAC GACCA-
Reverse: -GTC CCA GAG GCC CAG ATT CA-

Pak1 NM_017198.1 Forward: -ACA GGC TGT TCT GGA TGT GTTG-
Reverse: -TGA CAC TGG TGG CAC TGC TG-

Pak2 NM_053306.3 Forward: -CAT GGC TAT CGA AAT GGT GGAAG-
Reverse: -GCT CAG GTG TTC CAT TCG TTG-

Pak3 NM_019210.1 Forward: -CCA TGG ATA TAT AGC AGC ACA TCA G-
Reverse: -TGG TCT TGG TGC AAT GAC AGG 

Cttn NM_021868.2 Forward: -ATC GTC ACA GAT GCC CTC ACA-
Reverse: -CAC AGC ATG GCC TGC AGA A

Arpc2 NM_001106919.1 Forward: -TCC GGG ACT ATC TGC ACT ACCA-
Reverse: -TCC CAA GAG TTA GCG GGA TGA-

Gapdh NM_017008.3 Forward: -GGC ACA GTC AAG GCT GAG AATG-
Reverse: -ATG GTG GTG AAG ACG CCA GTA-
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Immunohistochemistry and Immunofluorescence

Normal saline and 4% paraformaldehyde were perfused 
into the brain of anesthetized offspring rat and the brain 
tissue was then separated and fixed in paraformaldehyde 
for 1 week. Dehydration of the tissue by gradient alcohol 
was done and paraffin slices were made transparent using 
xylene. The tissue wax block was cut into 5-μm-thick slices 
using a slicer. The slices were dried and baked at 58 °C for 
2 h and stored at room temperature for use in subsequent 
experiments.

1. Immunohistochemistry was utilized to detect the 
expression of p250GAP. The experiments were performed 
following the manufacturer’s protocol (MXB, MXB Blo-
technologles, China). Slices were dewaxed using xylene, 
hydrated by gradient alcohol, washed with PBS, and incu-
bated in sequence using peroxidase blocker and normal 
goat non-immune serum for 10 min at room temperature. 
p250GAP antibody (1:300, Absin, China) was added and 
incubated for 1 h at room temperature and overnight at 
4 °C. The following day the slices were warmed at 37 °C 
for 30 min, and the primary antibody was removed. Biotin-
labeled secondary antibody and streptavidin-peroxidase 
solution were added dropwise, and each was stored at room 
temperature for 10  min. DAB (MXB Blotechnologles, 
China) was added for 5 min and counterstained using hema-
toxylin nucleus for 1 min, soaked in 1% hydrochloric acid 
alcohol and for several seconds and differentiated the nuclei 
using water for 10 min. The slices were dehydrated with gra-
dient alcohol and sealed using resin. Images were observed 
using an optical microscope (Leica DM500, Germany).

2. The expression of Tiam1 and PARD3 was observed 
by immunofluorescence staining. The slices were dewaxed 
and hydrated, and after EDTA (Beyotime, China) antigen 
retrieval, 0.3% Triton X-100 was used to permeabilize for 
12 min. The samples were washed 3 times using PBS for 
5 min, and blocking was achieved using 5% BSA at room 
temperature for 60 min. Rabbit anti-PARD3 (1:50, Thermo 
Fisher, USA) and mouse anti-Tiam1 (1:50, Santa Cruz, 
USA) were added dropwise for 1 h at room temperature and 
left overnight at 4 °C. The following day, the slices were 
warmed at 37 °C for 30 min, and then washed with PBS in 
the dark. FITC-labeled goat anti-rabbit (green) and Cyc3-
labeled goat anti-mouse (red) were added in the dark for 1 h. 
After washing and staining with DAPI (Beyotime, China) 
for 5 min, mounting was done, using anti-fluorescence. 
The image was immediately observed under a fluorescence 
microscope (Nikon 80i, Japan).

The co-localization coefficients of red and green fluores-
cence of each image were analyzed using Image-Pro Plus 
image processing software (Media Cybernetics, USA), and 
Pearson’s correlation coefficient was used as the co-locali-
zation the coefficients of each image for statistical analysis.

