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Viruses have been implicated in the development of neurodegen-
erative diseases, such as Alzheimer’s, Parkinson’s, andmultiple scle-
rosis. Human herpesvirus-6 (HHV-6) is a neurotropic virus that has
been associated with a wide variety of neurologic disorders, includ-
ing encephalitis, mesial temporal lobe epilepsy, and multiple scle-
rosis. Currently, the route of HHV-6 entry into the CNS is unknown.
Using autopsy specimens, we found that the frequency of HHV-6
DNA in the olfactory bulb/tract region was among the highest in
the brain regions examined. Given this finding, we investigated
whether HHV-6 may infect the CNS via the olfactory pathway.
HHV-6 DNA was detected in a total of 52 of 126 (41.3%) nasal
mucous samples, showing the nasal cavity is a reservoir for HHV-
6. Furthermore, specialized olfactory-ensheathing glial cells located
in the nasal cavity were demonstrated to support HHV-6 replication
in vitro. Collectively, these results support HHV-6 utilization of the
olfactory pathway as a route of entry into the CNS.

olfactory system | viral infection

The olfactory system bridges the peripheral environment with
the central nervous system and is constantly exposed to a va-

riety of pathogens, such as viruses. A number of neurotropic
viruses, including herpes simplex viruses, borna disease virus, ra-
bies virus, influenza A virus, and parainfluenza virus are known to
infect the CNS by transmission through the olfactory pathway (1).
The olfactory system is connected to and supported by the limbic
system, which includes the hippocampus, thalamus, and amygdala
(2). Viruses known to use the olfactory system to invade the CNS
are primarily found in limbic structures (3, 4). In both HSV en-
cephalitis and rabies encephalitis the limbic system is a major site
of damage, and in individuals affected with borna virus, viral
DNA has been found in the hippocampus (5–8). Depending on
their ability to directly infect olfactory receptor neurons, these
viruses are thought to infect cells in the nasal endothelium, thus
gaining direct access to the CNS (9, 10).
Olfactory-ensheathing cells (OECs) are a group of specialized

glial cells located in the nasal cavity. They possess characteristics of
CNS astrocytes and Schwann cells, making them potential targets
for viruses known to infect glial cells. The primary function of
OECs is to guide newly formed olfactory receptor neurons across
the cribiform plate into the CNS to form appropriate connections.
OECs are also important in promoting neuro-regeneration. In
animal models of spinal transection, transplantation of OECs
promotes the restoration of axonal connections as well as remye-
lination (9). The ability of OECs to remyelinate injured neurons
makes them unique and particularly interesting; these cells have
recently been the subject of intense research concerning spinal
cord injuries, amyotrophic lateral sclerosis, multiple sclerosis
(MS), and other neurodegenerative diseases (10). The majority of
OEC research has used animal models, and the literature using
human OECs is currently limited.
Human herpesvirus-6 (HHV-6) is frequently associated with

neurologic diseases, including MS, mesial temporal lobe epilepsy

(MTLE), encephalitis, and febrile illness (11). This ubiquitous
β-herpesvirus exists in two variants that share 95% sequence
homology, HHV-6A and HHV-6B (12). HHV-6B is the etiologic
agent for roseola in children and is usually contracted by 2 years
of age, the time of exposure and symptoms associated with
HHV-6A remains unknown (13). Both variants of HHV-6 have
the ability to become latent and remain quiescent in the host
following primary exposure (14). One proposed site of HHV-6
latency is in the tonsils and adenoids, where the virus has been
shown to be actively shed in saliva (15, 16). In addition, many
in vitro studies have demonstrated that HHV-6 has a tropism for
glial cells that may also represent an in vivo reservoir of viral
latency in the CNS (17–20). Although HHV-6 is increasingly
recognized as an important pathogen in a number of neurologic
diseases, how the virus gains access to the CNS is not completely
understood. Given that HHV-6 has been demonstrated in sali-
vary glands and that a common route of entry into the CNS for
many viruses is the olfactory pathway, we investigated whether
the olfactory system can support HHV-6 infection. Here we
examine (i) the distribution of HHV-6 in the CNS and olfactory
tissues at autopsy, (ii) the prevalence of HHV-6 DNA in nasal
mucus, and (iii) the ability of human OECs to support HHV-6
infection in vitro.

