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Introduction: Calcium (Ca) is the phenomenon intracellular molecule 
that regulate many cellular process in neurons physiologically. Calcium 
dysregulation may occur in neurons due to excessive synaptic release of 
glutamate or other reasons related with neurodegeneration. Astaxanthin 
is a carotenoid that has antioxidant effect in cell. The purpose of this 
study was to investigate whether astaxanthin affects NMDA subunits, 
calcium binding proteins and L Type voltage sensitive Ca-channels 
(LVSCC) in primary cortical neuron cultures in order to see its role in 
calcium metabolism.

Methods: Primary cortical neurons were prepared from embryonic 
day 16-Sprague Dawley rat embryos. The cultures were treated with 10 
nM and 20 nM astaxanthin on day 7. NMDA subunits, LVSCC-A1C and 

LVSCC-A1D, calbindinD28k and parvalbumin mRNA expression levels 
was determined by qRT-PCR at 4, 24 and 48 hours.

Results: Our findings indicate that astaxanthin could have direct 
or indirect outcome on calcium homeostasis by regulating mRNA 
expression levels of NMDA subunits, LVSCC-A1C and LVSCC-A1D, 
calbindinD28k and parvalbumin by a dose and time dependent manner.

Conclusion: Neuroprotective effects of astaxanthin as a Ca homeostasis 
regulator should be noted throughout neurodegenerative disorders, and 
neurosurgery applications.

Key words: astaxanthin; calcium; NMDA subunits; calcium binding 
proteins; L-type Ca channels A1C and A1D.
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Aggregation and deposition of misfolded proteins in the brain, calcium 
dysregulation, energy misbalance and oxidative stress are most common 
features in neurodegenerative diseases such as Alzheimer’s and Parkinson 
Disease (1).

Calcium is an important intracellular messenger, triggers many cellular 
signaling pathways in neurons associated with differentiation and 
growth, exocytosis, synaptic transmission and synaptic plasticity during 
learning and memory (2). While intracellular calcium concentration of 
neurons is about 50–100 nM at the resting state, it can rise transiently 
during electrical activity 10–100 times higher. In physiological conditions 
cytosolic calcium level is controlled by the balance between calcium 
influx and efflux by ion channels, ATP-dependent ion pumps, buffers 
such as calbindin-D28 k, parvalbumin (3, 4). However, dysregulation of 
Ca2+ in neurons provided abasis for the Ca2+ hypothesis of brain aging 
and dementia (5), by its effects on many downstream pathways involving 
the ones in AD pathogenesis such as synapse loss, amyloid beta (Aβ) 
production, abnormal tau phosphorylation, mitochondrial dysfunction, 
oxidative stress, and inflammation (4).

L-type voltage-sensitive calcium channels (LVSCC) plays important roles 
in neuro-excitability and neurotransmission, thus in neural plasticity, 
learning, and memory. Two subtypes of L-type calcium channels, L-type 
voltage-sensitive calcium channels A1C (LVSCC-A1C) and A1D (LVSCC-
A1D) genes expressed by excitable cells in the brain. In neuronal cells, 
LVSCC-A1C and LVSCC-A1D are often found in the similar overall neuronal 
compartments, predominantly in dendrites (6). Besides, increased LVSCC 
activity leads to up-regulation of Ca2+ related biomarkers in the aging 
hippocampus (5).

Glutamate is the major excitatory neurotransmitter in mammalian central 
nervous system (CNS). Abnormal release of glutamate results in over 
activation of its receptor (N-methyl-D-aspartate-NMDA-, or α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid-AMPA-) that can cause 
the dysregulation of Ca2+ homeostasis as a consequence of glutamate 
neurotoxicity (2), although glutamate excitotoxicity suggested as a 
complex event (7). N-Methyl-D-aspartate receptors (NMDA) receptors 
are tetrameric structures (8), consist of Grin1, Grin2 (A-D) and Grin3 (A-
B) subunits (9), and mediates postsynaptic Ca2+ influx in dendritic spines 
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(3). Ca2+ permeability of channel is controlled by an asparagine residue 
(N598) in the Grin1 subunit. Also, the Grin1 subunit is critical for the 
gathering of a functional NMDA receptor. It has been reported that Grin2 
(A-D) subunits have temporal expression pattern during prenatal stage 
(2). On the other hand, physiological roles of Grin3 has been a matter of 
focus in recent studies. Grin3A has multiple role in synaptic development 
in early postnatal stages, participate in neuron-glia interaction and 
regulation of myelin formation (8).

