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The global public health concern is heightened over the increasing number of emerg-
ing viruses, i.e., newly discovered or previously known that have expanded into new 
geographical zones. These viruses challenge the health-care systems in sub-Saharan 
Africa (SSA) countries from which several of them have originated and been transmitted 
by insects worldwide. Some of these viruses are neuroinvasive, but have been relatively 
neglected by neuroscientists. They may provide experiments by nature to give a time 
window for exposure to a new virus within sizeable, previously non-infected human pop-
ulations, which, for instance, enables studies on potential long-term or late-onset effects 
on the developing nervous system. Here, we briefly summarize studies on the developing 
brain by West Nile, Zika, and Chikungunya viruses, which are mosquito-borne and have 
spread worldwide out of SSA. They can all be neuroinvasive, but their effects vary from 
malformations caused by prenatal infections to cognitive disturbances following perinatal 
or later infections. We also highlight Ebola virus, which can leave surviving children with 
psychiatric disturbances and cause persistent infections in the non-human primate 
brain. Greater awareness within the neuroscience community is needed to emphasize 
the menace evoked by these emerging viruses to the developing brain. In particular, 
frontline neuroscience research should include neuropediatric follow-up studies in the 
field on long-term or late-onset cognitive and behavior disturbances or neuropsychiatric 
disorders. Studies on pathogenetic mechanisms for viral-induced perturbations of brain 
maturation should be extended to the vulnerable periods when neurocircuit formations 
are at peaks during infancy and early childhood.

Keywords: developing nervous system, emerging viruses, ebola virus, Chikungunya virus, west nile virus, Zika 
virus, neurological disorders, sub-Saharan Africa

inTRODUCTiOn

Exposure to infections during the first part of fetal life, the so-called teratogenic window, can cause 
severe brain malformations. To the established human neuroteratogenic pathogens (Toxoplasma 
gondii, Other pathogens, Rubella, Cytomegalovirus, and Herpes simplex virus; TORCH), Zika virus 
(ZIKV) is now added (1–3). Perinatal, infant, and childhood infections may also disturb the developing 

Abbreviations: CHIKV, Chikungunya virus; CNS, central nervous system; CSF, cerebrospinal fluid; EVD, Ebola virus disease; 
SSA, sub-Saharan Africa; WNV, West Nile virus; ZIKV, Zika virus.
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FigURe 1 | The map of Uganda showing the sites and times for the discoveries of the emerging viral infections by Ebola, West Nile, and Zika viruses. Chikungunya virus 
(not depicted on this map) is also widespread in Uganda. It was first isolated at the Uganda Virus Research Institute in Entebbe from blood samples obtained from Tanzania 
(Tanganyika territory). The various viral outbreaks are denoted by the stars in different colors, while the respective country locations are indicated by the small black circles.
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nervous system during the peaks of neurocircuit formations and 
possibly cause more subtle changes in brain maturation. Thus, 
cognitive impairments and behavioral disturbances in children 
born to HIV-infected mothers (4) or subjected to childhood 
malaria (5) have been described in SSA; unprovoked late-onset 
epilepsy may also occur following the latter infection (6).

Of particular concern to African neuroscience are emerging 
viral infections. They can reveal associations between infections 
and rare sequelae in human populations, as poliomyelitis once 
did for “infantile paralysis” (7). Early life viral infections may, in 
one way or the other, be implied in the pathogenesis of cognitive 
and neuropsychiatric disturbances: the “neurodevelopmental 
hypothesis” for late-onset brain dysfunctions [e.g., Ref. (8)]. 
By comparing four neuroinvasive infections originating from 
sub-Saharan Africa (SSA), i.e., ZIKV, West Nile virus (WNV), 
Chikungunya virus (CHIKV), and Ebola virus (EBOV), we find 
that they attack the human brain at various stages of development. 
Thus, time windows for viral invasions, given by occurrence of 
the emerging epidemics, may reveal unique associations between 
viral infections and late-onset human brain disturbances.

DiSCOveRY OF THe viRUSeS AnD THe 
MAgniTUDe OF THe PROBLeM

The emerging viruses dealt with in this review are indigenous to and 
were first identified in Africa (Figure 1). WNV was isolated from 
a woman, who had a mild febrile illness in the West Nile Region 
of Uganda in 1937 (9). ZIKV was first isolated from a Rhesus 

monkey, placed on a platform as bait for mosquitoes in studies on 
yellow fever in the Zika forest, in Uganda in 1947 (10). CHIKV was 
first isolated in 1953 at the Uganda Virus Research Institute from 
samples collected in Tanganyika (11). In 1976, the investigation of 
concurrent outbreaks of a hemorrhagic fever syndrome in Zaire 
(currently Democratic Republic of Congo) and Sudan (currently 
Republic of South Sudan) led to isolation of two viruses now referred 
to as EBOV and Sudan virus, respectively. Another member of the 
EBOV, Bundibugyo Virus was identified in Uganda (12) (Figure 1).

All these viruses, which are endemic in tropical SSA, have had 
outbreaks also in other African regions, e.g., WNV in north and 
west Africa, in South Africa, and in Madagascar during the last 
decade (13). Currently, there is an outbreak of CHIKV in Kenya. 
The mosquito-borne WNV, ZIKV, and CHIKV have spread 
worldwide out of Africa. For instance, WNV is the most common 
cause of encephalitis in the US, enhanced by the bird reservoir 
hosts (14). CHIKV has caused extensive epidemics on islands in 
the Indian Ocean, in particular, La Reunion (15–17). The spread 
of these emerging viruses into previously unaffected regions can 
be attributed to more frequent and distant travels, evolution of 
mutant viral strains with altered virulence, and changes in climate 
and local ecosystems.

