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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is an adult disorder of neurodegeneration that manifests as the destruction
of upper and lower motor neurons. Beta-N-methylamino-L-alanine (L-BMAA), an amino acid not present in
proteins, was found to cause intraneuronal protein misfolding and to induce ALS/Parkinsonism dementia
complex (PDC), which presents symptoms analogous to those of Alzheimer’s-like dementia and Parkinsonism.
L-serine suppresses the erroneous incorporation of L-BMAA into proteins in the human nervous system. In this
study, angiopoietin-1, an endothelial growth factor crucial for vascular development and angiogenesis, and the
integrin avB3 binding peptide C16, which inhibits inflammatory cell infiltration, were utilized to improve the
local microenvironment within the central nervous system of an ALS/PDC rodent model by minimizing
inflammation. Our results revealed that L-serine application yielded better effects than C16+ angiopoietin-1
treatment alone for alleviating apoptotic and autophagic changes and improving cognition and electro-
physiological dysfunction, but not for improving the inflammatory micro-environment in the central nerve
system, while further advances in attenuating the functional disability and pathological impairment induced by
L-BMAA could be achieved by co-treatment with C16 and angiopoietin-1 in addition to L-serine. Therefore, C16+
angiopoietin-1 could be beneficial as a supplement to promote the effects of L-serine treatment.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is an adult disease
that manifests as gradual paralysis of muscles resulting
from motor neuron degeneration. Only 5-10% of ALS
cases are familial, whereas 90% of ALS cases are
sporadic ALS [1]. Beta-N-methylamino-L-alanine (L-
BMAA), an amino acid not derived from proteins, has
been detected in the central nervous system of patients
with ALS/Parkinsonism dementia complex (ALS/PDC),

indicating that L-BMAA can traverse the blood—brain
barrier in patients suffering from the disorder and
implicating this amino acid in the development
of neurodegenerative diseases [2-5]. Moreover, pre-
vious studies showed that L-BMAA can be selectively
toxic to motor neurons, with a dose of 30 uM eliciting
considerable cell death [3].

Inflammation is increasingly being recognized as a
pathophysiological mechanism in neurodegenerative
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diseases. A common feature of neurodegenerative
diseases including ALS/PDC is the presence of
inflammation brought about by activated glial cells,
primarily astrocytes and microglia, and T cells
[6]. Patients with ALS have evidence of chronic inflam-
mation demonstrated by infiltration of inflammatory
macrophages [7] . Inflammatory cells from the blood
invade the spinal cord and mediate production of a net
neurotoxic non-neuronal milieu encompassing the
motor neurons, ultimately causing the death of more
motor neurons. Moreover, inflammatory macrophages
may phagocytize apoptotic as well as non-apoptotic
motor neurons, reactive microglial cells and astrocytes
actively, also leading to the destruction of motoneurons

[8].

Given that cells of the immune system, which have
traversed the blood-brain barrier (BBB), may exert
adverse effects on the endogenous micromilieu of the
central nervous system (CNS), reducing their crossing
of the BBB is important for maintaining a physio-
logically stable equilibrium of the endogenous micro-
milieu in the CNS and for alleviating the pathological
destruction of motor neurons. Angiopoietin-1 (Ang-1) is
a member of the vascular endothelial growth factor
family that binds to the receptor tyrosine kinase Tie2 to
stabilize the endothelium and reduce endothelial per-
meability to permit normal cardiovascular development
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[9]. Another peptide, C16 (KAFDITY VRLKF),exhibits
selective binding to integrin avp3 that is expressed on
endothelial cells and competitively interferes with the
binding between leukocytes and endothelial cells that is
necessary for transmigration, thereby attenuating
inflammation [10]. Previous research has demonstrated
that treatment with C16 peptide in conjunction with
Ang-1 further suppresses leukocyte/lymphocyte in-
filtration and microglia/macrophage activation [11,12].
Therefore, the present investigation aimed to assess the
efficacy of Cl6 and Ang-1 in ameliorating inflam-
mation within the local microenvironment in an
ALS/PDC rodent model and to further test whether this
treatment pairing could promote the therapeutic effect
of L-serine, which has been reported to reduce the risk
of neurodegeneration triggered by the environmental
toxin L-BMAA [13].

