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α2,3- and α2,6-linked sialic acids are important for cell binding and replication 
of Newcastle disease virus in chicken primary neuronal cells
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Summary. – Velogenic Newcastle disease virus (NDV) causes encephalitis and severe neurological disorders 
in avian species. Sialic acid (SA) has been considered as a receptor for NDV infection and determining tissue 
tropism. The neurotropic mechanism of NDV in birds is completely unknown. Here we have investigated the 
role of viral receptor SA in neurotropism of NDV in chickens. We determined that α2,3- and α2,6-linked SA 
receptors were implicated in NDV encephalitis and viral binding to primary neuronal cells using immuno-
histofluorescence and virus-cell binding assay. Both SA receptors were found to co-localize with velogenic 
strain F48E9 in neuropathological lesions of chicken brains after infection through intraocular-nasal routes. 
The replication of velogenic F48E9 in primary neuronal cells was more efficient than that of lentogenic strain 
LaSota. The virus-neuronal cell binding capabilities of both the velogenic and the lentogenic strains have no dif-
ference. Furthermore, the cell-binding capability and the replication of both strains were significantly decreased 
by pretreatment with sialidases in neuronal cells. These results demonstrated that α2,3- and α2,6-linked SA 
receptors were important for the initiation of NDV infection in the chicken nervous system. This study should 
provide preliminary evidence for a better understanding of the neurotropism of NDV in chickens.
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Introduction

Newcastle disease is a highly contagious avian disease 
that causes huge economic losses in the poultry industry 
(Alexander, 1997). Its causative agent is Newcastle disease 
virus (NDV), an enveloped, non-segmented, single-stranded, 
negative sense RNA virus that belongs to the genus Avulavi-
rus within the family Paramyxoviridae (Lamb et al., 2007). 
Based on its different pathogenesis and virulence in chickens, 
NDV has been divided into three pathotypes: lentogenic (low 

virulence), mesogenic (medium virulence) and velogenic 
(high virulence) (Alexander, 2000). The lentogenic virus 
causes minimal infections or subclinical to mild respiratory 
infections in younger animals (Alexander and Senne, 2008). 
The mesogenic virus in general is associated with a low mor-
tality rate and causes mild respiratory or occasional nervous 
system symptoms. The velogenic viruses can lead to high 
morbidity and mortality and has been further divided into 
velogenic viscerotropic Newcastle disease (VVND) and velo-
genic neurotropic Newcastle disease (VNND) based on their 
behaviour in adult chickens after cloacal inoculation. The 
VVND strain causes hemorrhagic intestinal lesions and high 
mortality. VNND causes mainly nervous system symptoms 
and less severe or no visceral lesions in chickens and lower 
mortality, when compared with VVND (Brown et al., 1999; 
Cattoli et al., 2011). Importantly, virulent strains, including 
VNND and sometimes VVND, can cause encephalitis and 
neurological impairments (Ecco et al., 2011). The clinical 
symptoms caused by the VNND virus lead to significant 
neurological disorders, such as twisted neck, head and neck 
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tremors, circling, paralysis of legs or wings, opisthotonus, 
paralysis/paresis and other symptoms; the mortality rate in 
chickens can reach 90% or higher (Moura et al., 2016).

Sialic acid (SA), a monosaccharide with a nine-carbon 
backbone, namely N-acetylneuraminic acid (Neu5Ac), is 
frequently found at the terminal ends of gangliosides (gly-
cosphingolipids) and bound to galactose (Gal) in N- and 
O-glycoproteins of animal tissues. SA serves as a receptor 
of NDV (Ferreira et al., 2004). The specific linkage of SA 
residues to glycoconjugates is believed to be one of the major 
determinants of viral tropism for paramyxoviruses (Villar 
and Barroso, 2006), orthomyxoviruses (Viswanathan et al., 
2010), polyomaviruses (Dugan et al., 2008; Neu et al., 2009), 
rotaviruses (Delorme et al., 2001), coronaviruses (Schultze 
et al.,1992) and adenoviruses (Dechecchi et al., 2001). The 
specificity of influenza virus strains is related to the SA link-
age (α2,3 or α2,6) and the type of SA residue (NeuAc, NeuGc 
or 9-O-Ac-NeuAc) (Schnaar, 1991). It is widely believed that 
human influenza virus mainly recognizes α2,6-linked SA and 
that avian influenza viruses prefer α2,3-linked SA (Stevens et 
al., 2006; Suzuki, 2005), whereas NDV binds to gangliosides 
with both terminal α2,3- and α2,6-linkages (Ferreira et al., 
2004). Both α2,3- and α2,6-linked SA receptors are simul-
taneously distributed in the susceptible tissues of chickens 
(Wang et al., 2012). Sialidase and lectin treatments also re-
vealed that NDV uses both α2,3- and α2,6- linked sialic acids 
in ELL-0 cells (Sánchez-Felipe et al., 2012). In addition, the 
receptor specificity of NDV seems to be more complex than 
the binary model of SA α2,3 and SA α2,6 binding. To infect 
host cells, this virus may use a wide range of SA moieties, or 
even other pathways (Sánchez-Felipe et al., 2012).