Astaxanthin (ATX) is member of xanthophylls family. ATX is an antioxidant, 
that has ability to reduce oxygen free radicals and prevent oxidative stress 
(10). Many advantages of ATX has been suggested when compared to 
other antioxidants, including a particular one that it could bind with cell 
membrane from inside and outside (11).

In the present study, we aim to clarify that whether ATX has a 
neuroprotective effect by means of regulating calcium homeostasis via 
L type channels and calcium binding proteins and NMDA subunits in 
primary cortical neurons.

MATERIALS AND METHODS
Preparation of primary cortical neuron cultures
Primary cortical neurons were prepared from the cerebral cortex of 
embryonic day 16 (E16) Sprague-Dawley rat embryos, according to 
our previous studies. The glia ratio of the cultures was determined by 
immunofluorescent labelling with neuronal (Millipore MAB2300) and 
glial (Invitrogen AB5804) markers as previously described (5, 12–14). 
Cultures were defined as neuron rich cultures based on their 20% glia 
content.

The study was approved by the Animal Welfare and Ethics Committee 
of Istanbul University. The procedures involving experimentation on 
animal subjects were performed in accordance with both the guidelines 
of Istanbul University and with the National Research Council’s guidelines 
for the care and use of laboratory animals.

Astaxanthin preparation and treatment
Astaxanthin was reconstituted in DMSO at calculated concentrations of 
10nM and 20nM and was administrated to primary cortical neurons for 4 
h, 24 h and 48 h after 7 days in vitro.

Quantitative real time polymerase chain reaction (qRT-PCR)
RNA isolation from cultured neurons was performed with PureLink RNA 
Mini Kit (Thermo Fischer 12183018A). Fixed amount of RNA was set to 60 
ng/µl for each sample during cDNA synthesis reaction with High Capacity 
RNA-to-cDNA Kit (Thermo Fischer 4387406). mRNA levels of NMDARs, 
LVSCC-A1C, LVSCC-A1D, calbindinD28 k and parvalbumin expressions 
in the cortical neurons were analyzed by quantitative real-time PCR with 
Universal Probe Library (UPL) probes and Lightcycler 480 Probe Master 
Mix kit (Roche 04707494001) with LIGHTCYCLER 480.

Primers and probes were as follows: 
CalbindinD28k, NM_031984.1, UPL Probe #128 (Roche 04693647001); 
Parvalbumin, NM_022499.1, UPL Probe #49 (Roche 04688104001); 
Grin1 NM_001270602.1 UPL Probe #69 (Roche 04688686001); Grin2a 
NM_012573.3 UPL Probe #66 (Roche 04688651001); Grin2b NM_012574.1 
UPL Probe # 29 (Roche 04687612001); Grin2c NM_012575.3 UPL 
Probe #106 (Roche 04692250001); Grin2d NM_022797.1 UPL Probe 
#4 (Roche 04685016001); Grin3a NM_001198583.1 UPL Probe #105 
(Roche 04692241001) CACNA1C, NM_012517.2, UPL Probe #73 (Roche 
04688961001); CACNA1D, NM_017298.1, UPL Probe #82 (Roche 
04689054001).

GAPDH (GAPDH Gene Assay, Roche 05046203001), Actin beta (ACTB 
Gene Assay, Roche 05046203001) and HPRT (HPRT NM_012583.2 UPL 
Probe #95, Roche 04692128001) were used as endogenous reference 
genes for normalization in qRT-PCR, the data were also confirmed 
by multiplex assays including ACTB Gene Assay, and target gene 
simultaneously. Each PCR amplification was performed in triplicate, using 
the profile previously described. Five serial dilutions of control samples 
were used to calculate the PCR efficiency. Reaction mixture excluding 
cDNA template was utilized as a negative control (15).

Statistical analysis
Cycle threshold (Ct) values obtained from qRT-PCR were calculated as 
previously described for determining the relative expression levels of 
target genes.

Raw data for each group for each kind of experiments was analyzed 
using one-way ANOVA followed by Tukey-Kramer multiple comparisons 
test when data normally distributed or Kruskal-Wallis test followed by 
Dunn’s multiple comparisons test when data not normally distributed 
in GraphPad InStat DTCG 3.06. p<0.05 was considered to be statistically 
significant. All data shown is presented as means ± SD in the text and 
figure legends. The cell culture experiments were repeated at least four 
times (15).