Results
HHV-6 Is Present in Fresh Brain and CNS Autopsy Material. To de-
termine the distribution of HHV-6 in the brain and CNS, we
surveyed multiple regions of the brain and spinal cord for HHV-6.
A total of 50 brain samples from three patient autopsies were
analyzed for the presence of HHV-6 DNA. Because of the low
amounts of viral DNA in the tissue, it was necessary to use nested
PCR to detect HHV-6. In each patient, 11 to 24 samples were
tested and in each individual between 25% and 33% of these
samples tested positive for HHV-6 (Table 1). Consistent with
previous studies, HHV-6 DNA was amplified from 26% (13 of
50) of total tissue samples tested (21). To evaluate the distribu-
tion of HHV-6 in the CNS, brain samples were divided into six
categories based on their anatomical locations: optic chiasm; ol-
factory bulb/tract; forebrain (amygdala, corpus collosum, cortex,
frontal lobe, hippocampus, hypothalamus, parietal lobe, pituitary
gland, frontal gyrus, temporal lobe, thalamus); midbrain (caudate,
internal capsule, palidum, putamen, substantia nigra); hindbrain
(cerebellum, dentate, medulla, pons); and spinal cord (cervical
spinal cord, lumbar spinal cord/ganglia, thoracic spinal cord/
ganglia). Although HHV-6 DNA could be found throughout the
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brain, percentages of HHV-6 positivity were elevated in the
olfactory bulb/tract (50%), spinal cord (45.4%), and hindbrain
(33.3%) regions (Fig. 1).
The olfactory bulbs from two of the three National Institutes

of Health (NIH) autopsy cases investigated were found to have
high enough levels of HHV-6 DNA to be assayed with quanti-
tative real-time TaqMan PCR using variant-specific primers.
HHV-6B was detected at high viral loads, 1 × 103 and 4 × 104

virus copies per million cells, in the olfactory bulb tissue samples
from the two patients tested (Fig. 2A). By comparison, in HHV-6
associated encephalitis brain biopsies, titers of 1 × 106 virus copies
per million cells are found (Fig. 2A). To extend this observation,
additional fresh-frozen olfactory bulb and tract materials were
obtained from 10 patients, five diagnosed with multiple sclerosis
and five with cancer, from the University of California at Los
Angeles (UCLA) brain bank and tested for the presence of HHV-
6 DNA. The olfactory bulb and tract were tested for HHV-6 using
nested PCR because of the low levels of HHV-6 DNA in the
tissue. The UCLA olfactory tissues show a high frequency of
HHV-6 DNA, 70% (n= 20) (Fig. 2B), and sequencing identified
HHV-6B as the variant present in all positive samples. These data
confirm what was seen in the olfactory bulb/tract from the initial
autopsy cases (Fig. 1). The frequency of HHV-6 positivity did
not vary between the MS patients and cancer patients, indicating
this may be a common observation not related to disease.

HHV-6 Is Present in the Nasal Cavity. To evaluate the prevalence of
HHV-6 in the nasal passage, a total of 126 nasal mucus speci-
mens were tested for presence of HHV-6 DNA using nested
PCR. Nasal mucus specimens are routinely collected from
patients with smell loss and their availability allowed us to screen
a large number of patients. Given the association of HHV-6 and
neurologic conditions, we also collected nasal mucus from MS
patients and healthy controls for HHV-6 testing. High frequen-
cies of HHV-6 DNA were detected in nasal mucus samples but
were not significantly different among all three cohorts: healthy
controls (60.0%), MS (53.8%), and smell loss (35.5%) (Table 2).
Sequencing was used to determine the HHV-6 variant in four of
the seven positive samples from MS patients and all tested as
HHV-6B. Because the saliva is a well-known in vivo reservoir for
HHV-6, we also examined the frequency of HHV-6DNA in saliva
of the same patients. As expected, equally high percentages of
saliva contained HHV-6 DNA, healthy controls (50.0%), MS
(66.7%), and smell loss (40.6%), with no statistically significant
differences among the three groups (Table 2). Sequencing was
done on 4 of the 13 positive MS patient samples: three tested as
HHV-6B and one as HHV-6A. These results demonstrate that
the presence of HHV-6 in the nasal cavity and saliva is a common
observation and does not appear to be linked to any of the con-
ditions studied. Importantly, these data suggest that the nasal
cavity, like the saliva, is an in vivo reservoir for HHV-6.