RESULTS

L-BMAA elicited functional impairment and
electrophysiological alterations, whereas C16+Ang-
1, L-serine and the combined treatment reversed
electrophysiological dysfunction and mitigated
functional impairment

Following L-BMAA injections, the model rats exhibited
functional impairments relative to the normal controls.
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Figure 1. Motor functional evaluation revealed neurological impairments as early as 2 weeks after L-BMAA injection, and the
C16+Ang-1 and L-serine treatments alleviated the severity of disabilities, with the combined treatment further improving
motor function. (A) Time on the rod in the rotarod test. (B) Angle at which the rats fell in the inclined plane test. (C) Average
grip strength of forepaws. & p<0.05 vs. the control group, *p<0.05 vs. the C16+Ang-1 group, and #p<0.05 vs. the L-ser group.
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In the rotarod test (Fig. 1A), the model rats were unable
to stay on the device as long as the normal control rats
from 1-2 weeks post-injection (pi) (p<0.05). In
addition, the tilt angles at which the model rats could
remain standing was significantly smaller than that for
the control rats (p<0.05, Fig. 1B). The mean grip
strength of the forepaws of model rats was less than that
of the control rats (p<0.05, Fig. 1C).

Importantly, the vehicle-treated model rats had
considerably more severe functional impairments than
model rats treated with Cl16+Ang-1 and L-serine,
individually or in combination, with those receiving
both treatments showing the greatest effect at each time
point (Fig. 1A-C). The data indicated that L-BMAA
treatment led to a marked reduction of muscle force
both in forepaws and hind paws, which worsened with
time, but could be reversed by C16+Angl and L-serine
treatments, with the combined treatment yielding the
best effects in improving motor function.

The electrophysiological findings revealed pathological
alterations in nerve conduction. In the vehicle-treated

model group, at each time point, the MEP amplitude (an
index of the number of surviving fibers) was decreased,
and the MEP latency (an index of the speed of
conduction) was lengthened, in comparison with the
normal controls. However, treatment with C16+Ang-1
increased the amplitude and reduced the latency, while
L-serine treatment and the combined treatment pro-
duced even more pronounced effects (Table 1). In
addition, in the vehicle-treated model group, the mean
amplitude of MUPs was elevated, the mean duration
increased, and the proportion of polyphasic potentials
heightened, signifying loss of muscular innervations,
and treatment with Cl16+Ang-1, L-serine, or both
significantly reversed these phenomena (Table 2).

In the object—place recognition task, the vehicle-treated
model rats spent almost the same time scrutinizing
novel and familiar juveniles during the test, concordant
with failure of spatial cognition discrimination. This
conspicuous spatial configuration disability appeared as
early as 1 week after L-BMAA treatment, which pre-
ceded the emergence of the observed motor functional
impairments. However, the task also showed that treat-

Table 1. L-BMAA administration prolonged motor-evoked potential (MEP) latency and

lowered MEP amplitude.

Time point Group Latency (ms) Wave amplitude (nV)
2 weeks Normal 2.140.5%* 3.6+0.21%**
Vehicle 6.6+0.31 0.2+0.16
C+A 5.35+0.28* 1.2+£0.25%*
L-ser 4.26+0.3%* 2.26+0.11%*
Combined 4.9+0.55%* 3.7+£0.21%*
4 weeks Vehicle 7.1£0.65 0.2+0.18
C+A 4.6+£0.42%* 3.0+0.78**
L-ser 4.22+0.10%* 2.2+40.42%*
Combined 4.19+0.68** 4.6+0.43%*
8 weeks Vehicle 7.3£0.5 0.2+0.08
C+A 2.340.12%* 2.0+£0.28*
L-ser 4.2+0.9%* 3.67+0.32%*
Combined 4.3540.18** 4.7540.55%*

C+A, C16+Ang-1; L-ser, L-serine; combined, C16+Ang-1 and L-serine. Data are expressed as meanSD,
n=5. *p<0.05 and **p<0.01 vs. the vehicle group (one-way ANOVA).
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ment with Cl16+Ang-1 could reverse this memory
disorder, while the L-serine treatment and the combined

treatment produced even more remarkable -effects
(Table 3).