Although NDV requires sialylated glycoconjugates for 
viral binding to host cells, the role of the specific linkage of 
SA in viral neuroinfection is still unknown. In this study, we 
provided preliminary evidence for the α2,3 and α2,6 SA link-
age requirements for the specificity of NDV neuroinfection. 
Our results suggest that NDV uses α2,3- and α2,6-linked SA 
to bind to the neuronal cells, and both SA receptors play 
a critical role in viral neural cell-binding and replication in 
the chicken nervous system. 

Materials and Methods

NDV infection in chickens. The strain LaSota is a lentogenic vac-
cine virus (Yebio, China). The velogenic strain F48E9 is widely used 
as a standard challenge virus in China. The viruses were inoculated 
into 9- to 11-day-old specific pathogen-free (SPF) embryonated 
chicken eggs. Allantoic fluids containing viruses were collected and 
stored at 4°C. Four-week-old SPF white Leghorn chickens (SPAFAS 
Poultry, China) in isolators were provided with food and water ad 
libitum. All experimental procedures were approved by the Animal 
care and use committee of the Northwest A & F University, P. R. 

China. The experiments were conducted in accordance with the 
guidelines of the Chinese committee for animal experiments in 
chickens (Protocol No. 2015ZX0512008-012).

Twenty-seven chickens were equally divided into three groups. 
Group 1 and group 2 were inoculated through intraocular-nasal 
routes with 0.2 ml per bird of PBS containing 106 EID50 of F48E9 
and LaSota viruses, respectively. Group 3 was inoculated with 
PBS as a control. The chickens were monitored daily for clinical 
signs and euthanized when they displayed severe neurological 
dysfunction symptoms and were moribund. Each brain sample was 
divided into two parts: one part was immediately frozen in liquid 
nitrogen for RNA isolation, while the other part was fixed with 4% 
paraformaldehyde for histopathological analysis. 

Quantitative RT-PCR. Total RNA was extracted from infected 
chicken brain tissues and primary neuronal cells using the RNAiso 
plus reagent according to the manufacturer's instructions (Vazyme 
Biotech, China). The cDNA synthesis was carried out using the 
EasyScript® first-strand cDNA synthesis super mix (TransGene 
Biotech, China). The PCR was carried out on a Bio-Rad iQ5 real 
time PCR detection system using an EvaGreen Qpcr master mix 
(Abm, Canada). A standard curve was established with serially 
diluted plasmids (102–108 copies/µl) that harboured the P gene 
of NDV. The PCR product size was 322 bp long and the primers 
were reported previously (Wang et al., 2017). SYBR Green qPCR 
detection system (Vazyme Biotech) and a real-time thermocycler 
(Four-channel, Tianlong, China) were used for qPCR analysis ac-
cording to the manufacturer's instructions. Absolute quantification 
of viral copies was determined by comparison with the standard 
curve. A melting curve analysis was used to evaluate the amplifica-
tion results.