SenSORY CUeS in MOSQUiTO–HUMAn 
inTeRACTiOn

Neuroscientific research is important to design specific, repellant 
molecules that reduce mosquito’s attraction to humans. Three of 
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the emerging infections discussed are mosquito-borne, i.e., Aedes 
aegypti for CHIKV and ZIKV and Culex pipiens for WNV; Aedes 
albopictus can also host ZIKV (18). Neurophysiological and 
behavioral studies have revealed A. aegypti attraction cues ema-
nating from humans [e.g., Ref. (19)]. Odor is one important cue 
of insect host-seeking behavior [e.g., Ref. (20)]. The mosquito’s 
olfactory receptor neurons can detect various odor volatiles 
from the human host, which make some people more attractive 
than others to mosquitoes. Carbon dioxide (21), lactic acid (22), 
and visual cues (23, 24) can also attract mosquitoes to the host. 
Neuroanatomical studies have uncovered the organizations of 
olfactory centers in the mosquito brain (25), and multimodal 
integration of carbon dioxide, body odor, and temperature cues in 
the mosquito brain can enhance mosquito attraction to humans 
(26). Novel strategies that specifically block more than one sen-
sory cue for attraction of insects are envisioned to contribute to 
control of emerging viral spread and outbreaks.

enTRY ROUTeS FOR viRUSeS TO THe 
BRAin: eFFeCTS OF neUROinvASive 
viRAL inFeCTiOnS DURing 
DeveLOPMenT

Following the sting of an infected insect, neurotropic viruses 
enter through the skin, replicate in susceptible cells, and spread 
to the central nervous system (CNS) via peripheral nerve fibers 
and/or the bloodstream (27). WNV can directly spread by the 
former route (28), while viral spread via the bloodstream into the 
brain is hampered by barriers, i.e., the blood–CSF barrier and the 
blood–brain barrier (BBB), established early during embryonic 
life (29). Nevertheless, certain viruses pass across these barriers 
and target neural cells. Of the presently described viruses, the BBB 
may be crossed by WNV (14), ZIKV (see below), and probably 
also EBOV (30), while CHIKV can pass the blood–CSF barriers 
through the permeable choroid plexus to infect ependymal cells 
in a mouse model (31).

During pregnancy, viruses can enter the fetal brain through 
the bloodstream following placental transmission. Importantly, 
the placental structure as well as its expression of receptors used 
by various viruses and its innate immune response differ mark-
edly between humans, mice, and ruminants, which hinders direct 
comparisons among animal species (3). Notably, human fetal 
immune adaptations provide early postnatal protection against 
extracellular pathogens but enhance the risk of virus-induced 
persistent infections (32).

The effects of an intrauterine infection depend on timing of 
the insult with highest vulnerability during peaks in neuronal 
cell proliferation and migration (33). In humans, simplified gyral 
patterns may result from disturbed cell migration at 8–16 weeks 
of gestation. While congenital microcephaly (reduced head cir-
cumference) is associated with various insults causing disturbed 
proliferation, migration, or destruction of cells at various periods 
of intrauterine life (34). Since the human brain increases about 
3.5 times in weight after birth, when neuronal network formation 
and myelination are at their peaks, the question can be posed 
whether infant/childhood infections may cause less conspicuous, 

functional disturbances of the developing nervous system than 
malformations as long-term or late-onset effects [Figure  2A; 
(29)]. In fact, a register-based study has indicated that children 
with severe viral CNS infections at 0.5–8  years of age show 
enhanced risk of psychotic illness when they reach young adult-
hood (35).

CLiniCAL eFFeCTS OF THe eMeRging 
viRAL inFeCTiOnS On THe DeveLOPing 
neRvOUS SYSTeM

Zika virus
Zika virus infections have been endemic for decades in SSA 
(36), but effects on the brain were not reported until the virus 
spread out of Africa. The infection is most often asymptomatic 
or associated with mild signs of disease such as maculopapular 
rash and non-purulent conjunctivitis (37). Ultrasonographic 
studies in Brazil of ZIKV-infected pregnant women carrying 
fetuses diagnosed with microcephaly, showed in addition, severe 
progressive ventriculomegaly, periventricular and basal ganglia 
calcifications, corpus callosal dysgenesis as well as posterior fossa 
abnormalities [e.g., Refs. (38, 39)]. Neuropathological findings in 
11 newborns with congenital microcephaly include small brains 
with almost complete agyria, neuronal heterotopia, enlarged 
ventricles with or without aqueduct stenosis, and well-formed 
brains with calcifications (40, 41). Only two cases of perinatal 
infections, discharged in good health, and a limited number of 
children infected via mosquitoes, have been reported; they were 
mildly infected or asymptomatic-like adults (42).

Recent neuroimaging reports of infants with postnatal 
microcephaly or normal skull size, but with other signs of con-
genital Zika syndrome, indicate a spectrum with less severe brain 
changes (43, 44). Whether the virus can persist in the human 
infant brain during postnatal development remains to be clari-
fied. Related to this, a critical question is whether disturbances 
in cognitive development may appear later in life even following 
asymptomatic infections in newborn, which may occur in the 
majority of children borne to ZIKV-infected mothers [cf. Ref. 
(45)]. Currently, no information is available on ZIKV-related 
nervous system disturbances in SSA.

west nile virus
Most WNV infections are asymptomatic, but some are associ-
ated with flu-like illness and maculopapular rash. Less than 1% 
are neuroinvasive causing meningitis and encephalitis, which 
increases in incidence by age (14, 46); flaccid paralysis, movement 
disorders with tremor, and myoclonus are other rare complica-
tions (47). Adult patients recovering from WNV encephalitis can 
show low scoring in cognitive and other neuropsychological tests 
for various periods of time (48, 49).

Studies of effects of maternal WNV infections during preg-
nancy on early childhood development in SSA do not exist. 
Studies from the US initially indicated a risk of abnormalities 
such as microcephaly, while two later retrospective and prospec-
tive studies showed no signs of CNS malformations or short-term 
development disturbances when compared to controls (50, 51). 
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However, the number of children in these studies was small (50), 
and the incidence of neuroinvasive WNV infections in children 
is probably underestimated (52, 53). More studies are essential 
including long-term follow-up to assess potential effects of 
neuroinvasive WNV disease during various neurodevelopmental 
vulnerable periods (54). For instance, it would be of interest to 
conduct research into disturbances in the development of cogni-
tive functions in the reported several hundreds of children of 
different ages surviving this disease since 1999 (55).