RESULTS
To evaluate the effects of ATX on NMDA subunits, LVSCC-A1C, LVSCC-
A1D, calbindinD28k and parvalbumin mRNA expression levels, 
primary cortical neurons were incubated with ATX at 10nM and 20nM 
concentration for different time stops such as 4 hours, 24 hours and 48 
hours. Following that to determine the relative expression levels of target 
genes by measuring mRNA levels, quantitative real time polymerase 
chain reaction qRT-PCR was used.

Astaxanthin caused different mRNA expression patterns for 
each NMDA subunits
After 4 hours of treatment, Grin1, Grin2a, Grin2b mRNA levels were 
significantly increased at both 10nM (p<0.05) and 20nM (p<0.001) ATX 
concentration but Grin2 c mRNA levels were increased only at 20nM ATX 
treatment (p<0.05). On the other hand, Grin2 d and Grin3a mRNA levels 
did not change after 4 hours of treatment. At 24 hours of ATX treatment, 
while Grin1, Grin2b and Grin2 d mRNA levels were significantly decreased 
in the groups that received 20nM concentration (p<0.001), there was no 
alteration in Grin2a mRNA levels. Grin3a mRNA levels were significantly 
decreased at both 10 nM and 20 nM ATX concentrations (p<0.01). Only 
Grin3a mRNA expression levels were significantly decreased in both 10 
nM and 20 nM ATX concentrations at 48 hours of treatment (p<0.01; 
p<0.001 respectively) (Figure 1).

L-type voltage-sensitive Ca channels
LVSCC-A1D mRNA expression levels were increased at 4 hours of 
treatment at 20nM astaxanthin concentration (p<0.001), but there were 
no differences at 24 hours and 48 hours of treatment. While LVSCC-A1C 
mRNA expression levels were decreased by 20 nM ATX treatment at 4 
hours (p<0.05), it was significantly increased by 10 nM (p<0.001) and 20 
nM (p<0.01) at 48 hours of treatment. There were no differences between 
any groups at 24 hours of treatments (Figure 2).