Preparation of polyclonal antiserum against the nucleoprotein 
(NP) of NDV. The LaSota virus in allantoic fluids was purified on 
a sucrose gradient, and the virion proteins were separated on a 10% 
SDS-polyacrylamide gel. The gel was washed with distilled water 
and stained with 0.25 mol/l KCl for 20 min. The NP-specific band 
was viewed in a black background and excised from the gel, fol-
lowed by destaining with distilled water until the band disappeared. 
The excised gel band was minced and mixed with elution buffer 
(50 mmol/l Tris-HCl pH 8.0, 1 mmol/l EDTA, 1 mmol/l DTT, 150 
mmol/l NaCl and 0.1% SDS in 1000 ml) and boiled for 10 min. 
After one centrifugation, the eluted protein in the supernatant 
was quantified, and 0.5 mg of protein was mixed with complete 
Freund’s adjuvant (Sigma-Aldrich, USA) and injected subcutane-
ously into two 10-week-old guinea pigs. Booster immunizations 
were given twice with 0.5 mg of protein mixed within complete 
Freund's adjuvant at 14-day intervals. The antisera were collected 

Table 1. Primers used in qRT-PCR

Gene Primer Sequence Acc. No.
NDV Forward 5'-CAATAAATCGTCCAATGCTAA-3' KP027403

Reverse 5'-CTCCATCATAGACATCATCGA-3'
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for 2 weeks after the third immunization. The antiserum was tested 
by Western blot and ELISA. 

Histopathology. The 4% paraformaldehyde-fixed brain tissues 
were dehydrated, embedded in paraffin wax and sectioned from the 
mid-sagittal plane at a 4-μm thickness. The sections from mock-
infected birds were used as controls. The tissues were deparaffinized, 
rehydrated and subsequently stained with hematoxylin-eosin (HE) 
to detect histopathological changes under the microscope (Nikon, 
Japan). Each anatomical region of the brain was observed according 
to the partition of the chicken brain as previously described (Reiner 
et al., 2004; Ecco et al., 2011). 

Immunohistochemistry and immunohistofluorescence. The 
chicken brain tissues were examined for SA by employing the lectin-
digoxigen in (DIG)-labeled Maackiaa murensis lectin (MAA), spe-
cific for alpha-2,3-linked SA, and the lectin-DIG-labeled Sambucus 
nigra agglutinin (SNA), specific for alpha-2,6-linked SA (Roche, 
Germany). Lectin histochemistry was performed as previously 
described (Cerna et al., 2002). Briefly, paraffin-embedded tissue 
sections were deparaffinized and immersed in 3% hydrogen per-
oxide to eliminate the endogenous peroxidase activity. The sections 
were treated with 5% chicken normal serum to avoid nonspecific 
staining and then incubated with DIG-labelled MAA (5 μg/ml) or 
SNA (1 μg/ml) at 4°C overnight. The sections of same tissues were 
incubated with PBS instead of the lectins as negative controls. After 
washing two times with PBS, the sections were incubated with 
AP-labeled anti-DIG Fab fragments for 1 h at 37°C. Bound lectin 
was visualized using the NBT/BCIP substrate. Immunohistofluo-
rescence was performed by using anti-Digoxin-FITC (20 mg/ml, 
Sigma-Aldrich). The sections were incubated with anti-NDV NP 
antiserum (1:1000) overnight at 4°C after blocking with 5% bovine 
serum albumin (BSA) for 30 min, followed by Alexa Fluor® 594-
conjugated AffiniPure donkey anti-guinea pig IgG (H+L) (Jackson 
ImmunoResearch Lab, USA) for 30 min at 37°C. Finally, the samples 
were counterstained with DAPI (Vector, USA).

Preparation of chicken primary neuronal cells. The brains were 
removed from 9-day-old chicken embryos and washed with sterile 
PBS. They were cut into pieces and trypsinized with 0.25% trypsin 
(Sigma-Aldrich) at 37°C for 5 min. After trypsinization, the cells 
were resuspended in 10 ml of DMEM/F12 (1:1) culture medium 
supplemented with 10% FCS and 1% antibiotic mix (100 U/ml 
penicillin and 100μg/ml streptomycin (Gibco). The suspension was 
sequentially filtered through 149 μm, 74 μm and 47 μm cell strain-
ers. The cells were counted and then cultured at approximately 106 
cells per well in a poly-L-lysine coated 12-well plate. After the cell 
attachment, the medium was removed, and the cells were washed 
three times with PBS. Neurobasal medium supplemented with 2% 
B-27 serum-free supplement (Invitrogen, USA) and L-glutamine 
(Solarbio, China) was then added. The cells were incubated at 37°C 
in a 5% CO2 incubator. 