Table 2. L-BMAA administration increased the amplitude, duration, and rate of polyphasic action potential
of motor unit potentials.

Wave amplitude Polyphasic action

Time point Group (V) Duration (ms) potential (%)

2 weeks Normal 412+10.22%* 10.12:4.35%* TEL12%**
Vehicle 1012+31.58 20.6+2.69 30+£12%
C+A 766+20.14%* 17.6+3.68* 2342.58%**
L-ser 606+40.88** 13.9+4.15%%* 194£2.26%**
Combined 523+28.64%* 9.142.28%* 17+2.32%**

4 weeks Vehicle 1000£30.88 23.6+3.2 50:+7.98%
C+A 756:+25.64%% 16.6+3.25%* 29+6.88%**
L-ser 535425 8%* 14.7+1.16%* 14.4+1.96%0**
Combined 47149 4% 0.742 34%* 10+3.54%**

8 weeks Vehicle 986+9.4 22.6+4.5 50+£7.5%
C+A 560+28.9%* 17.9+1.15%* 2TE3.35%%
L-ser 492:30.46%* 12.742.85%* 20:2.16%**
Combined 470+15.85%* 10.9+2 88** 5+0.28%**

C+A, C16+Ang-1; L-ser, L-serine; combined, C16+Ang-1 and L-serine. Data are expressed as meantSD, n=5. *p<0.05 and
**p<0.01 vs. the control group (one-way ANOVA).

Table 3. The discrimination scores (%) of different groups showing that L-BMAA treatment impaired the
object discovery ability at an early stage following injection, while treatment with C16+Ang-1 alleviated
the memory disorder and the L-serine and combined treatments produced more remarkable effects.

Normal Vehicle C+A L-ser Combined
0 day 68+4.3 63+4.34 66+3.12 67+3.21 68+2.9
1 week 704211 %% 4343.27 54+5.21% 56+4.13* 54+2.19%
2 weeks 6844 22%*& 40+3.45 5942 14%% 574+6.43% 564+3.29%
3 weeks 6943.22%%& 42+2 48 6347.2%%* 6243.58%* 59+2.46%*
4 weeks 67+5.87%*& 40+1.9 5244.65%% 56+5.6%% 68+4.22%%*
5 weeks 68+7.23%%& 41£3.56 55+3.79%% 5842 .98%% 63+2.35%%
6 weeks 69+5.85%* 39+3.77 55+4.22%% 57+4.32%% 6643.7%*
7 weeks 70+3.49%*& 42+4.98 5445 4%& 5543.45*& 64+£4.39%*
8 weeks 70+4.26%*% 40+2.77 53+4.97%% 54+6.31%% 65+2.8%*