Chikungunya virus
In contrast to the previous two arboviruses, the majority of 
CHIKV-infected individuals develop symptoms such as fever 
and arthralgia. Meningoencephalitis and fatal outcome are rare. 
Mother-to-child transmission of CHIKV is also a rare event that 
has been reported in large-scale outbreaks of the disease such as 
on La Reunion 2005–2006. Although maternal infections long 
before delivery showed no observable effects on the outcome and 
there is no evidence of congenital virus transmission (56), peri-
natal infections with nervous system involvement do occur (57). 
Of 30 neonates with acute neurological manifestations, 2 died 
and 5 showed abnormal MRI scans (high intensity in periven-
tricular white matter and corpus callosum). Five had neurological 
sequelae at discharge and 6 months later. These sequelae included 
behavior and communication disorders, autism and echolalia, 
recurrent seizures; one child had microcephaly and strabismus 
(58). In another follow-up study from the island about 50% of 
perinatally infected children showed at 2  years of age delay in 
development of coordination and language skills as well as in 
sociability and movement performance. Five out of 12 newborns 
with neonatal encephalopathy developed postnatal microcephaly 
with severe reduction of the white matter visualized on MRI (59). 
More long-term consequences of these perinatal and childhood 
infections remain to be studied.

ebola virus
Ebola virus, which has bats as intermediate hosts (60), causes 
rapidly progressive severe hemorrhagic fever with a very high 
lethality rate. Based on findings from Ebola virus disease (EVD) 
studies done in West Africa, complications occurring >10 days 
from disease onset include meningoencephalitis (61, 62). The 
particularly vulnerable patient populations include children 
<5 years of age, the elderly, and pregnant women.

Systematic longitudinal assessments of EVD survivors in 
Africa are scarce. However, new insights and understanding about 
the long-term effects of infection are currently being generated 
from the survivors of the largest ever epidemic of EVD to date 
that occurred in Guinea, Liberia, and Sierra Leone (63). Interim 
analysis of data from this multidisciplinary longitudinal study 
of 804 EVD survivors in Guinea (20% are children) reports that 
EVD survivors exhibit an array of neurological and psychiatric 
symptoms even after more than 1 year following discharge from 
the hospital (64). The majority of survivors experienced physical 
disorders such as psychosocial problems, depression, or ophthal-
mological problems.

Given the paucity of current data, there is need for systematic 
longitudinal assessments of EVD survivors to clarify the spectra 

of nervous system sequelae and the magnitude of the problem. 
Of paramount interest in this respect is that EVD can persist after 
recovery in the brain of non-human primates (65).

OBTAining An eXPeRiMenTAL MODeL 
OF ZiKv AnD THe DeveLOPing 
neRvOUS SYSTeM

Spurred by the great awareness of ZIKV-induced microcephaly, 
data on molecular mechanisms underlying this teratogenic virus 
infection are now rapidly accumulating. Here, we briefly review 
some recent findings and indicate gaps-in-knowledge for neu-
roscience to fill not only for teratogenesis but also for potential 
postnatal developmental disturbances in this and the other 
emerging viral infections.

Nowakowski et al. (66) suggested that AXL could be a can-
didate as a receptor for endocytotic entry of ZIKV into the fetal 
brain. AXL is a member of the multifunctional TAM receptor 
protein tyrosine kinase family that among other things regulates 
phagocytosis and plays a pivotal role in innate immune responses 
(67). In the human fetal brain, AXL is expressed in neural stem 
cells that generate neurons populating the neocortex, radial glial 
cells, astrocytes, and endothelial cells [Figure 2B; (66)]. From an 
infected mother, ZIKV may have a privileged entry to the pla-
centa as indicated by the finding that it infects human endothelial 
cells of the umbilical vein in culture by binding to AXL with a 
high efficiency compared to other flaviviruses, such as WNV 
(68). Additional evidence suggests that the ZIKV infects other 
cells of the placenta, e.g., macrophages and cytotrophoblasts 
(69). Chavali et  al. (70) recently demonstrated that the ZIKV 
has a predilection in its RNA genome to bind to a specific RNA-
binding protein (Musashi-1), which is liberally expressed in the 
radial glial cells. Since these progenitor cells are precursors for 
neurons and astrocytes that form the cerebral cortex (71), this 
binding capacity may directly influence formation of the cerebral 
cortex.

Additional experiments using various types of cell culture 
have been useful in furthering our knowledge of ZIKV infec-
tion, especially on neural progenitor cells. Direct infection of 
human tissue placed in culture shows special susceptibility of 
radial glial and epithelial stem cells, while demonstrating limited 
direct infection of neurons (72). Since human progenitor cells 
form three-dimensional organoids in culture, they demonstrate 
features of radial glial cells, which also show evidence of specific 
direct infection in culture in this model. Numerous other experi-
ments using various cell culture models and direct infection of 
vertebrates also demonstrate involvement of radial glial-like cells 
and progenitor cells [for review, see Ref. (73)]. This apparent 
focus of infection specificity to neural progenitor cells may help 
to clarify the preferential effect of ZIKV on the fetus leading to 
microcephaly.