Virus titration. The infected chicken brain tissues were homog-
enized. The supernatants were collected after centrifugation. The 
cultured media of the infected chicken primary neuronal cells were 
harvested at 12, 24, 36, 48, 60 and 72 h post infection (hpi). Virus tit-

ers were determined by a 50% tissue culture-infective dose (TCID50) 
in DF-1 cells with an anti-NP polyclonal antibody and a 50% egg 
infectious dose (EID50) by the method of Reed and Muench.

Confocal immunofluorescence assay. Chicken primary neuronal 
cells were infected with F48E9 at MOI of 0.01 and with LaSota at 
MOI of 1. Briefly, the cells were fixed and permeabilized with 10% 
neutralized buffered formalin, followed by staining with MAA and 
SNA for lectins, an anti-NP polyclonal antibody or an anti-neuron 
specific beta-III tubulin antibody (Abcam). The cells were also 
counterstained with DAPI for detection of the nuclei. The cells were 
stained with secondary antibodies Alexa Fluor®594-conjugated Af-
finiPure donkey anti-guinea pig IgG (H+L) and DyLight 488 rabbit 
anti-rat IgG (Jackson ImmunoResearch Lab, USA). The stained cells 
were observed by confocal microscopy (Nikon).

Virus-cell binding assay. The chicken primary neuronal cells in 
the 12-well plate were cooled to 4°C for 10 min and inoculated with 
strain F48E9 or LaSota at MOI of 50 at 4°C for 5, 15, 30, 60 and 90 
min. The cells were washed with cold PBS to remove unbound virus 
and harvested by scraping into the culture medium. The cell-bound 
viruses were determined by the EID50 method.

Neuraminidase treatment. Enzymatic removal of cell surface 
SA residues was achieved by pretreatment with Vibrio cholerae 
neuraminidase (VCNA) (Sigma-Aldrich), which can cleave both 
N- and O-sialic acids from glycolipids and glycoproteins, and α2-3, 
6, 8, 9 neuraminidase A (NeuA) (NEB, USA), which has a prefer-
ence for cleaving α2-3, 6, 8, 9 N-sialic acids. The SA α2,6-Gal or 
SA α2,3-Gal of chicken primary neuronal cells was enzymatically 
eliminated by NeuA and VCNA as described previously (Wu et al., 
2014). Briefly, the chicken primary neuronal cells in 12-well plates 
were washed with OptiMEM and treated with 0.05 U/ml VCNA 
and 0.128 U/ml of NeuA at 37°C for 1 h. After the sialidases were 
removed by washing with PBS, the following 2 experiments were 
performed. In the first experiment, the sialidase-treated cells were 
infected with strains F48E9 or LaSota at MOI of 50 at 4°C for 2 h. 
After washing three times with PBS, the cells were harvested with 
scraper. In the second experiment, the cells were infected with 
strains F48E9 or LaSota at MOI of 1 at 4°C for 1 h. After washing 
three times with PBS, the cells were incubated with new medium 
with neuraminidase at 37°C to avoid live cells synthesizing new 
SA and shuttling new glycoforms to the plasma membrane, and 
neuraminidase was added every 12 h to prevent its degradation. 
The supernatants of the infected cells were collected at 6, 12, 24, 48 
and 72 hpi. The virus was titrated by the EID50 method.

Statistical analysis. A comparison of virus titration data on the 
NDV RNA load in chicken samples was analyzed for statistical 
significance by the Mann-Whitney u test (paired Student's t-test). 
The data were presented as the mean ± SD derived from at least 
three separate and independent experiments, with a value of P <0.05 
considered to be statistically significant.
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Results

Clinical signs 

Four-week-old SPF chickens infected through natural 
routes with velogenic strain F48E9 showed mild depression, 
head twitching and slightly dropping wings at 2 days post 
infection (dpi). The birds displayed coughing, dyspnea, loss 
of appetite, diarrhea, slight crop effusion, lateral recumbency 
and paralysis at 3 dpi. Severe neurological signs, such as 
neck twisting, unilateral leg paralysis accompanied with 
no response to external stimuli, obvious dyspnea, asthma, 
decreased appetite and excretion of crop liquid and green 
thin excrement, were additionally found at 4 dpi (Fig. 1a). All 
the F48E9 infected birds died between 3 and 5 dpi (Fig. 1b). 
No apparent clinical signs were observed in the LaSota and 

PBS-control inoculated birds during the experimental days. 
Clinical signs were scored as follows: 0, healthy; 1, slight 
illness (wings slightly drooping, cough, slightly depressed, 
slight crop effusion); 2, severe illness (severe depression, 
neck twisting, eyes fully closed, no response to external 
stimuli, decreased appetite, extreme difficulty breathing, 
crop exuding liquid); 3, dead. These results indicated that 
the velogenic F48E9 virus, as a VNND virus, causes typical 
neurological disorders. 