Statistics Analysis

All experimental data were expressed as mean ± the standard 
deviation (SD), and the error bars on the graphs represented 
the SD. All data were statistically analyzed using SPSS Soft-
ware version 19.0 (SPSS Inc., IBM, USA). One offspring rat 
was randomly selected from each litter for the water maze 
test. For other experiments, at least 3 litters were randomly 
selected in each dose group, and 1 offspring rat was ran-
domly selected from each litter for 3 independent experi-
ments. The n in the results indicates the number of animals 
that were repeated. Escape latency data were analyzed by 
ANOVA for the repeated measures. After Mauchly’s test of 
sphericity was used to judge the data correlation P < 0.05, 
the differences were analyzed by LSD test. Other data were 
analyzed using one-way analysis of variance (one-way 
ANOVA) to find the differences between the groups. When 
the F value was statistically significant, the SNK test was 
used for post hoc testing. P < 0.05 was regarded as statisti-
cally significant.

Results

Effect of  LaCl3 on Spatial Learning and Memory 
Ability in Offspring Rats

The training results of the offspring rats are illustrated in 
Fig. 1a. On the 1st day of training, most of the pups in each 
group swam without a target and only a few could find the 
underwater platform. From the 2nd day of training, some 
pups could find the underwater platform. As the number 
of training days increased, the number of pups finding the 
underwater platform increased and the escape latency gradu-
ally decreased. By the 5th day of the training, all pups could 
find the underwater platform and the escape latency was 
significantly shortened compared to the initial training day. 
The escape latency of each group of pups on the same day 
was also statistically analyzed. However, on the 3rd and 
4th day of training the escape latency of the  LaCl3 exposed 
group looking for an underwater platform was statistically 
significant compared to the control group (PDay3 = 0.893, 
PDay4 = 0.966). By the 5th day of training, there was no 
significant difference in escape latency between the groups 
looking for underwater platforms (P = 0.896).

After 5 days of training, the offspring rats were main-
tained for 1 week and tested for place navigation. The 
results showed that the escape latency of offspring rats 
looking for underwater platforms was high due to an 
increase in  LaCl3 exposure dose. Compared with the 
control group, the escape latency of 0.125%, 0.25%, and 
0.5%  LaCl3 groups was significantly increased (Fig. 1b, 
F(3,28) = 20.404, P = 0.001). The trajectory heat map of 



464 Cellular and Molecular Neurobiology (2020) 40:459–475

1 3

each group looking for the underwater platform latency 
indicated that the control group directly and quickly found 
the underwater platform. With an increase in  LaCl3 dose, 
the trajectory of the  LaCl3 exposed the offspring rats 
looking for the underwater platform was disorganized, 
aimless, and the escape latency increased. Some pups 
of the 0.5%  LaCl3 group could not find the underwater 

platform (Fig. 1e). After place navigation test was com-
pleted, the hidden underwater platform was removed and 
a spatial exploration test was carried out. The results 
showed that the control offspring rats repeatedly tra-
versed at the position of the target platform. Increased 
doses of  LaCl3 decreased the number of passages of each 
group of offspring rats passing through the underwater 

Fig. 1  Effect of  LaCl3 on spatial learning and memory in the MWM 
test. a Results of the first 5 days of training in each group of offspring 
rats. b, e The escape latency of  LaCl3-treated offspring rats and repre-
sentative trajectory heat map for searching platform in the place navi-
gation test. c, f Number of crossing target platform of  LaCl3-treated 
offspring rats and representative trajectory heat map in the spatial 

exploration experiment. d Effect of  LaCl3 on swimming speed of off-
spring rats. The bar graph represented X ± SD (n = 8, number of ani-
mals). Compared with the control group, *P < 0.05; compared with 
the 0.125%  LaCl3-treated group, #P < 0.05; compared with the 0.25% 
 LaCl3-treated group, &P < 0.05
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platform. The 0.5%  LaCl3 group did not make it to the 
underwater platform position. The control group was sta-
tistically different from each of the  LaCl3 groups (Fig. 1c, 
F(3,28) = 16.193, P < 0.001). This indicated that  LaCl3 
exposure impaired spatial learning and memory ability 
of offspring rats. However, analysis of swimming speed 
showed that administration of  LaCl3 did not affect the 
exercise ability of the offspring as compared to offspring 
rats of control group (Fig. 1d, F(3,28) = 1.120, P = 0.3577).