Development of animal models is clearly an essential route 
to more completely understand ZIKV effects on the brain and 
the nervous system. Several such models exist to study effects 
of ZIKV infections in offspring to pregnant animals, but none 
of them fully replicate the human situation [for review, see Ref. 
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FigURe 2 | (A) The time course of key neurodevelopmental processes in humans, during gestation and up to 20 years of age (29). Note that most of the 
neurogenesis is completed before birth, while most of the synaptogenesis continues after birth into adolescence. Figure 2A is reproduced with permission from 
Elsevier. (B) Ventricular zone and subventricular zone showing numerous proliferative cells (green; Sox2 immunolabeling) that will populate the developing cerebral 
cortex. They form the nuclei of radial glial cells (red/orange; vimentin) some of which are outlined in black. Indicated in yellow are presumptive sites of entry of the 
Zika virus, which appears to specifically attack neural progenitor cells to cause microcephaly.
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(74)]. Viruses mostly need adaptations to a new animal species, 
the neurovirulence between viral strains differs, the placental 
immune response and receptors that viruses use differ between 
species (see, above), and even within the same species, such as 
mice, various strains differ markedly between their reactions to 
an infection. Nonetheless, offspring to ZIKV-infected immune-
deficient mice and non-human primates have shown some 
abnormalities in the brains (74). Considerable efforts are needed 
for neuroscience–microbiology collaborations to develop suitable 
animal models of viral infections to disclose and validate not only 
neuroteratogenic viral effects but also more subtle alterations that 
may result from prenatal abortive or persistent infections.

COnCLUSiOn AnD PeRSPeCTiveS

We present evidence that various spectra of neurodevelopmental 
disturbances may be associated with the emerging viral infec-
tions: ZIKV with congenital microcephaly following intrauterine 
infections, but also postnatal brain alterations with or without 
microcephaly; CHIKV with postnatal microcephaly following 

perinatal infections, but also behavior and communication 
disturbances; WNV with cognitive dysfunctions following 
infections mostly in adults, but infant/childhood infections 
are underestimated and need further studies. EVD, which has 
flared up in waves in SSA, may also be a threat to the developing 
human nervous system. Important gaps in knowledge include 
risks of cognitive impairment, behavior disturbances, and 
neuropsychiatric diseases following infections during infancy 
and childhood with these emerging infections, when neuronal 
network formation and synaptogenesis are at the peak. The 
molecular mechanisms resulting in disrupted neural develop-
ment need to be unraveled in more detail and the possibility 
addressed whether some of these emerging viruses can persist 
in the human brain.

Based on this situation, we foresee a number of activities 
to reduce the menace of these infections to nervous system 
maturation:

•	 Strengthening capacity of African virology and neuroscience 
research with enhanced worldwide collaboration to strongly 
benefit the community.
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•	 Development of human pluripotent stem cell models to use for 
screening of neuroinvasiveness along with other animal mod-
els that allow studying the timing and selectivity of infection as 
well as the pathogenetic and pathophysiological mechanisms 
of brain developmental disturbances.

•	 Large-scale epidemiological studies in SSA that determine not 
only the immediate effects on neurodevelopment parameters 
after early life exposure to emerging viral infections but also 
long-term consequences resulting in late-onset nervous sys-
tem disorders.

•	 Development of innovative tools to prevent vector–host inter-
actions that control the spread of viruses. Examples include the 
use of wearables, sprays, and skin lotions that block a selected 
repertoire of sensory mosquito receptors.

AUTHOR COnTRiBUTiOnS

The authors contributed expertise information and presented one 
section each at a symposium with the same title at the SONA 
conference in Entebbe, Uganda, June 11–14, 2017. All the authors 
approved the final version of the manuscript.

FUnDing

AK-M was supported through the DELTAS Africa Initiative 
grant # DEL-15-011 to THRiVE-2. The DELTAS Africa Initiative 
is a funding scheme of the Accelerating Excellence in Science in 
Africa (AESA) with funding from the Wellcome Trust grant # 
107742/Z/15/Z and the UK government.

ReFeRenCeS

1. Adams Waldorf KM, McAdams RM. Influence of infection during pregnancy 
on fetal development. Reproduction (2013) 146:R151–62. doi:10.1530/REP- 
13-0232 

2. Schwartz DA. The origins and emergence of Zika virus, the newest TORCH 
infection: what’s old is new gain. Arch Pathol Lab Med (2017) 141:18–25. 
doi:10.5858/arpa.2016-0429-ED 

3. Kim K, Shresta S. Neuroteratogenic viruses and lessons for Zika virus models. 
Trends Microbiol (2016) 24:622–36. doi:10.1016/j.tim.2016.06.002 

4. Wilmshurst JM, Donald KA, Eley B. Update on the key developments of the 
neurologic complications in children infected with HIV. Curr Opin HIV AIDS 
(2014) 9:533–8. doi:10.1097/COH.0000000000000101 

5. Kihara M, Abubakar A, Newton C. Cognitive impairment and behavioural 
disturbances following malaria and HIV infections in childhood. In: 
Bentivoglio M, Cavalheiro EA, Kristensson K, Patel NB, editors. Neglected 
Tropical Diseases and Conditions of the Nervous System. New York: Springer 
Science and Business Media (2014). p. 369–90.

6. Newton C, Wagner RG. Infectious causes of epilepsy? In: Bentivoglio M, 
Cavalheiro EA, Kristensson K, Patel NB, editors. Neglected Tropical Diseases 
and Conditions of the Nervous System. New York: Springer Science and 
Business Media (2014). p. 355–67.

7. Paul JR. A History of Poliomyelitis. New Haven, London: Yale University Press 
(1971).

8. Yolken RH, Torrey EF. Are some cases of psychosis caused by microbial agents? A 
review of the evidence. Mol Psychiatry (2008) 13:470–9. doi:10.1038/mp.2008.5 

9. Smithburn KC, Hughes TP, Burke AW, Paul JH. A neurotropic virus isolated 
from the blood of a native of Uganda. Am J Trop Med Hyg (1940) 20:471–2. 
doi:10.4269/ajtmh.1940.s1-20.471 

10. Dick GWA, Kitchen SF, Haddow AJ. Zika virus (I) isolations and seriologic 
specificity. Trans R Soc Trop Med Hyg (1952) 46:509–20. doi:10.1016/ 
0035-9203(52)90042-4 

11. Robinson MC. An epidemic of virus disease in Southern Province, Tanganyika 
Territory, in 1952–53. I. Clinical features. Trans R Soc Trop Med Hyg (1955) 
49:28–32. doi:10.1016/0035-9203(55)90080-8 