C+A, C16+Ang-1; L-ser, L-serine; combined, C16+Ang-1 and L-serine. Data are expressed as meantSD, n=10. *p<0.05 vs
vehicle group, &p<0.05 Vs group receiving combined treatment.
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Figure 2. (A) CD68, a marker of activated microglia and extravasated macrophages, reached a maximal level at 4 weeks and then
decreased considerably by 8 weeks after L-BMAA injection. Treatment with C16+Ang-1, L-serine, or both combined all obviously
alleviated inflammatory cell infiltration, with the C16+Ang-1 and combined treatments producing better effects than treatment with L-
serine alone. (B) Moreover, the serum IL-6 level increased after L-BMAA injection, and the changes in IL-6 and CD68 expression were
similar. Administration of C16+Ang-1 and the combined treatment of C16+Ang-1 with L-serine also produced more remarkable inhibitory
effects on IL-6 expression compared with L-serine treatment only. (a) p<0.05 vs normal rats; (b) p<0.05 vs vehicle-treated rats; (c) p<0.05
vs. C16+Ang-1-treated rats; (d) p< 0.05 vs. L-serine—treated rats.
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Figure 3. Immunostaining of 3-NT in lumbar spinal cord sections. The clear increase in 3-NT staining in spinal cord sections
from the vehicle-treated rats from 2—-8 weeks post-L-BMAA injection was clearly reduced by C16+Angl and L-serine treatment,
and the combined treatment produced the most significant effects as revealed by cell quantification (P). (Q) ROS production.
The amount of ROS produced in the vehicle-treated model group was significantly greater than the levels in the other groups.
C16+Ang-1 and L-serine treatments, individually, reduced the ROS level, and the combined treatment led to the lowest ROS
level among all the treated groups. (a) p<0.05 vs normal rats; (b) p<0.05 vs vehicle-treated rats; (c) p<0.05 vs. C16+Angl—
treated rats; (d) p<0.05 vs. L-serine—treated rats. Scale bar = 100 um.
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C16+Ang-1 with L-serine treatment attenuated the
microglia activation, decreased the serum IL-6 level,
reduced 3-NT and ROS/nitrogen species production
induced by L-BMAA injection to a greater extent
than L-serine treatment alone

CD68, a marker of activated microglia and extravasated
macrophages, was increased by L-BMAA initially,
reaching a maximal level at 4 weeks but declining
appreciably by 8 weeks after injection (Fig. 2G, L).
C16+Ang-1 treatment and the combined treatment
markedly alleviated the infiltration of inflammatory
cells, and the combined treatment produced
better results than those observed with L-serine treat-
ment alone (Fig. 2P). Moreover, the serum level of IL-
6, which can induce a transcriptional inflammatory
response, followed a trend similar to CD68 expression
after L-BMAA injection, and treatment with C16+Ang-
1 and L-serine plus C16+Ang-1 remarkably decreased
IL-6 expression compared with L-serine treatment alone

(Fig. 2Q).

Immunostaining for 3-NT, a special marker of nitrogen
species production, in sections of lumbar spinal cords
showed clearly enhanced labeling in the vehicle-treated
rats from 2-8 weeks after L-BMAA injection, which
was markedly attenuated by C16+Angl treatment and
L-serine treatment (Fig. 3). The combined treatment
yielded the most significant effects as revealed by cell
quantification (Fig. 3P). The production of ROS in the
different groups is shown in Fig. 3Q. The amount of
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ROS produced in vehicle-treated model group was
significantly higher than that in the other groups.
Notably, while the ROS level was diminished in the
C16+Ang-1 and L-serine treated groups, the group that
received combined treatment exhibited the lowest ROS
levels starting from the early stage (2 weeks after L-
BMAA injection) to the late stage (8 weeks after L-
BMAA injection; Fig. 3Q).

L-BMAA augmented GSK3p and reactive gliosis,
enhanced intracellular movement of cytosolic TDP-
43 protein, and decreased GLT-1 expression, and
these effects were effectively reversed by C16+Ang-1
and further reversed by L-serine treatment and the
combined treatment

In the vehicle-treated model group, L-BMAA injection
led to augmented expression of GSK3p in the spinal
cord, hippocampus and motor cortex (Fig. 4). Staining
for GFAP, a marker of astrocytes, showed the increased
proliferative activity of these cells and formation of a
visible glial scar. However, astrocytic glutamate
transporter (GLT-1), another marker of astrocyte
pathology, was obviously decreased in the vehicle-
treated group, implying a reduction in the astrocytic
glutamate transport capacity (Fig. 5). The up-regulation
of GSK3pB, reactive gliosis and down-regulation of
GLT-1 were all significantly reversed by C16+Ang-1
treatment, and further still by L-serine treatment. The
combined treatment group showed the best effects
(Figs. 4-5).
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Figure 4. Increased expression of GSK3p in the spinal cord (A), hippocampus (B) and motor cortex (C) was observed in vehicle-treated
model rats. The number of GSK3B-positive neurons was remarkably decreased by C16+Angl treatment and reduced to an even greater
degree after L-serine treatment. The combined treatment group showed the lowest GSK3p cellular expression according to the results of
cell quantification. (a) p<0.05 vs normal rats; (b) p<0.05 vs vehicle-treated rats; (c) p<0.05 vs. C16+Angl-treated rats; (d) p<0.05 vs. L-