Effect of  LaCl3 on the Dendritic Spines in Pyramidal 
Neurons of Hippocampal CA1 Region in Offspring 
Rats

The dendritic spine density of the pyramidal neurons in the 
hippocampal CA1 region of the offspring rats was meas-
ured by Golgi-Cox staining (Fig. 2a–d). The study results 
showed that the dendritic spine density declined with an 
increase in  LaCl3 dosage (Fig. 2e). The 0.25%, 0.5%  LaCl3 
treatment group was statistically significant compared to 

Fig. 2  Effect of  LaCl3 on the dendritic spines in pyramidal neurons 
of hippocampal CA1 region of offspring rats. a Schematic diagram 
of the structure of the hippocampus stained by Golgi-Cox. b, c The 
dendritic spines in pyramidal neurons of hippocampal CA1 region in 
offspring rats neurons. d Different types of dendritic spines. e Total 
dendritic spine density in pyramidal neurons of hippocampal CA1 

region in offspring rats. f The density of various types of dendritic 
spines in pyramidal neurons of hippocampal CA1 region in offspring 
rats. The bar graph represented X ± SD (n = 4, number of animals). 
Scale bar = 5 μm. Compared with the control group, *P < 0.05; com-
pared with the 0.125%  LaCl3-treated group, #P < 0.05; compared with 
the 0.25%  LaCl3-treated group, &P < 0.05
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the control group [F(3,12) = 10.133, P = 0.0019]. In addition, 
analysis of different types of dendritic spines found that the 
density of mushroom and stubby dendritic spines decreased 
with increasing  LaCl3 treatment, and the 0.25%, 0.5%  LaCl3 
treatment groups were statistically different from the con-
trol group [Fmushroom(3,12) = 16.752, Fstubby(3,12) = 13.108, 
P < 0.001].  LaCl3 treatment had no significant effect on 
the density of thin and branched dendritic spines [Fig. 2f, 
Fthin(3,12) = 1.52, P = 0.24, Fbranched(3,12) = 0.386, P = 0.765].

Effect of  LaCl3 on the Expression of microRNA132 
and p250GAP in the Hippocampus of Offspring Rats

The expression levels of microRNA132 and p250GAP 
in the hippocampus of the offspring rats are presented in 
Fig. 3. The transcript level of miRNA132 in the hippocam-
pus of  LaCl3-treated offspring rats decreased significantly 
compared to the control group (Fig. 3a, F(3,8) = 15.822, 
P = 0.001). The transcription level of p250GAP gene Arh-
gap32 in the hippocampus of  LaCl3-treated offspring rats 
increased significantly compared to the control group 

(Fig.  3b, F(3,8) = 34.434, P < 0.001). The immunohisto-
chemistry results matched the real-time PCR results, and the 
expression level of p250GAP protein in the hippocampus of 
 LaCl3-treated offspring rats increased significantly compared 
to the control group [Fig. 3c, d, F(3,8) = 10.809, P = 0.003].

Effect of  LaCl3 on the Expression of CaMKII, Tiam1, 
and PARD3 in the Hippocampus of Offspring Rats

Figure 4 shows that in comparison with the control group, 
transcriptional levels of Camk2α, Tiam1, and Pard3 mRNA 
decreased with an increase in  LaCl3 exposure [Fig. 4a, d, 
g, FCamk2α(3,8) = 13.545, P = 0.002, FTiam1(3,8) = 14.803, 
P = 0.003, FPard3(3, 8) = 30.041, P < 0.001]. The western blot 
results were consistent with changes in the mRNA levels. 
The expression levels of CaMKII, Tiam1, and PARD3 were 
negatively correlated with the exposure level of  LaCl3 in 
comparison to the control group [Fig. 4(b, c), (e, f), (h, 
i), FCaMKII(3,8) = 25.406, P < 0.001, FTiam1(3,8) = 17.916, 
P < 0.001, FPARD3(3,8) = 31.206, P < 0.001]. The immu-
nofluorescence double staining results showed that the 