Encephalitis caused by NDV in chickens

The neurologic lesions in the chicken brains infected 
with strains F48E9 and LaSota at 5dpi were examined 
by histopathological analysis. The lesions in the F48E9-
infected brain tissues showed perivascular cuffing and 

Fig. 1 

Clinical diseases and viral replication in NDV-infected chickens
Four-week-old SPF chickens were inoculated through intraocular-nasal routes with 106 EID50/bird of velogenic F48E9 and lentogenic LaSota viruses and 
then observed daily for clinical signs and mortality. (a) Clinical signs were scored as follows: 0, healthy; 1, slight illness (wings slightly drooping, cough, 
slightly depressed, slight crop effusion); 2, severe illness (severe depression, neck twisting, eyes fully closed, no response to external stimuli, decreased 
appetite, extreme difficulty breathing, crop exuding liquid); 3, dead. (b) Survival proportions of the NDV-infected chickens. (c) Neuropathological lesions 
of encephalitis caused by the F48E9 virus. The chicken brains at 5 days post-infection (dpi) were analyzed by HE staining. The infiltration of lymphocytes 
and plasma cells were observed around the vascular wall (black arrow) and vacuoles (blue arrow). Scale bars represent 100 μm. (d) Growth kinetics of the 
F49E9 virus in the chicken CNS. The viral titers were determined by a TCID50 assay. Values represent the averages of the results from three independent 
experiments. 

(a)

(c)

(b)

(d)
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 Fig. 2

Determination of SA receptors and NDV in the infected chicken brains
(a) SA receptors detected by immunohistochemistry analysis. The SA-positive coarse granules (blue-violet color) were found in most regions of the brain. 
Tissues incubated without a primary antibody treatment were used as negative controls. Hyperpallium showed a region with serious hemorrhage and 
hyperaemia. Scale bars represent 100 μm. (b) and (c) show the mean densities of stained lectin-SA α2,3-Gal and SA α2,6-Gal in various regions of the 
brains, respectively. The data were analyzed by Image-Pro Plus. (d) Co-localization of SA receptors and the F48E9 virus. The infected brain sections at 
5 dpi were stained with MAA for SA α2,3-Gal (upper panel, green), SNA for SA α2,6-Gal (lower panel, green), anti-NDV NP antibody (red) and DAPI 
(blue). Negative control staining was performed without the lectins. Arrows represent positive co-localized staining. Scale bars represent 50 μm.

k

Figure 2

D.

SA2,3Gal NP DAPI Merge

SA2,6Gal NP DAPI Merge

50μm

(a)

(b) (c)

(d)



240 GUO, T. et al.: ROLE OF SIALIC ACID IN NDV NEUROTROPISM

congestion (Fig. 1c left) as well as edema, neuronal necrosis, 
crowding of glial cells, vacuolization of neutrophils and 
astrocytosis (Fig. 1c right). However, these neuropathologi-
cal changes were not observed in lentogenic LaSota- and 
PBS-mock-infected chicken brains (Fig. 1c). These results 
confirm that the velogenic F48E9 virus causes encephalitis 
in the chickens.

Velogenic virus, but not lentogenic virus, replicates in the 
CNS

To evaluate whether NDV was able to replicate in the CNS 
of infected chickens, 4-week-old SPF chickens were inocu-
lated with velogenic or lentogenic viruses via intraocular-
nasal routes. The cerebrum, cerebellum and spinal cord tissue 
samples were collected at 1, 3 and 5 dpi. The velogenic strain 
F48E9 was not detected in these three tissues at 1 dpi but was 
detected at 3 and 5 dpi. The F48E9 virus had the highest viral 
titer of 105 TCID50/g in the cerebrum and the lowest viral 
titer of 103 TCID50/mg in the spinal cord at 5 dpi (Fig. 1d). 
The results indicate that the velogenic virus can efficiently 
replicate in the chicken CNS after a natural infection, and the 
cerebrum was more sensitive for viral replication than the 
cerebellum and the spinal cord. The lentogenic strain LaSota 
was not detectable in the cerebrum, cerebellum or spinal cord 
at any experimental day as assessed by either viral titration 
or qRT-PCR (data not shown). Moreover, the LaSota virus 
was also not found in the brains after the viral inoculation 
through an intracerebral route (data not shown). These data 
suggested that the lentogenic virus failed to replicate in the 
chicken CNS.