serine—treated rats.
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Figure 5. (A-E) Vehicle-treated model rats exhibited pronounced reactive gliosis as revealed by TRITC-conjugated GFAP
immunofluorescence staining. SP: spinal cord. (A) Normal astrocytes in the spinal cord. (B) Glial scarring following L-BMAA injection in
the vehicle-treated model group. (C-E) C16+Ang-1treatment alleviated reactive astrogliosis. (Q) L-serine treatment resulted in fewer
abnormally proliferating astrocytes, and the combined treatment produced more pronounced effects according to cell quantification.
(F, K, P) In normal control rats, intense GLT-1 labeling appeared in astrocytes around neurons of the DG region of the hippocampus and
ventral horn motor neurons (arrow in P), in contrast to the pronounced decrease in GLT-1 labeling around ventral horn motor neurons
in the vehicle-treated model rats. Treatment with C16+Ang-1, L-serine, and especially combined treatment with both results
significantly increased expression of GLT-1. Scale bar = 100 um. (a) p<0.05 vs normal rats; (b) p<0.05 vs vehicle-treated rats; (c) p<0.05

vs.C16+Ang-1-treated rats; (d) p<0.05 vs. L-serine—treated rats.

TDP-43 expression is usually confined to the nucleus,
as displayed in Figure 6 in the motor neurons in the
normal control (Fig. 6, arrow in O). In the vehicle-
treated group, reduced nuclear expression of TDP-43
was accompanied by the emergence of some cytosolic
staining in some deteriorating motor neurons 2—4 weeks
after L-BMAA injection (Fig. 6B, G). Decreased TDP-
43 expression in the nuclei of injured motor neurons

was noted 8 weeks after L-BMAA administration, and
the nuclei displayed a bulge and vacuolated morphology
(indicated by arrows in Fig. 6P). However, in the
C16+Ang-1 or L-serine—treated rats, TDP-43 labeling in
large motor neurons mainly accumulated in the nucleus
unlike in the control group, and this effect was even
more obvious in the combined treatment group
(indicated by arrow in Fig. 6S).
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L-BMAA injection increased APP and hyper-
phosphorylated tau expression, and C16+Ang-1 and
L-serine treatments inhibited these phenomena, with
the combined treatment producing the best effects

Increased labeling of APP, the main mediator of
proamyloidogenic pathway activation, was detected in
the hippocampus of the vehicle-treated model rats (Fig.
7), and immunostaining for hyper-phosphorylated tau
(abnormal phosphorylation of tau) was increased in
neurons of the hippocampus compared with that in the
normal control rats (Fig. 8B). Both phenomena were
obviously attenuated by C16+Ang-1 and L-serine
treatment, and the group that received combined treat-
ment showed the most significant effects as revealed by
cell quantification (Figs. 7 and Fig. 8K).

L-BMAA induced neurofilament disintegration and
axonal destruction, which were reversed by
C16+Ang-1 and L-serine and to an even greater
extent by the combined treatment

Loss of dendrites in neurons as well as neurofilament
proteins pivotal in maintaining large neurons with
extensively myelinated processes was revealed by
double-staining for NF-200 and MBP in the spinal cord
Normal Vehicle

2w

4w

anterior horn, hippocampus and motor cortex of
vehicle-treated model rats (Fig.9G,L,Q,V). Visibly
swollen motor neurons, atrophy and significant loss of
NF-200 staining also were observed (Fig. 9 L, Q, V).
However, C16+Ang-1 and L-serine treatments attenu-
ated the axonal destruction in the CNS after L-BMAA
administration, and the combined treatment produced
more pronounced effects as shown by quantification of
NF-200+ cells (Fig. 9).