Fig. 3  Effect of  LaCl3 on the expression of miRNA132 and p250GAP 
in hippocampus of offspring rats. a Transcript level of micro-
RNA132 in the hippocampus of offspring rats. b Arhgap32 mRNA 
transcription level in the hippocampus of offspring rats. c, d Immu-
nohistochemistry results of p250GAP in hippocampal CA1 region 

of offspring rats. The bar graph represents X ± SD (n = 3, number 
of animals). Scale bar = 20  μm. Compared with the control group, 
*P < 0.05; compared with the 0.125%  LaCl3-treated group, #P < 0.05; 
compared with the 0.25%  LaCl3-treated group, &P < 0.05
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expression of Tiam1 and PARD3 decreased with an increase 
in  LaCl3 dosage [Fig. 5a–c, FTiam1(3,8) = 10.921, P = 0.003, 
FPARD3 (3,8) = 7.411, P = 0.005]. Tiam1 plays a role in regulat-
ing dendritic spine plasticity and requires the participation 
of PARD3. Co-localization analysis showed that the coef-
ficient of Tiam1 and PARD3 was not related to the exposure 
[Fig. 5d, F(3, 8) = 0.386, P = 0.765].

Effect of  LaCl3 on Rac1 Activity in the Hippocampus 
of Offspring Rats

To investigate the mechanism of the effects of  LaCl3 on 
dendritic spine plasticity, the expression of total Rac1 and 
GTP-Rac1 was determined (Fig. 6). The results showed that 
the transcription of Rac1 mRNA decreased with an increase 
in  LaCl3 dosage [Fig. 6a, F(3, 8) = 48.558, P < 0.001)], and 
the total Rac1 expression decreased gradually (Fig. 6c, 
F = 49.36, P < 0.001). The expression of GTP-Rac1 by 
Pull-down assay showed that an increase in  LaCl3 exposure 

down-regulated the expression of GTP-Rac1 [Fig.  6d, 
F(3,8) = 113.296, P < 0.001].

Effect of  LaCl3 on the Expression of PAK, Cortactin, 
and Arp2/3 Complex in the Hippocampus 
of Offspring Rats

Figure 7 shows the results. The transcriptional expression 
of PAK-major subtypes Pak1, Pak2, and Pak3 mRNA was 
detected since it possesses multiple subtypes [Fig. 7a–c, 
o, FPak1(3,8) = 30.488, P < 0.001, FPak2(3,8) = 29.982, 
P < 0.001, FPak3(3,8) = 19.286. P < 0.001]. PAK protein 
expression level was not associated with  LaCl3 treatment, 
while p-PAK expression decreased with increased  LaCl3 
exposure [Fig.  7d–f, Fp-PAK(3,8) = 28.952, P < 0.001]. 
The transcription levels of Cttn and Arpc2 mRNA were 
detected by real-time PCR. The transcription of Cttn and 
Arpc2 mRNA decreased with an increase of  LaCl3 expo-
sure compared to the control [Fig. 7g, j, FCttn(3,8) = 31.402, 

Fig. 4  Effect of  LaCl3 on the expression of CaMKII, Tiam1, and 
PARD3 in hippocampus of offspring rats. a Camk2α mRNA tran-
scription in the hippocampus of offspring rats. b CaMKII western 
blot results. c CaMKII protein expression levels. d Tiam1 mRNA 
transcription in the hippocampus of offspring rats. e Tiam1 western 
blot results. f Tiam1 protein expression levels. g Pard3 mRNA tran-