OECs Are Readily Infected with HHV-6. Human OECs are glial cells
that reside in the nasal cavity and have properties of astrocytes
and Schwann cells. Cultured OECs were histologically charac-
terized by immunofluorescence staining with neuronal, astrocytic,

and oligodendrocytic markers (Fig. 3). As shown, no neuronal
phenotypes were observed in the cultured human OECs, in-
dicated by the absence of β-tubulin III (TUJ1) or microtubule-
associated protein 2 (MAP2). Similarly, positive vimentin staining
of intermediate filament expression by immature cells indicated
a lack of fibroblasts in the OEC culture. Consistent with previous
characterization of OECs, cells in our culture also coexpressed
astrocyte, oligodendrocyte, and Schwann cell markers, such as
vimentin, glial fibrillary acidic protein (GFAP), O4, and low-af-
finity nerve growth factor receptor p75 (NGFRp75). Because
OECs have properties of astrocytes, which are known to be sus-
ceptible to HHV-6 infection (19, 22), we investigated whether
OECs could also be productively infected by HHV-6. Cultures of
OECs were infected with cell-free viral supernatant containing
either HHV-6A (strain U1102) or HHV-6B (strain Z29). Cells
were harvested at various time points for evaluation of HHV-6
replication by RT-PCR using primers that can detect de novo
RNA synthesis of the U12 gene of HHV-6. De novo RNA syn-
thesis of HHV-6A was found in OECs on days 2 and 4 post-
infection (Fig. 4A). OECs harvested days 3 and 7 postinfection
with HHV-6A were tested for viral DNA using real-time quan-
titative Taqman and showed an increased viral load over time
(Fig. 4B), suggesting a productive infection of OECs with HHV-
6A. In contrast, de novo RNA synthesis was not found in OECs
exposed to HHV-6B, suggesting that OECs are not as permissive
to infection with this variant. These results are similar to previous
studies, which demonstrated that in vitro infection of other glial
cells including astrocytes results in a productive infection by
HHV-6A, but infection with HHV-6B resulted in either abortive
or persistent infections (19, 22). To our knowledge this report is
unique in presenting productive infection of human OECs. Be-
cause HHV-6A but not HHV-6B could productively infect OEC,
we analyzed the cytokine production of OECs infected with
HHV-6A early in infection. Infected OECs were found to sig-

Table 1. Survey of HHV-6 in the CNS

Olfactory bulb/tract Optic chiasm Forebrain Midbrain Hindbrain Spinal cord

A1 2/4* 0/1 1/7 0/5 0/1 2/6
A2 1/1* 0/0 0/4 0/4 2/3 2/3
A3 0/1 0/1 2/4† 0/1 0/2 1/2

A1 to A3 were obtained at the NIH; causes of death are multiple system atrophy, breast cancer, and MS,
respectively. PCR results are shown in Figs. 1 and 2A for these samples.
*These samples were sequenced and tested as HHV-6B.
†One of the two samples sequenced as HHV-6A.

Fig. 1. Survey of autopsy brain specimens for HHV-6. Primers specific for the
U67 gene region of HHV-6 were used for nested PCR amplification. Tissues
from various regions of the brain obtained from three NIH autopsy patients
were categorized into the indicated groups based on anatomical locations.
The percentages of HHV-6 positivity in each category are expressed on the y
axis. The numbers above each region indicate the number of samples posi-
tive for HHV-6 of the total number of specimen tested in each category.
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nificantly increase the production of IL-6, and the chemokines
CCL-1 and Rantes (Fig. 4C). The cytokine profiles of infected
OECs would suggest HHV-6A infection triggers the release of
proinflammatory mediators.

Discussion
Although HHV-6 has been implicated in the development of
a wide spectrum of neurologic disorders, including MS, MTLE,
and encephalitis, the route of viral entry into the CNS remains
unknown (23–29). The olfactory system, a well-known route of
entry for many viruses into the CNS, is connected to the limbic
structures of the brain, providing a possible path for viruses to
infect the CNS. For example, in animal models, Theiler’s murine
encephalomyelitis virus, influenza A, rabies virus, West Nile vi-
rus, and borna disease virus are known to rapidly disseminate
throughout the CNS by olfactory transmission (30). In this study,
we provided data showing that HHV-6 is able to reside in the
olfactory system, making it a possible route of CNS transmission.
HHV-6 infection through the olfactory pathway may result in

clinical consequences. For example, HHV-6 DNA has been
found in tissues of the limbic system, including the hippocampus
and temporal lobe of patients with MTLE (24, 25). In addition,
in posttransplant recipients reactivation of HHV-6 in the cere-
brospinal fluid led to the development of limbic encephalitis.
The presence of HHV-6 in limbic tissues and its ability to cause
limbic encephalitis is consistent with other viruses known to
enter the CNS through the olfactory system. Interestingly, when
the various regions were stratified according to their anatomical
locations, the olfactory tissues were one of the brain regions with
the highest prevalence of HHV-6 (60%) (Figs. 1 and 2). We also
found no correlation between HHV-6 positivity and disease in
the olfactory tissue tested, suggesting that the presence of HHV-
6 in this tissue is a common observation. Although structures of
the limbic system, characterized as forebrain in this study, did not
have the highest prevalence of HHV-6, the presence of virus in
olfactory bulb and regions beyond the forebrain suggest that the
virus may have traveled through the forebrain and established
residency elsewhere. HSV-1, another virus known to disseminate
into the CNS through the olfactory system, is found in ∼15%
of olfactory bulbs at autopsy (5, 31). The comparatively high