At 8 weeks post-injection, intracellular movement of
cytosolic TDP-43 protein and high expression of hyper-
phosphorylated tau were detected in the striatum.
Furthermore, neurofilament disintegration and axonal
destruction also appeared in the striatum as shown by
NF-200 immunostaining. All of these signs suggested
chronic damage of the basal ganglia (Fig.10).

L-BMAA induced mitochondrial deterioration,
autophagy, and neuronal apoptosis, and these
phenomena were reversed by C16+Angl treatment,
further alleviated by L-serine treatment, and most
significantly attenuated by the combined treatment

In most neurodegenerative conditions, extensive
neuronal destruction and autophagy occur. Immunohis-

L-ser Combined treatment

Figure 6. L-BMAA injections stimulated the emergence of cytosolic TDP-43 immunoreactive aggregates in spinal cord motor
neurons. Scale bar = 100 um. In the motor neurons of normal control rats, TDP-43 expression was primarily confined to the
nucleus (indicated by the arrow in O). However, approximately 6 weeks after L-BMAA injection, a decline in the distinct
nuclear expression of TDP-43 was accompanied by the emergence of cytosolic staining in a proportion of degenerating motor
neurons. By 8 weeks after L-BMAA injection, a pronounced decline in TDP-43 expression in the nuclei of damaged motor
neurons was observed (indicated by the arrow in P), and the nuclei showed a bulging and vacuolated morphology. With
C16+Ang-1 or L-serine treatment, the TDP-43 labeling in large motor neurons was mainly localized in the nuclei compared
with that in the control group, and this phenomenon was more visible in the combined treated group (shown by the arrow in S).
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tochemical staining was employed to detect the
presence of the autophagy marker LC3B. L-BMAA
injection decreased LC3B expression, and LC3B
fluorescent labeling was observed in the cytoplasm of
both spinal cord anterior horn neurons and hippocampal
neurons (Fig. 11).

EM examination revealed alterations including
mitochondrial vacuolization and distended mito-
chondrial cristae after L-BMAA injection (arrows in
Fig. 12D), and the myelin sheath of nerve fibers
exhibited cleaving, vacuolization, and loose and fused
changes (Fig. 12L, T). At the late phase (8 weeks),
some of the mitochondria had undergone complete
deterioration with total loss of cristae (arrows in Fig.
12T). Neurons exhibited features of apoptosis with a
contracted nucleus and compressed, disintegrated and
marginated nuclear chromatin (Fig. 12C, K, S). L-
BMAA activated the pro-apoptotic enzyme caspase-3 as
evidenced by immunofluorescence staining (Fig. 8L).
Nissl staining revealed progressive neuronal destruction
in the spinal anterior horn and hippocampi of the model
rats (Fig. 13). The C16+Ang-1 and L-serine treatments
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attenuated the elevated expression of LC3, reduced the
number of caspase-3—positive neurons, and maintained
essentially normal morphological features of the nuclei
and mitochondria. Moreover, the combined treatment
yielded improved results compared with the single
treatments (Figs. 8,11,12,13).

DISCUSSION

Environmental causes of ALS/PDC are responsible for
the onset of sporadic cases. L-BMAA, an amino acid
not derived from proteins, was first implicated with the
heightened occurrence of ALS/PDC on the small island
of Guam and was considered as a potential
environmental factor in neurodegenerative diseases
including ALS and Alzheimer’s disease [14]. L-BMAA
exerts toxic actions toward motor neurons, including a
direct agonist action toward NMDA and AMPA
receptors, generation of oxidative stress, and down-
regulation of glutathione [15]. It is very likely that L-
BMAA can induce an abnormal folding of proteins in
neurons, which is the hallmark of neurodegeneration
[16]. Although the connection between L-BMAA and