scription in the hippocampus of offspring rats. h PARD3 western blot 
results. i PARD3 protein expression levels. The bar graph represents 
X ± SD (n = 3, number of animals). Compared with the control group, 
*P < 0.05; compared with the 0.125%  LaCl3-treated group, #P < 0.05; 
compared with the 0.25%  LaCl3-treated group, &P < 0.05
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P < 0.001, FArpc2(3, 8) = 86.734, P < 0.001]. Examination 
of the expression levels of Cortactin and the main sub-
type of Arp2/3 complex subunit 1B of Arp2/3 complex 
showed that the expression levels of the two proteins were 
reduced with an increase in  LaCl3 dosage [Fig. 7(h, i), (k, 
l), FCortactin(3,8) = 69.86, P < 0.001, FArp2/3complexsubunit1B(3,8) 
= 21.094, P < 0.001].

Discussion

Exposure to and REEs intake exert adverse effects on 
human health. Previous studies have shown that REEs 
ingestion can cause accumulation in various organ tissues 
and exhibit an uneven distribution (Allison et al. 2015; 

Fig. 5  Effect of  LaCl3 on co-localization of Tiam1, and PARD3 in 
hippocampus of offspring rats. a Tiam1, PARD3 immunofluores-
cence double-stained picture. b PARD3 immunofluorescence expres-
sion level. c Tiam1 immunofluorescence expression level. d Fluo-

rescence co-localization analysis of Tiam1 PARD3. The bar graph 
represents X ± SD (n = 3, number of animals). Scale bar = 20  μm. 
Compared with the control group, *P < 0.05; compared with the 
0.125%  LaCl3-treated group, #P < 0.05
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Rainbow 2007). Other studies have shown that exposure 
of pregnant rats to  LaCl3 by gavage feeding from the onset 
of pregnancy to 6 months after weaning of the offspring 
increased La content in the blood, hippocampus, and cor-
tex of the offspring in a dose-dependent manner (He et al. 
2008). This suggests that La accumulates in the hippocam-
pus and causes its toxic effect.

The MWM test is a classic approach used to identify 
spatial learning and memory ability in rats (D’Hooge and 
De Deyn 2001). In this study, maternal rats were fed with 
an aqueous solution containing  LaCl3 during pregnancy 
and lactation. MWM in the offspring rats was carried out 
after weaning to verify that the animal model had been built 
successfully. The results showed that when looking for the 
underwater platform on the 3rd and 4th days of training, the 
offspring rats with La treatment showed weaker learning 
ability than those in the control group. In subsequent place 
navigation tests and spatial exploration tests, the learning 

and memory ability of  LaCl3-treated groups gradually 
decreased with increasing  LaCl3 dosage. These results con-
firmed that maternal exposure to  LaCl3 during pregnancy 
and lactation impaired spatial learning and memory ability 
of offspring rats.

It is well known that the hippocampus is an important 
brain area responsible for performing learning and memory 
functions in the CNS. Dendritic spines are the original sites 
of excitatory synaptic transmission in the central nervous 
system, which are closely related to information acquisition 
and storage. Dendritic spines are abundant in hippocampal 
neurons, and their morphology, number, and distribution dis-
play significant plasticity and determine the synaptic struc-
ture and function (Greenhill et al. 2015; Ota et al. 2013; 
Sala and Segal 2014). Studies have shown that changes in 
dendritic spine density and structure are crucial for post-
synaptic plasticity and contribute to the morphological basis 
of learning and memory function (Dumitriu et al. 2010; 

Fig. 6  Effect of  LaCl3 on the expression of Rac1 and GTP-Rac1 in 
hippocampus of offspring rats. a Transcript level of Rac1 mRNA 
in hippocampus of rats. b–d Total Rac1 and GTP-Rac1 expression 
levels in the hippocampus of the pups. The bar graph represents 

X ± SD (n = 3, number of animals). Compared with the control group, 
*P < 0.05; compared with the 0.125%  LaCl3-treated group, #P < 0.05; 
compared with the 0.25%  LaCl3-treated group, &P < 0.05
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Fig. 7  Effect of  LaCl3 on the expression of PAK, Cortactin, and 
Arp2/3 complex in hippocampus of offspring rats. a–c Pak1, Pak2, 
and Pak3 mRNA transcription level in the hippocampus of offspring 
rats. d PAK, p-PAK protein western bolt results. e PAK protein 
expression level. f p-PAK protein expression level. g Cttn mRNA 
transcription level in hippocampus of offspring rats. h Western blot 
results of Cortactin protein. i Cortactin protein expression levels. j 