NDV infection was related to the SA receptors in chicken 
brains 

To determine whether the expression and distribution of 
SA molecules were related to the NDV infection, the SA α2,3-
Gal and SA α2,6-Gal in chicken brain tissues were stained by 
lectin-SNA and MAA, respectively. Both SA receptors were 
detected in the brain tissues when the birds were infected 
with velogenic F48E9, lentogenic LaSota or the PBS control 
(Fig. 2a). Using mean optical density analysis, the hyper-
pallium showed the highest density in all groups. The SA 
distribution in the mesopallium, nidopallium and striatum 
regions was substantially similar but was observed to a lesser 
extent in the pyriform cortex (Fig. 2b). The densities of SA 
α2,6-Gal were not significantly different in the infected or 
the PBS control birds (Fig. 2c). The results indicated that 
the distribution of SA molecules was slightly different in 
the different regions of the chicken brains. Furthermore, 
in order to examine whether NDV infection related to the 
SA expression, a dual immunohistofluorescence assay was 
performed in the infected brain tissues. The granular patterns 
of SA α2,3-Gal and SA α2, 6-Gal were co-localized with the 
viral NP protein in the F48E9-infected brain tissues at 5 dpi 
(Fig. 2d) but was not found in the LaSota-infected brains 
(data not shown). These data showed that NDV chickens 
brain infection may have a close relationship with both the 
SA 2,3-Gal and SA α2,6-Gal receptors, at least in the velo-
genic virus infection.

Fig. 3

Growth kinetics of different NDV strains in chicken primary neuronal cells
The cells were infected with strains F48E9 and LaSota at MOI of 0.01 and 1, respectively. The supernatants were collected for viral titration at 12 h intervals. 
(a) The viral titers were tested in embryonated chicken eggs by an EID50 assay. (b) The viral titers were tested in DF-1 cells by a TCID50 assay. The titers 
were determined according the method of Reed and Muench. The data are shown as the means ± standard deviations (SD).

(a) (b)
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Fig. 4

Identification of SA receptors and NDV in chicken primary neuronal cells
(a) Chicken primary neuronal cells were prepared from 10-day-old embryos and cultured in 12-well plates with cover slips. The SA α2,3-Gal and SA 
α2,6-Gal receptors were determined by immunohistochemistry assay. Scale bars represent 50 μm. (b) Specificity of the primary neuronal cells and SA 
receptors. The cells were simultaneously stained with specific neuron marker β-tubulin III antibody (red), and MAA for SA α2,3-Gal (green) or SNA 
for SA α2,6-Gal (green) were observed by confocal microscopy. Scale bars represent 14 μm. (c) and (d) co-localization of SA α2,3-Gal and SA α2,6-Gal 
receptors with NDV. The cells infected with LaSota (c) or F48E9 (d) viruses were stained with an anti-viral NP antibody and treated with MAA or SNA. 
Samples were observed by confocal microscopy. The nuclei were counterstained with DAPI. Scale bars represent 17 μm.

(a)

(b)

(c)

(d)
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Replication of NDV in chicken primary neuronal cells

We further examined viral replication in chicken primary 
neuronal cells. The cells were inoculated with strains F48E9 
and LaSota. The viruses from the infected neuronal cells 
were titrated in embryonated chicken eggs and DF-1 cells 
at 12 h intervals. The viral titers of velogenic F48E9 in the 
neuronal cells gradually increased and reached the highest 
titers of 7.8 log10 EID50/ml (Fig. 3a) and 7.2 log10 TCID50/ml 
(Fig. 3b) at 72 hpi. In contrast, the titer of the lentogenic 
LaSota slightly increased in the neuronal cells (Fig. 3a and 
3b). These results indicate poor ability of lentogenic virus 
replication in the neuronal cells.