C+A Combined treatme

[ Normal control
Hl Vehicle
a EE C+A
ab B L-ser
Hibe M Combined Treatment

Figure 7. Immunostaining for APP in sections of the hippocampus. The clear increase in APP staining in the vehicle-treated model
rats from 2—8 weeks after L-BMAA injection was obviously reduced by C16+Ang-1 and L-serine treatment individually, and the
combined treatment with both led to the most significant effect as revealed by cell quantification. (a) P<0.05 vs normal rats; (b)
p<0.05 vs vehicle-treated rats; (c) p<0.05 vs. C16+Ang-1-treated rats;(d) p<0.05 vs. L-serine—treated rats. Scale bar = 100 pm.
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sporadic ALS requires corroboration using a primate protein misfolding and aggregation, this erroneous

model of L-BMAA-induced progressive neuro- incorporation may be reversed by treatment with L-
degeneration, the recently established rodent animal serine [16].
models have been extensively applied in investigations
aimed at elucidating the mechanisms of ALS/PDC [17- Previous studies showed that L-BMAA can induce
19]. peptide changes in newborn mice and cognitive
deficiencies in adult mice [25]. Rats treated with L-
Translation is a process by which amino acids are BMAA demonstrated pathological changes in the motor
incorporated into proteins with great precision [16]. neurons [26]. Electron microscopic examination of the
Although errors rarely occur in translation, when errors spinal cords of these rats uncovered a variety of
do occur they could bring about the mischarging of modifications consistent with the incorporation of a
tRNA by an inappropriate amino acid, leading to the nonprotein amino acid into proteins, including increased
formation of misfolded or truncated proteins, eventually caspase-3 expression, apoptosis, distended cristae and
resulting in cellular damage and neurodegeneration [16, disorganization of mitochondria [16] . All of the patho-
20] . The action of L-BMAA at various levels in cells physiological changes demonstrated in previously
may increase the risk of neurodegenerative diseases reported investigations were in line with the results of
through effects such as gliotoxicity and neurotoxicity the present investigation. The up-regulation of 3-NT,
and synergistic adverse effects in conjunction with other APP, PHF-tau, GFAP, GSK3, and LC3 along with the
cyanotoxins [21]. Even at low doses, L-BMAA treat- down- regulation of GLT-1 and NF-200 following L-
ment resulted in neurobehavioral disturbances during BMAA injection were also revealed in our invest-
both the postnatal period and adulthood in rodent tigation. These changes indicate the successful estab-
models [22-24]. Because L-BMAA is incorporated into lishment of an ALS/PDC model using consecutive
proteins in lieu of L-serine by mistake to bring about intravenous L-BMAA injections.
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Figure 8. (A-E) Microscopic pathology in L-BMAA—injected vehicle-treated group. Immunostaining showed that hyperphosphorylated
(PHF) tau expression was increased in the neurons of the hippocampus and spinal cord anterior horn compared with that in the normal
control rats. (B) Enlarged image was inserted to show the positive stained neurons in the vehicle-treated group. (F-J) Caspase-3
expression was increased in the hippocampus after L-BMAA administration as revealed by immunofluorescence staining. (K) C16+Ang-1
and L-serine treatments inhibited the elevated expression of PHF-tau, and the combined treatment showed the most obvious effects. (L)
Treatment with C16+Ang-1, L-serine, and especially both obviously reduced the number of caspase-3—positive neurons labeled with red
fluorescence. Scale bar = 100 um (a) p<0.05 vs normal rats; (b) p<0.05 vs vehicle-treated rats; (c) p<0.05 vs. C16+Ang-1-treated rats; (d)
p<0.05 vs. L-serine—treated rats.
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Figure 9. After the rats had received injections of 300 mg/kg BMAA each day for 3 days, morphological changes were observed in the motor
neurons of the lumbar ventral horn (A-O), hippocampus (P-T), and brain motor cortex (U-Y) at 2w, 4w and 8w post-injection. NF-200 (red, a
specific marker for neurofilament in neurons) and MBP (green, a specific marker for myelin) double immunolabeling, which recognizes
neurofilament proteins pivotal for maintaining large neurons with extensively myelinated processes, allowed visualization of changes in
somatic and dendritic morphology and revealed structural injury. Scale bar = 100 um. In the vehicle-treated model group, extensive
disintegration of dendritic processes and a lack of NF-200 staining both in somatic and dendrites of neurons as well as atrophy of lumbar
ventral 