12. Towner JS, Sealy TK, Khristova ML, Albarino CG, Conlan S, Reeder SA, 
et al. Newly discovered Ebola virus associated with hemorrhagic fever out-
break in Uganda. PLoS Pathog (2008) 4(11):e1000212. doi:10.1371/journal.
ppat.1000212 

13. WHO. WHO Disease Outbreaks by Year. (2017). Available from: http://www.
who.int/csr/don/archive/year/

14. Shives KD, Tyler KL, Beckham JD. Molecular mechanisms of neuroinflam-
mation and injury during acute viral encephalitis. J Neuroimmunol (2017) 
308:102–11. doi:10.1016/j.jneuroim.2017.03.006 

15. Staples JE, Breiman RF, Powers AM. Chikungunya fever: an epidemiological 
review of a re-emerging infectious disease. Clin Infect Dis (2009) 49:942–8. 
doi:10.1086/605496 

16. Thiberville SD, Moyen N, Dupuis-Maguiraga L, Nougairede A, Gould EA,  
Roques P, et  al. Chikungunya fever: epidemiology, clinical syndrome, 

pathogenesis and therapy. Antiviral Res (2013) 99:345–70. doi:10.1016/j.
antiviral.2013.06.009 

17. Pastula DM, Hancock WT, Bel M, Biggs H, Marfel M, Lanciotti R,  
et al. Chikungunya virus disease outbreak in Yap State, Federated States of 
Micronesia. PLoS Negl Trop Dis (2017)  11:e0005410. doi:10.1371/journal.
pntd.0005410 

18. Wong P-SJ, Li M-ZI, Chong C-S, Ng L-C, Tan C-H. Aedes (Stegomyia) albopic-
tus (Skuse): a potential vector of Zika virus in Singapore. PLoS Negl Trop Dis 
(2013) 7(8):e2348. doi:10.1371/journal.pntd.0002348 

19. Ghaninia M, Larsson M, Hansson BS, Ignell R. Natural odor ligands for 
olfactory receptor neurons of the female mosquito Aedes aegypti: use of gas  
chromatography-linked single sensillum recordings. J Exp Biol (2008) 211: 
3020–7. doi:10.1242/jeb.016360 

20. De Gennaro M, McBride CS, Seeholzer L, Nakagawa T, Dennis EJ, Goldman C,  
et  al. Orco mutant mosquitoes lose strong preference for humans and are 
not repelled by volatile DEET. Nature (2013) 498:487–91. doi:10.1038/
nature122062013 

21. Kellogg FE. Water vapour and carbon dioxide receptors in Aedes aegypti. 
J Insect Physiol (1970) 16:99–108. doi:10.1016/0022-1910(70)90117-4 

22. Davis EE, Sokolove PG. Lactic acid-sensitive receptors on the antennae of 
the mosquito, Aedes aegypti. J Comp Physiol A (1976) 105:43–54. doi:10.1007/
BF01380052 

23. Bildningmayer WL, Hem DG. The range of visual attraction and the effect of 
competitive visual attractants upon mosquito (Diptera: Culicidae) flight. Bull 
Entomol Res (1980) 70:321–42. doi:10.1017/S0007485300007604 

24. van Breugel F, Riffel J, Fairhall A, Dickinson MH. Mosquitoes use vision 
to associate odor plumes with thermal targets. Curr Biol (2015) 25:2123–9. 
doi:10.1016/j.cub.2015.06.046 

25. Riabinina O, Task D, Elizabeth Marr E, Lin C-C, Alford R, O’Brochta DA, et al. 
Organization of olfactory centres in the malaria mosquito Anopheles gambiae. 
Nat Comun (2016) 7:13010. doi:10.1038/ncomms13010 

26. McMeniman CJ, Corfas RA, Matthews BJ, Ritchie SA, Vosshall LB. Multimodal 
integration of carbon dioxide and other sensory cues drives mosquito attrac-
tion to humans. Cell (2014) 156:1060–71. doi:10.1016/j.cell.2013.12.044 

27. Kristensson K. Microbes’ roadmap to neurons. Nat Rev Neurosci (2011) 
12:345–57. doi:10.1038/nrn3029 

28. Maximova OA, Bernbaum JG, Pletnev AG. West Nile virus spreads transsyn-
aptically within the pathways of motor control: anatomical and ultrastruc-
tural mapping of neuronal virus infection in the primate central nervous 
system. PLoS Negl Trop Dis (2016) 10(9):e0004980. doi:10.1371/journal. 
pntd.0004980 

29. Semple BD, Blomgren K, Gimlin K, Ferriero DM, Noble-Haeusslein LJ. Brain 
development in rodents and humans: identifying benchmarks of maturation 
and vulnerability to injury across species. Prog Neurobiol (2013) 106-107:1–16. 
doi:10.1016/j.pneurobio.2013.04.001 