SA expression in chicken primary neuronal cells infected 
by NDV 

To clarify whether NDV infection was related with 
SA receptors, expression and localization of SA and viral 
proteins in chicken primary neuronal cells were examined. 
The cells stained with lectin-SNA and MAA clearly showed 
strong expression of both SA 2,3-Gal or SA 2,6-Gal in 
immunocytochemistry assay (Fig. 4a). To confirm these 
data, the β-tubulin III, a neuron specific marker, was used 
to identify the neuronal cells by confocal immunofluores-
cence assay. The SA 2,3-Gal or SA 2,6-Gal receptors were 
expressed in dendrites and axons of the neurons (Fig. 4b). 
Next, we examined whether the expression of SA receptors 
was influenced by NDV infection. Both SA receptors were 
found to co-localize with viral protein-NP in the chicken 

Fig. 5

Requirement for SA receptors for viral binding and replication in primary neuronal cells
(a) The capability of viral binding of the velogenic and lentogenic viruses. The cells were incubated with strains F48E9 and LaSota at MOI of 50 at 4°C. 
The cells were washed with PBS and harvested. The viruses were titrated by an EID50 assay. (b) SA receptors mediated viral binding activity. The cells were 
pretreated with sialidases at 37°C for 2 h and then were incubated with viruses at MOI of 50 at 4°C for 1 h. The cells were collected for viral titration. (c) 
The viral replication was reduced by sialidase pretreatment. The cells were pretreated with sialidases and infected with viruses as described above in (b). 
The viruses in the cell supernatants were titrated. The differences in the viral titers were evaluated by a paired student's t test, and significant differences 
are indicated by an asterisk (*P <0.05, ***P <0.001). The data are shown as the means ± standard deviations (SD).

(b)(a)

(c)
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primary neuronal cells. Expression of both, SA 2,3-Gal and 
SA 2,6-Gal, reduced after neuronal cells disruption in either 
lentogenic (Fig. 4c) or velogenic viruses (Fig. 4d). 

SA receptors are important for viral binding and replica-
tion

First, in order to investigate the capability of NDV bind-
ing to neural cells, the chicken primary neuronal cells were 
incubated with the velogenic and lentogenic viruses at 4°C 
for 5, 15, 30, 60 and 90 min. After the cells were washed 
with PBS, the cell-bound viruses were harvested and titrated 
by the EID50 method. Both F48E9 and LaSota viruses were 
capable of binding to the neuronal cells, and there was no 
significant difference in the cell-bound viral titers between 
both viruses (Fig. 5a), indicating that the velogenic and 
lentogenic strains had similar abilities in cell binding.

Next, to verify whether the viral binding was mediated by 
SA receptors, SA α2,3-Gal and SA α2,6-Gal on the surface 
of chicken primary neuronal cells were eliminated by exog-
enous neuraminidases. As expected, there was a significant 
reduction in the number of cell-bound virus in all the treated 
groups compared with the corresponding control groups 
(P <0.05), and virus particles were more abundant on the 
surface of neuronal cells treated with NeuA than cells treated 
with VCNA (Fig. 5b).

Finally, we examined the viral replication in the neuronal 
cells pretreated with neuraminidases. After the viruses in-
fected the chicken primary neuronal cells pretreated with the 
neuraminidases, the viruses in the cell culture supernatants 
were titrated by EID50. The replication results were gener-
ally consistent with the corresponding binding responses 
after treatment with the neuraminidases. The viral titers 
of F48E9 decreased significantly to approximately 50% 
and 70% of the control after pretreatment with NeuA and 
VCNA, respectively. The same results could be observed for 
LaSota (Fig. 5c). The VCNA treatment for SA removal in the 
neuronal cells was more efficient than the NeuA treatment. 
This might be due to the neuraminidase activity of VCNA 
compared with that of NeuA. The results suggest that the SA 
α2,3-Gal and SA α2,6-Gal receptors were critical for NDV-
neuronal cell binding, however other SA molecules might 
be involved in this process. 

Discussion

A viral receptor is a determinant of virus infection that 
affects host-range restriction and tropism (Pappas et al., 
2010; Tumpey et al., 2007). Although sialylated molecules, 
such as gangliosides and glycoproteins, serve as NDV recep-
tors (Ferreira et al., 2004), the role of SA α2,3-Gal and SA 
α2,6-Gal in the neurotropism of NDV is unknown. In this 

study, we showed that both α2-3- and α2-6-linked SA were 
abundantly present in chicken brains and primary neuronal 
cells. Co-localization between both SA receptors and the 
velogenic virus were found in the infected chicken brain 
tissues. The replication and cell-binding capability of either 
velogenic or lentogenic strains were significantly reduced in 
neuraminidase-pretreated chicken primary neuronal cells. 
These data suggest that α2-3- and α2-6-linked SA receptors 
are important for NDV neuroinfection.