CalbindinD28 k and Parvalbumin
As shown in Figure 3A and B, calbindinD28k mRNA expression levels 
did not change in any concentration at either 4 hours or 24 hours of 
ATX treatment. Yet, calbindinD28k mRNA level was increased after 48 
hours by 10 nM ATX treatment (p<0.05) (Figure. 3C). While parvalbumin 
mRNA expression levels were decreased by 20 nM ATX treatment after 4 
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Figure 1. mRNA levels of NMDA subunits in astaxanthin treated primary cortical neurons at 4h, 24h and 48 h of treatments.  A) Grin1 mRNA levels increased in 10 nM and 20 nM 
astaxanthin treated primary cortical neurons after 4 hours of treatment compared to the control group (p<0.05; p<0.05, respectively). B) Grin1 mRNA levels significantly decreased in 
20 nM astaxanthin treated primary cortical neurons after 24 hours of treatment compared to the control and 10 nM astaxanthin treated groups (p<0.001). C) Grin1 mRNA levels did 
not change in both 10 nM astaxanthin and 20 nM astaxanthin treated primary cortical neurons after 48 hours of treatment compared to control and vehicle groups (p>0.05).  D) Grin2a 
mRNA levels increased in 10 nM and 20 nM astaxanthin treated primary cortical neurons after 4 hours of treatment compared to the control group (p<0.05, p<0.001, respectively). 
E) Grin2a mRNA levels didn’t change in both 10 nM astaxanthin and 20 nM astaxanthin treated primary cortical neurons after 24 hours of treatment compared to control group 
(p>0.05). F) Grin2a mRNA levels didn’t change in both 10 nM astaxanthin and 20 nM astaxanthin treated primary cortical neurons after 48 hours of treatment compared to control and 
vehicle groups (p>0.05). G) Grin2b mRNA levels increased in both 10 nM and 20 nM astaxanthin treated primary cortical neurons after 4 hours of treatment compared to the control 
group (p<0.05; p<0.001, respectively). H) Grin2b mRNA levels decreased in 20 nM astaxanthin treated primary cortical neurons after 24 hours of treatment compared to the control 
and 10 nM astaxanthin treated groups (p<0.001). I) Grin2b mRNA levels didn’t change in both 10 nM astaxanthin and 20 nM astaxanthin treated primary cortical neurons after 48 
hours of treatment compared to control and vehicle groups (p>0.05).  J) Grin2c mRNA levels increased in 20 nM astaxanthin treated primary cortical neurons after 4 hours of treatment 
compared to the control group (p<0.05). K) Grin2c mRNA levels decreased in 10 nM astaxanthin treated primary cortical neurons after 24 hours of treatment compared to the control 
and 20 nM astaxanthin treated groups (p<0.01). L) Grin2c mRNA levels didn’t change in both 10 nM astaxanthin and 20 nM astaxanthin treated primary cortical neurons after 48 
hours of treatment compared to control and vehicle groups (p>0.05). M) Grin2d mRNA levels didn’t change in both 10 nM astaxanthin and 20 nM astaxanthin treated primary cortical 
neurons after 4 hours of treatment compared to control group (p>0.05). N) Grin2d mRNA levels decreased in 20 nM astaxanthin treated primary cortical neurons after 24 hours of 
treatment compared to the control and 10 nM astaxanthin treated groups (p<0.001). O) Grin2d mRNA levels didn’t change in both 10 nM astaxanthin and 20 nM astaxanthin treated 
primary cortical neurons after 48 hours of treatment compared to control and vehicle groups (p>0.05). P) Grin3a mRNA levels didn’t change in both 10 nM astaxanthin and 20 nM 
astaxanthin treated primary cortical neurons after 4 hours of treatment compared to control group (p>0.05). Q) Grin3a mRNA levels decreased in both 10 nM and 20 nM astaxanthin 
treated primary cortical neurons after 24 hours of treatment compared to the control group p<0.01; (p<0.01). R) Grin3a mRNA levels decreased in both 10 nM and 20 nM astaxanthin 
treated primary cortical neurons after 48 hours of treatment compared to the control and vehicle groups (p<0.01; p<0.001, respectively).
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hours (p<0.05) (Figure 3D), there was no significant difference between 
any groups at 24 hours of treatment (Figure 3E). Parvalbumin mRNA 
expression levels increased after 48 hours by 10 nM ATX treatment 
(p<0.05) (Figure 3F).

DISCUSSION
Recent studies indicated neuroprotective effect of astaxanthin 
in neurodegenerative diseases such as Parkinson, Alzheimer and 
Amyotrophic lateral sclerosis (10, 16). The effects of astaxanthin 
include reducing the level of matrix metalloproteinase-9, which plays 
a role in secondary brain damage, mitochondrial inhibition associated 
with apoptosis, lipid peroxidation and oxidative injury by crossing the 
blood brain barrier (17, 18). We know for a long time that many neural 
pathology and aging metabolism of the brain are associated with 
underlying mechanisms Ca+2 homeostasis (2, 4).

In addition to physiological aging of neural tissue, regardless of ischemia, 
bleeding, neural damage is also caused by factors such as direct effect 
of pathology, primary damage caused by chain reaction of subsequent 
metabolic events and secondary damages caused by the direct effect of 
pathology. In many neural cases, secondary damage has a more severe 
and destructive effects than primary damage. Protection from primary 
damage may be prevented, with certain extent by preventive medicine 
practices. However, a lot of studies are carried out on neuroprotective 
agents to minimize the effects of secondary damages or to prevent them.

In the aging brain, several physiological events such as protein folding, 
unfolded protein response, calcium regulation, antioxidant systems, 
regulation of energy metabolism get worst and finally collapse and 
result in neuronal loss. One of these enormous events is that calcium 
dysregulation (5). Glutamate dependent neurotoxicity via over-activated 
NMDA receptors as well, is a key pathogenic event that is a part of 
neurodegeneration (19).

In the present study, we investigated the role of astaxanthin on calcium 
homeostasis throughout calcium channels, calcium binding proteins and 
NMDA receptor subunits. Given that, we determined the effect of ATX 
treatment on mRNA levels of L-type calcium channels A1C and A1D, 
calbindinD28k, parvalbumin, and Grin (1-3) subunits in primary cortical 
neurons.