30. Larsen T, Stevens EL, Davis KJ, Geisbert JB, Daddario-DiCaprio KM, Jahrling PB,  
et al. Pathologic findings associated with delayed death in nonhuman primates 
experimentally infected with Zaire Ebola virus. J Infect Dis (2007) 196:S323–8. 
doi:10.1086/520589 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1530/REP-
13-0232
https://doi.org/10.1530/REP-
13-0232
https://doi.org/10.5858/arpa.2016-0429-ED
https://doi.org/10.1016/j.tim.2016.06.002
https://doi.org/10.1097/COH.0000000000000101
https://doi.org/10.1038/mp.2008.5
https://doi.org/10.4269/ajtmh.1940.s1-20.471
https://doi.org/10.1016/
0035-9203(52)90042-4
https://doi.org/10.1016/
0035-9203(52)90042-4
https://doi.org/10.1016/0035-9203(55)90080-8
https://doi.org/10.1371/journal.ppat.1000212
https://doi.org/10.1371/journal.ppat.1000212
http://www.who.int/csr/don/archive/year/
http://www.who.int/csr/don/archive/year/
https://doi.org/10.1016/j.jneuroim.2017.03.006
https://doi.org/10.1086/605496
https://doi.org/10.1016/j.antiviral.2013.06.009
https://doi.org/10.1016/j.antiviral.2013.06.009
https://doi.org/10.1371/journal.pntd.0005410
https://doi.org/10.1371/journal.pntd.0005410
https://doi.org/10.1371/journal.pntd.0002348
https://doi.org/10.1242/jeb.016360
https://doi.org/10.1038/nature122062013
https://doi.org/10.1038/nature122062013
https://doi.org/10.1016/0022-1910(70)90117-4
https://doi.org/10.1007/BF01380052
https://doi.org/10.1007/BF01380052
https://doi.org/10.1017/S0007485300007604
https://doi.org/10.1016/j.cub.2015.06.046
https://doi.org/10.1038/ncomms13010
https://doi.org/10.1016/j.cell.2013.12.044
https://doi.org/10.1038/nrn3029
https://doi.org/10.1371/journal.
pntd.0004980
https://doi.org/10.1371/journal.
pntd.0004980
https://doi.org/10.1016/j.pneurobio.2013.04.001
https://doi.org/10.1086/520589


7

Kakooza-Mwesige et al. Viral Infections and Nervous System

Frontiers in Neurology | www.frontiersin.org February 2018 | Volume 9 | Article 82

31. Couderc T, Chretien F, Schilte C, Disson O, Madly B, Guivel-Benhassine F,  
et  al. A mouse model for chikungunya: young age and inefficient type-I 
interferon signaling are risk factors for severe disease. PLoS Pathog (2008) 
4:e29. doi:10.1371/journal.ppat.0040029 

32. Prendergast AJ, Klenerman P, Goulder PJ. The impact of differential anti-
viral immunity in children and adults. Nat Rev Immunol (2012) 12:636–48. 
doi:10.1038/nri3277 

33. Rice D, Barone S Jr. Critical periods of vulnerability for the developing nervous 
system: evidence from humans and animal models. Environ Health Perspect 
(2000) 108(Suppl 3):511–33. doi:10.2307/3454543 

34. Hanzlik E, Gigante J. Microcephaly. Children (2017) 4:47. doi:10.3390/
children4060047 

35. Dalman C, Allebeck P, Gunnell D, Harrison G, Kristensson K, Lewis G, et al. 
Infections in the CNS during childhood and the risk of subsequent psychotic 
illness: a cohort study of more than one million Swedish subjects. Am 
J Psychiatry (2008) 165:59–65. doi:10.1176/appi.ajp.2007.07050740 

36. Posen HJ, Keystone JS, Gubbay JB, Morris SK. Epidemiology of Zika 
virus, 1947–2007. BMJ Glob Health (2016) 1:e000087. doi:10.1136/
bmjgh-2016-000087 

37. Hennessey M, Fischer M, Staples JE. Zika virus spreads to new areas-region 
of the Americas, May 2015–January 2016. MMWR Morb Mortal Wkly Rep 
(2016) 65:55–8. doi:10.15585/mmwr.mm6503e1er 

38. Oliveira Melo AS, Malinger G, Ximenes R, Szejnfeld PO, Alves Sampaio S, 
Bispo de Filippis AM. Zika virus intrauterine infection causes fetal brain 
abnormality and microcephaly: tip of the iceberg? Ultrasound Obstet Gynecol 
(2016) 47:6–7. doi:10.1002/uog.15831 

39. Sarno M, Aquino M, Pimentel K, Cabral R, Costa G, Bastos F, et al. Progressive 
lesions of central nervous system in microcephalic fetuses with suspected 
congenital Zika virus syndrome. Ultrasound Obstet Gynecol (2017) 50:717–22. 
doi:10.1002/uog.17303 

40. Mlakar J, Korva M, Tul N, Popović M, Poljšak-Prijatelj M, Mraz J, et  al. 
Zika virus associated with microcephaly. N Engl J Med (2016) 374:951–8. 
doi:10.1056/NEJMoa1600651 

41. Chimelli L, Melo A, Avvad-Portari E, Wiley C, Camacho A, Lopes V, et al. 
The spectrum of neuropathological changes associated with congenital 
Zika virus infection. Acta Neuropathol (2017) 133:983–99. doi:10.1007/
s00401-017-1699-5 

42. Karwowski MP, Nelson JM, Staples JE, Fischer M, Fleming-Dutra KE, 
Villanueva J, et al. Zika virus disease: a CDC update for pediatric health care 
providers. Pediatrics (2016) 137:e20160621. doi:10.1542/peds.2016-0621 

43. Aragao MFVV, Holanda AC, Brainer-Lima A, Petribu NCL, Castillo M, 
van der Linden V, et  al. Nonmicrocephalic infants with congenital Zika 
syndrome suspected only after neuroimaging evaluation compared with 
those with microcephaly at birth and postnatally: how large is the Zika 
virus “iceberg”? AJNR Am J Neuroradiol (2017) 38:1427–34. doi:10.3174/
ajnr.A5216 

44. Kapogiannis BG, Chakhtoura N, Hazra R, Spong CY. Bridging knowl-
edge gaps to understand how Zika virus exposure and infection affect 
child development. JAMA Pediatr (2017) 171:478–85. doi:10.1001/
jamapediatrics.2017.0002 

45. Johansson MA, Mier-y-Teran-Romero L, Reefhuis J, Gilboa SM, Hills SL. 
Zika and the risk of microcephaly. N Engl J Med (2016) 375:1–4. doi:10.1056/
NEJMp1605367 

46. Kleinschmidt-DeMasters BK, Beckham JD. West Nile virus encephalitis 16 
years later. Brain Pathol (2015) 25:625–33. doi:10.1111/bpa.12280 