Arpc2 mRNA transcription level in hippocampus of offspring rats. k 
Western blot results of Arp2/3 complex subunit 1B protein. l Arp2/3 
complex subunit 1B protein expression level. The bar graph repre-
sents X ± SD (n = 3, number of animals). Compared with the control 
group, *P < 0.05; compared with the 0.125%  LaCl3-treated group, 
#P < 0.05; compared with the 0.25%  LaCl3-treated group, &P < 0.05
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Zhao et al. 2018). Previous studies have indicated that the 
number of dendritic spines in mice increases rapidly after 
birth, reaching the apex at puberty after which it gradually 
decreases (Bian et al. 2015; Grossman et al. 2006). So far, 
there is no published study on the effect of La on the plastic-
ity of rat dendritic spines. This study, therefore, explored off-
spring rats which had just been weaned. Golgi-Cox staining 
was performed on brain tissue after weaning and changes in 
dendritic spine density in the CA1 region of the hippocam-
pus were recorded. The results showed that the total density 
of dendritic spines progressively decreased with the increase 
in the  LaCl3 dose. The density of mushroom and stubby den-
dritic spines was significantly reduced in the  LaCl3-treated 
group; however, the density of thin and branched dendritic 
spines did not show any change. Mushroom and stubby 
dendritic spines are mature types of dendritic spines that 
are closely related to learning and memory. Therefore, it is 
evident from this study results that La impairs learning and 
memory by decreasing the total density of dendritic spines 
hence affecting the density of mature dendritic spines.

The actin cytoskeleton participates in the formation and 
plasticity of dendritic spines (Penzes and Rafalovich 2012). 
The actin cytoskeleton regulates the efficiency of synaptic 
transmission by affecting post-synaptic densities and post-
synaptic receptor anchoring. Studies have also confirmed 
that the dynamic remodeling of the actin cytoskeleton is 
closely linked to the structural changes of dendritic spines 
(Yasuda 2017). The Rho GTPase family plays an impor-
tant role in many biomolecular switches regulating the actin 
cytoskeleton (Hedrick et al. 2016; Mi et al. 2017). As a core 
member of Rho GTPases, Rac1 plays a central role in regu-
lating actin cytoskeleton remodeling and affecting dendritic 
spine plasticity. This occurs in a dynamic process of cycling 
between activated GTP-bound state and non-activated GDP-
bound state (Pyronneau et al. 2017). The principal pathway 
by which Rac1 regulates actin polymerization involves the 
phosphorylation/activation of PAK. Rac1 acts to stabilize 
dendritic spines by promoting the activation of its down-
stream effector PAK (Chen et al. 2010; Zhang et al. 2005). 
Activated PAK causes the changes in the expression of Cort-
actin and Arp2/3 complex hence promoting actin polymeri-
zation and remodeling which affects the plasticity of den-
dritic spines (Wegner et al. 2008). Arp2/3 complex acts as 
an actin nucleating agent involved in the cytoskeleton of 
the dendritic pseudopodia (Spence and Kanak 2016). When 
the complex is activated, new actin filaments are produced 
on the existing actin filaments and this promotes the for-
mation of actin side branches. In mature dendritic spines, 
the Arp2/3 complex is remodeled in the actin cytoskeleton 
which is essential for the plasticity and structural stability of 
dendritic spines (Kim et al. 2013, 2015). As the regulator of 
dendritic spine development, Cortactin is highly expressed 
in the dendritic spines of hippocampal neurons and it affects 

the actin cytoskeleton. It also alters the dendritic spine struc-
ture by binding to F-actin and Arp2/3 complex (Uruno et al. 
2001; Weed et al. 2000). In this study, the expression of both 
Rac1 and GTP-Rac1 showed a declining tendency with an 
increased dose of  LaCl3 treatment. Besides, the expression 
of p-PAK, Cortactin, and Arp2/3 complex were down-regu-
lated by La. These results indicated that  LaCl3 inhibited the 
Rac1/PAK signaling pathway, thereby causing a decrease 
in the expression of the downstream Cortactin and Arp2/3 
complex.