Glutamate release at synaptic region cause calcium influx by NMDA 
and L-type voltage-gated calcium channels (20). Glutamate is the most 
common excitatory neurotransmitter in the central nervous system. 
Each NMDA subunits which are glutamate receptors, shows different 
structural and functional features that might involve with its expression 
and localization patterns. Although all NDMA subunits share similar 
properties, Grin3a has distinctive feature with reduced Mg2+ sensitivity 
and Ca2+ permeability (21). According to our results Grin3a expression 
significantly reduced at 24 and 48 hours of ATX treatment. Thus, the 
effect of ATX on Grin3a expressions might have more significant impact 
than other subunits due its relevance on calcium pathway. On the other 
hand, as if nearly all subunits expression were increased at 4 hours of 
astaxanthin treatment, we analyzed reduced and then no affected 
expression pattern at 24 hours and 48 hours of astaxanthin treatment, 
respectively.

LVSCC-A1C and LVSCC-A1D channels are expressed in the soma and 
dendrites, are predominantly post-synaptic neuron. Downstream of the 
depolarization induced by Ca2+ through both types of LVSCCs, activates 
calcium-dependent non-specific cationic channels (CAN) that maintains 
the neuron in a depolarized state. On the other hand, calcium influx 
through LVSCCs also activates calcium-dependent potassium channels 
(K

Ca
). Ca2+ entry through LVSCC-A1C regulates calcium-dependent 

signaling pathways and also activates transcription factors such as CREB 
(22). Other studies reported that LVSCC-A1C have double functions 
which are ion pore and transcription factor. C terminal of LVSCC-A1C 
reported to transfer to the nucleus and affects the transcription of many 

Figure 2. mRNA levels of voltage sensitive calcium channels in astaxanthin treated primary cortical neurons at 4h, 24h and 48 h of treatments.  A) LVSCCA1D mRNA levels significantly 
increased in 20 nM astaxanthin treated primary cortical neurons after 4 hours of treatment compared to the control and 10 nM astaxanthin treated groups (p<0.001). B) LVSCCA1D 
mRNA levels didn’t change in both 10 nM astaxanthin and 20 nM astaxanthin treated primary cortical neurons after 24 hours of treatment compared to control group (p>0.05). 
C) LVSCCA1D mRNA levels didn’t change in both 10 nM astaxanthin and 20 nM astaxanthin treated primary cortical neurons after 48 hours of treatment compared to control and 
vehicle groups (p>0.05). D) LVSCCA1C mRNA levels significantly decreased in 20 nM astaxanthin treated primary cortical neurons after 4 hours of treatment compared to the control 
and 10 nM astaxanthin treated groups (p<0.001). E) LVSCCA1C mRNA levels didn’t change in both 10 nM astaxanthin and 20 nM astaxanthin treated primary cortical neurons after 24 
hours of treatment compared to control group (p>0.05). F) LVSCCA1C mRNA levels increased in both 10 nM and 20 nM astaxanthin treated primary cortical neurons after 48 hours of 
treatment compared to the control and vehicle groups (p<0.001, p<0.01, respectively)
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neuronal genes, including NMDA-receptor subunits (23). According to 
our result LVSCC-A1C mRNA expression levels first decreased at 4 hours 
of treatment but then significantly increased at 48 hours of ATX treatment 
and this results might be also relevant with the change in NMDA subunits 
expression levels at 48 hours of treatment which might be regulated by 
LVSCC-A1C transcriptionally.

Parvalbumin has been related with fast-firing and permit individual 
neurons to maintain a fast firing rate by reducing the Ca2+-dependent 
potassium outflow. This ion outflow is play a significant role in the 
after-hyperpolarization period (24). Our result we showed that mRNA 
expression level of NMDA subunits significant increased at 4 hours of 
treatment. In that case, astaxanthin might prevent neurons having a 
short after-hyperpolarization period by reducing parvalbumin mRNA 
expression levels at 4 hours.

A recent study showed that, astaxanthin has protective effects against 
H

2
O

2
-induced or serum deprivation-induced cell deaths in cultured retinal 

ganglion cells and also found that astaxanthin showed neuroprotective 
effects in NMDA-triggered retinal damage in vivo (10).

Consequently, our study indicated that the potential neuroprotective 
effects of astaxanthin may include the maintenance of calcium 
homeostasis since the molecule has regulatory effects on the mRNA 
expression levels of certain NMDA subunits, voltage sensitive calcium 
channels and calcium binding proteins.
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