47. Sejvar JJ, Bode AV, Marfin AA, Campbell GL, Ewing D, Mazowiecki M, 
et  al. West Nile virus-associated flaccid paralysis. Emerg Infect Dis (2005) 
11:1021–7. doi:10.3201/eid1107.040991 

48. Hasbun R, Garcia MN, Kellaway J, Baker L, Salazar L, Woods SP, et al. West 
Nile virus retinopathy and associations with long term neurological and 
neurocognitive sequelae. PLoS One (2016) 11:e0148898. doi:10.1371/journal.
pone.0148898 

49. Sahmaan Z, McDermid SV, Bawor M, Potter TH, Eskandarian S, Loeb M. 
Neuropsychological impact of West Nile virus infection: an extensive neuro-
psychiatric assessment of 49 cases in Canada. PLoS One (2016) 11:e0158364. 
doi:10.1371/journal.pone.0158364 

50. Pridjian G, Sirois PA, McRae S, Hinckley AF, Rasmussen SA, Kissinger P,  
et al. Prospective study of pregnancy and newborn outcomes in mothers with 

West Nile illness during pregnancy. Birth Defects Res A Clin Mol Teratol (2016) 
106:716–23. doi:10.1002/bdra.23523 

51. Sirois PA, Pridjian G, McRae S, Hinckley AF, Rasmussen SA, Kissinger P, 
et al. Developmental outcomes in young children born to mothers with West 
Nile illness during pregnancy. Birth Defects Res A Clin Mol Teratol (2014) 
100:792–6. doi:10.1002/bdra.23297 

52. Gaensbauer JT, Lindsey NP, Messacar K, Staples JE, Fischer M. Neuroinvasive 
arboviral disease in the United States: 2003 to 2012. Pediatrics (2014) 
134:e642–50. doi:10.1542/peds.2014-0498 

53. Barzon L, Pacenti M, Sinigaglia A, Berto A, Trevisan M, Palù G. West Nile 
virus infection in children. Expert Rev Anti Infect Ther (2015) 13:1373–86.  
doi:10.1586/14787210.2015.1083859 

54. Smith JC, Mailman T, MacDonald NE. West Nile virus: should pediatricians 
care? J Infect (2014) 69:S70–6. doi:10.1016/j.jinf.2014.07.019 

55. Wilson CA, Bale JF Jr. West Nile virus infections in children. Curr Infect Dis 
Rep (2014) 16:391. doi:10.1007/s11908-014-0391-3 

56. Fritel X, Rollot O, Gerardin P, Gauzere BA, Bideault J, Lagarde L, et  al. 
Chikungunya virus infection during pregnancy, Reunion, France, 2006. Emerg 
Infect Dis (2010) 16:418–25. doi:10.3201/eid1603.091403 

57. Ramful D, Carbonnier M, Pasquet M, Bouhmani B, Ghazouani J, Noormahomed T,  
et  al. Mother-to-child transmission of chikungunya virus infection. Pediatr 
Infect Dis J (2007) 26:811–5. doi:10.1097/INF.0b013e3180616d4f 

58. Robin S, Ramful D, Le Seach F, Jaffar-Bandjee MC, Rigou G, Alessandri JL. 
Neurologic manifestations of pediatric chikungunya infection. J Child Neurol 
(2008) 23:1028–35. doi:10.1177/0883073808314151 

59. Gérardin P, Sampériz S, Ramful D, Boumahni B, Bintner M, Alessandri J-L,  
et al. Neurocognitive outcome of children exposed to perinatal mother-to- 
child chikungunya virus infection: the CHIMERE cohort study on reunion 
island. PLoS Negl Trop Dis (2014) 8(7):e2996. doi:10.1371/journal.pntd. 
0002996 

60. Han H-J, Wen H-L, Zhou C-M, Chen F-F, Luo L-M, Liu J-W, et al. Bats as 
reservoirs of severe emerging infectious diseases. Virus Res (2015) 205:1–6. 
doi:10.1016/j.virusres.2015.05.006 

61. Schieffelin JS, Shaffer JG, Goba A, Gbakie M, Gire SK, Colubri A, et al. Clinical 
illness and outcomes in patients with Ebola in Sierra Leone. N Engl J Med 
(2014) 371:2092–100. doi:10.1056/NEJMoa1411680 

62. Chertow DS, Kleine C, Edwards JK, Scaini R, Giuliani R, Sprecher A. Ebola 
virus disease in West Africa – clinical manifestations and management. N Engl 
J Med (2014) 371:2054–7. doi:10.1056/NEJMp1413084 

63. WHO Ebola Response Team, Agua-Agum J, Allegranzi B, Ariyarajah A,  
Aylward R, Blake IM, et  al. After Ebola in West Africa – unpredictable 
risks, preventable epidemics. N Engl J Med (2016) 375:587–96. doi:10.1056/
NEJMsr1513109 

64. Etard JF, Sow MS, Leroy S, Touré A, Taverne B, Keita AK, et al. Multidisciplinary 
assessment of post Ebola sequelae in Guinea (Postebogui): an observational 
cohort study. Lancet Infect Dis (2017) 17:545–52. doi:10.1016/S1473-3099 
(16)30516-3 

65. Zeng X, Blancett CD, Koistinen KA, Schellhase CW, Bearss JJ, Radoshitzky SR, 
et al. Identification and pathological characterization of persistent asymptom-
atic Ebola virus infection in rhesus monkeys. Nat Microbiol (2017) 2:17113. 
doi:10.1038/nmicrobiol.2017.113 

66. Nowakowski TJ, Pollen AA, Di Lullo E, Sandoval-Espinosa C, Bershteyn M,  
Kriegstein AR. Expression analysis highlights AXL as a candidate Zika 
virus entry receptor in neural stem cells. Cell Stem Cell (2016) 18:591–6. 
doi:10.1016/j.stem.2016.03.012 