Activity-dependent actin cytoskeleton remodeling in 
dendritic spines is regulated by CaM kinases in different 
subtypes of developing and mature neurons. CaMKII is a 
regulator of glutamatergic synapses which regulates actin 
cytoskeleton remodeling in dendritic spines by stabilizing 
actin (Okamoto et al. 2009). Studies have shown that CaM-
KII causes an increase in the guanine nucleotide exchange 
factor (GEF) activity of Tiam1 during the formation of den-
dritic spines thereby activating Rac1 and regulating actin 
cytoskeleton remodeling (Penzes et  al. 2008; Xie et  al. 
2007). As a Rac1-specific GEF, Tiam1 represents one of the 
key regulators of dendritic spine development. Studies have 
shown that Tiam1 is situated in the PSD of dendritic spines, 
and is important for maintaining dendritic growth, dendritic 
spine, and synaptic plasticity (Burrell and Li 2008; Tolias 
et al. 2007). Tiam1 prevents Rac1 activation by interacting 
with PARD3 in dendritic spines (Tolias et al. 2007). PARD3 
recruits Tiam1 to specific sites and this results in space-
limited Rac1 activation and local cytoskeleton remodeling 
(Duman et al. 2013; Mertens et al. 2006). In this study, the 
results showed that  LaCl3 treatment led to a reduction in 
the expression of CaMKII, Tiam1, and PARD3. This was 
an indication that down-regulation of the Rac1/PAK signal-
ing pathway induced by La was associated with the reduced 
expression of CaMKII, Tiam1, and PARD3.

Rho GTPase activation protein p250GAP negatively 
regulates dendritic spine plasticity (Nakazawa et al. 2008). 
In mature neurons, p250GAP interacts with various synapse-
specific proteins such as the NMDA receptor, PSD-95, and 
Fyn, and participates in the regulation of dendritic spine 
structure-dependent NMDA receptor activity. p250GAP is 
a target protein for miRNA132 required in dendritic spine 
formation in the hippocampal neurons (Impey et al. 2010). 
Previous studies have shown that miRNA132 increases 
the dendritic spine activity by inhibiting the expression of 
the Rac1 inhibitor p250GAP, which was at least partially 
owing to increased dendritic spines. Besides, neuronal activ-
ity regulated the dendritic spine production by increasing 
miRNA132 transcription and activation of the Rac1/PAK 
signaling pathway (Wayman et al. 2008). Consistent with 
previous reports, this study found that the expression of 
p250GAP was negatively correlated with miRNA132 levels 
in the hippocampus of offspring rats treated with  LaCl3, i.e., 



472 Cellular and Molecular Neurobiology (2020) 40:459–475

1 3

the expression of miRNA132 was significantly decreased 
and that of p250GAP was markedly increased. These results 
indicate that  LaCl3-induced down-regulation of Rac1/PAK 
signaling pathway might involve the abnormal expression of 
miRNA132 and p250GAP.

The results from existing neurobiology studies indi-
cate that the implementation of learning and memory 

functions involves complex regulatory mechanisms bring-
ing together multiple signaling pathways, protein compo-
nents, and organizational structures. Abnormalities in any 
of these links can lead to impaired learning and memory. 
That is, the so-called “pull one hair and you move the 
whole body.” In order to better understand the cognitive 
dysfunction caused by La, existing data from the research 