SA α2,3-Gal and SA α2,6-Gal molecules are simultane-
ously present in chicken epithelial cells (Gambaryan et al., 
2002) and susceptible tissues such as the respiratory tract, 
kidney and brain (Kuchipudi et al., 2009; Wang et al., 2012). 
Both receptors may allow effective infection of NDV to de-
termine viral replication and virulence (Sánchez-Felipe et 
al., 2012; Villar and Barroso, 2006). This leads to the notion 
that SA may be closely related to the neuroinfection of NDV 
in the chicken brain. Avian influenza viruses have a strict 
binding preference for the SA α2,3-Gal receptor in birds. 
This preference may limit the replication of avian viruses 
in the respiratory tract of humans, in which SA α2,6-Gal 
predominates (Couceiro et al., 1993; Ito et al., 2000). En-
zymatic removal of sialic acid residues from the surface of 
neuronal cells by treatment with sialidases, such as VCNA 
and NeuA, conferred a significant reduction in cell binding 
and replication of both the velogenic and lentogenic viruses. 
The cell binding and replication of NDV in the neuronal cells 
treated with VCNA were more efficient than that after treat-
ment with NeuA. These data suggest that glycosphingolipids 
and O-glycoproteins might be involved in the viral entry 
process, as VCNA can perform a more extensive removal, 
including N- and O-linked sialic acids. It is remarkable that 
viral binding and replication were not completely inhib-
ited by both VCNA and NeuA. This raised a possibility of 
incomplete removal of the receptors in the neuronal cells 
after neuraminidase treatment. To examine sialidase activ-
ity, chicken RBCs were treated with VCNA and NeuA. No 
viral binding of NDV was observed (data not shown). This 
demonstrates that the neuraminidase substantially elimi-
nated sialic acids from the RBCs. The incomplete inhibition 
of NDV binding by treatment with sialidases indicates that 
additional molecules may be involved in the viral binding 
to host cells (Guo et al., 1999). The entry of NDV into host 
cells is mediated by receptor-mediated endocytosis or direct 
fusion of the viral envelope with the plasma membrane to 
deliver the nucleocapsid into the cytoplasm (Cantin et al., 
2007; San et al., 1999). Therefore, the requirement of a spe-
cific SA receptor in the initial interaction of NDV with host 
cells may be the priority. 

Infection with the velogenic F48E9 virus but not the 
lentogenic LaSota virus caused neurological lesions in 
chicken brains during inoculation through the natural 
route. The F48E9 virus could be positively detected in the 
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infected chicken brains by using immunohistochemistry 
and RT-PCR. However, the LaSota virus was undetectable. 
Moreover, using an intracerebral infection route in 1-day-
old chicks, the LaSota virus was also not detected in the 
chicken brains (data not shown). These data indicate that 
replication of lentogenic virus was inefficient in the brain. 
This is consistent with a previous report (Kim et al., 2012). 
In contrast, both the F48E9 and LaSota viruses were able to 
replicate in chicken primary neuronal cells, even though the 
replication of the F48E9 virus was more efficient than that of 
the LaSota virus. The inability of lentogenic virus replication 
in the central nervous system may depend heavily on viral 
virulence, ability to cross the blood-brain barrier, reaching 
the cerebrospinal fluid, and efficiency of replication and 
spread in neurons and glial cells (Moura et al., 2016). Host 
defence factors such as the immune response may also be 
involved in the replication of lentogenic virus (Dortmans 
et al., 2011; Madansky and Bratt, 1981). The mechanism of 
replication of velogenic and lentogenic viruses in chicken 
CNS needs to be further investigated.

α2,3- and α2,6-linked sialic acids as NDV receptors were 
abundantly expressed in chicken brains and primary neuro-
nal cells and were shown to be essential for the viral binding 
and replication of NDV. This is the first preliminary evidence 
that NDV uses SA α2,3-Gal and SA α2,6-Gal to infect neuro-
nal cells in chickens. This should help to understand further 
NDV neurotropism in avian species. 
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