67. Lemke G, Rothlin CV. Immunobiology of the TAM receptors. Nat Rev 
Immunol (2008) 8:327–36. doi:10.1038/nri2303 

68. Richard AS, Shima B-S, Kwon Y-C, Zhang R, Otsuka Y, Kimberly Schmitt K, 
et al. AXL-dependent infection of human fetal endothelial cells distinguishes 
Zika virus from other pathogenic flaviviruses. Proc Natl Acad Sci U S A (2017) 
114:2024–9. doi:10.1073/pnas.1620558114 

69. Quicke KM, Bowen JR, Johnson EL, McDonald CE, Ma H, O’Neal JT, et al. 
Zika virus infects human placental macrophages. Cell Host Microbe (2016) 
20:83–90. doi:10.1016/j.chom.2016.05.015 

70. Chavali PL, Stojic L, Meredith LW, Joseph N, Nahorski MS, Sanford TJ, et al. 
Neurodevelopmental protein Musashi-1 interacts with the Zika genome and 
promotes viral replication. Science (2017) 357:83–8. doi:10.1126/science.
aam9243 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1371/journal.ppat.0040029
https://doi.org/10.1038/nri3277
https://doi.org/10.2307/3454543
https://doi.org/10.3390/children4060047
https://doi.org/10.3390/children4060047
https://doi.org/10.1176/appi.ajp.2007.07050740
https://doi.org/10.1136/bmjgh-2016-000087
https://doi.org/10.1136/bmjgh-2016-000087
https://doi.org/10.15585/mmwr.mm6503e1er
https://doi.org/10.1002/uog.15831
https://doi.org/10.1002/uog.17303
https://doi.org/10.1056/NEJMoa1600651
https://doi.org/10.1007/s00401-017-1699-5
https://doi.org/10.1007/s00401-017-1699-5
https://doi.org/10.1542/peds.2016-0621
https://doi.org/10.3174/ajnr.A5216
https://doi.org/10.3174/ajnr.A5216
https://doi.org/10.1001/jamapediatrics.2017.0002
https://doi.org/10.1001/jamapediatrics.2017.0002
https://doi.org/10.1056/NEJMp1605367
https://doi.org/10.1056/NEJMp1605367
https://doi.org/10.1111/bpa.12280
https://doi.org/10.3201/eid1107.040991
https://doi.org/10.1371/journal.pone.0148898
https://doi.org/10.1371/journal.pone.0148898
https://doi.org/10.1371/journal.pone.0158364
https://doi.org/10.1002/bdra.23523
https://doi.org/10.1002/bdra.23297
https://doi.org/10.1542/peds.2014-0498
https://doi.org/10.1586/14787210.2015.1083859
https://doi.org/10.1016/j.jinf.2014.07.019
https://doi.org/10.1007/s11908-014-0391-3
https://doi.org/10.3201/eid1603.091403
https://doi.org/10.1097/INF.0b013e3180616d4f
https://doi.org/10.1177/0883073808314151
https://doi.org/10.1371/journal.pntd.
0002996
https://doi.org/10.1371/journal.pntd.
0002996
https://doi.org/10.1016/j.virusres.2015.05.006
https://doi.org/10.1056/NEJMoa1411680
https://doi.org/10.1056/NEJMp1413084
https://doi.org/10.1056/NEJMsr1513109
https://doi.org/10.1056/NEJMsr1513109
https://doi.org/10.1016/S1473-3099
(16)30516-3
https://doi.org/10.1016/S1473-3099
(16)30516-3
https://doi.org/10.1038/nmicrobiol.2017.113
https://doi.org/10.1016/j.stem.2016.03.012
https://doi.org/10.1038/nri2303
https://doi.org/10.1073/pnas.1620558114
https://doi.org/10.1016/j.chom.2016.05.015
https://doi.org/10.1126/science.aam9243
https://doi.org/10.1126/science.aam9243


8

Kakooza-Mwesige et al. Viral Infections and Nervous System

Frontiers in Neurology | www.frontiersin.org February 2018 | Volume 9 | Article 82

71. Noctor SC, Martínez-Cerdeño V, Kriegstein AR. Distinct behaviors of neural 
stem and progenitor cells underlie cortical neurogenesis. J Comp Neurol 
(2008) 508:28–44. doi:10.1002/cne.21669 

72. Onorati M, Li Z, Liu F, Sousa AMM, Nakagawa N, Li M, et al. Zika virus disrupts 
phospho-TBK1 localization and mitosis in human neuroepithelial stem cells 
and radial glia. Cell Rep (2016) 16:2576–92. doi:10.1016/j.celrep.2016.08.038 

73. Ming GL, Tang H, Song H. Advances in Zika virus research: stem cell models, 
challenges, and opportunities. Cell Stem Cell (2016) 19:690–702. doi:10.1016/j.
stem.2016.11.014 

74. Krause KK, Azouz F, Shin OS, Kumar M. Understanding the pathogenesis of 
Zika virus infection using animal models. Immune Netw (2017) 17:287–97. 
doi:10.4110/in.2017.17.5.287 

Conflict of Interest Statement: The authors declare that the writing of this article 
was conducted in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Copyright © 2018 Kakooza-Mwesige, Mohammed, Kristensson, Juliano and 
Lutwama. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) and the copyright owner 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1002/cne.21669
https://doi.org/10.1016/j.celrep.2016.08.038
https://doi.org/10.1016/j.stem.2016.11.014
https://doi.org/10.1016/j.stem.2016.11.014
https://doi.org/10.4110/in.2017.17.5.287
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Emerging Viral Infections in Sub-Saharan Africa and the Developing Nervous System: A Mini Review
	Introduction
	Discovery of the Viruses and the Magnitude of the Problem
	Sensory Cues in Mosquito–Human Interaction
	Entry Routes for Viruses to the Brain: Effects of Neuroinvasive Viral Infections During Development
	Clinical Effects of the Emerging Viral Infections on the Developing Nervous System
	Zika Virus
	West Nile Virus
	Chikungunya Virus
	Ebola Virus

	Obtaining an Experimental Model of ZIKV and the Developing Nervous System
	Conclusion and Perspectives
	Author Contributions
	Funding
	References