Fig. 8  According to our study, the main signaling pathway involved 
in  La3+ entry into hippocampal neurons. See the text for more details. 
Elements highlighted in red are indicated to be up-regulated/acti-
vated/increased, while elements highlighted in blue are indicated to 
be down-regulated/inhibited/decreased following in vivo exposure to 
 La3+.  [La3+]e, extracellular  La3+ concentration;  [La3+]i, intracellular 
 La3+ concentration;  [Ca2+]i, intracellular  Ca2+ concentration;  [Glu]e, 
extracellular glutamate concentration; NMDARs, N-methyl-d-aspar-
tate receptor;  Ca2+-CaM,  Ca2+/calmodulin complex; CaMKII,  Ca2+/
calmodulin-dependent protein Kinase II; Rac1, Ras-associated C3 
botulinum substrate; p-PAK, phosphorylated p21-activated kinase; 
ROS, reactive oxygen species; p-Akt, phosphorylated protein kinase 

B; p-mTOR, phosphorylated mammalian target of rapamycin; p-JNK, 
phosphorylated c-Jun N-terminal kinase; BDNF, brain-derived neu-
rotrophic factor; p-CREB, phosphorylated cAMP response element 
binding protein; PKA, protein kinase A; NF-κB, nuclear factor kappa 
B; p-MEK, mitogen-activated protein kinase kinase; p-Erk, phospho-
rylated extracellular regulated protein kinase; p-MSK, phosphoryl-
ated mitogen and stress-activated protein kinase; CBP, CREB bind-
ing protein; Nrf2, nuclear factor erythroid 2-related factor; NQO1, 
NADP(H): dehydrogenase quinone 1; HO1, heme oxygenase 1; 
γGCS, γ-glutamylcysteine synthetase; GST, glutathione s-transferase; 
LTP, long-term potentiation
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group were used to draw a simplified schematic diagram 
showing the main signal pathway (Fig. 8). Based on this 
pathway, high intake of  La3+ leads to Glu accumulation in 
the synaptic cleft causing NMDA receptor over-activation. 
This results in the loss of control of the  Ca2+ channel cou-
pled with the NMDA receptor and leading to a large influx 
of  Ca2+, resulting in  [Ca2+]i overload (Hu et al. 2018). 
 [Ca2+]i overload causes mitochondrial dysfunction and 
oxidative stress and leads to LTP maintenance disorders 
(Hu et al. 2018; Wu et al. 2013; Yang et al. 2013). Upregu-
lation of intracellular ROS levels activates ROS-mediated 
Akt/mTOR and JNK/c-Jun signaling pathways leading to 
enhanced autophagy and learning and memory dysfunction 
(Gao et al. 2019; Li et al. 2018; Wang et al. 2019; Zhao 
et al. 2015). In addition, ROS can also affect the Nrf2 sign-
aling pathway, leading to down-regulation of downstream 
target genes such as NQO1, HO1, γGCS, and GST, which 
causes neuronal damage (Zhang et al. 2017a, b; Zhao et al. 
2015). La also down-regulated NF-κB causing down-reg-
ulation of PKA/CREB/BDNF signaling pathway and in 
turn reduced c-Jun expression levels (Zheng et al. 2013). 
La down-regulated CBP expression through the MEK/Erk 
signaling pathway resulting in decreased neuronal Nissl 
levels and synaptic plasticity disruption, and this affects 
learning and memory function (He et al. 2008; Liu et al. 
2014; Yang et al. 2013).  [La3+]I accumulated in cells com-
petitively by binding to the CaM domain in the  Ca2+–CaM 
complex, thus causing a decrease in  Ca2+–CaM complex 
(Yang et al. 2013), and decreased CaMKII expression. 
Down-regulation of the Rac1/PAK signaling pathway 
causes a decrease in dendritic spine density, which in turn 
leads to synaptic plasticity disruption and learning and 
memory dysfunction. Therefore, based on the results of 
this study and previous reports, we believe that the harm-
ful effects of La in combination with a number of factors 
impact on the learning and memory.

Conclusion

Based on the above study findings, La causes abnormal 
expression of Tiam1 and p250GAP which results in down-
regulation of the Rac1/PAK signaling pathway and the 
actin cytoskeleton-related regulatory factors. The above 
results also indicate that La neurotoxicity affects the learn-
ing and memory function and the dendritic spine plasticity 
as well as density in the hippocampal CA1 neurons of 
offspring rats.
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