prevalence of HHV-6 in olfactory bulbs, as well as other regions
of the CNS, supports the hypothesis that the olfactory pathway is
a route of HHV-6 transmission into the CNS.
In addition to finding virus in the olfactory bulbs, results

presented in this article find high frequencies of HHV-6 in the
nasal cavity, which allows the virus constant access to the ol-
factory pathway and thus entry into the CNS. HHV-6 DNA was
amplified from 41% of all nasal mucus specimens tested (Table
2). Again we found no correlation between disease and the
frequency of HHV-6 positivity in nasal mucus samples. The
prevalence of HHV-6 DNA in the nasal cavity is comparable to
that found in saliva (46%); saliva is considered an in vivo res-
ervoir of HHV-6 (32). Because of the similarly high incidence of
HHV-6 DNA detection in nasal mucus samples and saliva, we
suggest that the nasal cavity also be considered an in vivo res-
ervoir of HHV-6. Whether presence of HHV-6 in the nasal
cavity is indicative of infection of resident cells in the olfactory
pathway in vivo remains to be explored.
Given their similarities to glial cells, such as astrocytes, known

to be readily infectable by HHV-6, OECs present an attractive
target for HHV-6 infection. The data presented here show that
HHV-6A can establish an infection in human OECs in vitro, as
evidenced by the presence of de novo viral RNA synthesis in
OECs exposed to cell-free HHV-6A (Fig. 4A), indicating active
viral replication in these infected OEC cultures. The viral load of
the infection increased over time, supporting the presence of an
active infection (Fig. 4B). To our knowledge, this article is
unique in reporting an in vitro viral infection of human OECs.
Although we were not able to infect OECs with HHV-6B
in vitro, that does not preclude this from occurring in vivo.
Astrocytes, which share many properties of OECs, are less per-
missive to HHV-6B infection in vitro than in vivo and this may be
the case with OECs as well (19, 22). The primary roles of OECs
include providing a growth-supportive environment for newly
regenerated olfactory neurons and guiding the primary olfactory
axons from the nasal cavity across the blood-brain barrier and
into the brain (10). Interestingly, recent studies have shown that
OECs also have significant neuro-regenerative properties. Trans-
plantation of OECs has been used to promote restoration of
axonal connections, as well as remyelination in various animal

Table 2. Demographics of sample cohorts and HHV-6 DNA

Total
subjects Sex

Mean
age ± SD

HHV-6 (+) nasal
mucous

HHV-6 (+)
saliva

Smell loss 102 53 F/49 M 56.1 ± 15.0 33/93 (35.5%) 39/96 (40.6%)
MS 21 11 F/10 M 46.2 ± 10.3 7/13 (53.8%) 14/21 (66.7%)
Healthy controls 20 13 F/7 M 31.6 ± 6.8 12/20 (60.0%) 9/18 (50.0%)

Fig. 2. Detection of HHV-6 DNA in autopsy olfactory specimens. (A) HHV-6 variant B was amplified by real-time quantitative PCR from olfactory bulb
specimens from two NIH autopsy cases (MS and leukemia, respectively) and the insular cortex of a patient with HHV-6–associated encephalitis for comparison.
(B) Olfactory bulb (n = 10) and tract (n = 10) specimens ascertained from the UCLA brain bank were tested using nested PCR for the U67 gene of HHV-6. A high
prevalence of HHV-6 DNA was detected in the olfactory tissues.
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models of spinal transection (9). Given the increase in proin-
flammatory cytokine production and slight reduction in neuro-
trophin production during HHV-6A infection, (Fig. 4C) these
functions may be impaired in actively infected OECs. With the
important biological properties of OECs, HHV-6 infection
in vivo would provide a mechanism for continuous transmission
across the blood-brain barrier, resulting in longstanding access
to the CNS.
Our study supports the possibility of HHV-6 entry into the CNS

via infection of and residence in the olfactory system. Collecting
primary OECs from within the CNS and surveying for virus would
be ideal to confirm this route of infection. In this study it was
shown that, HHV-6DNA can be amplified from both nasal mucus
and olfactory brain tissues, and OECs can be infected pro-
ductively with HHV-6 in vitro. Data in this study provide evidence
that the nasal cavity is a reservoir for HHV-6, and supports the
hypothesis that HHV-6 travels from the nasal cavity into the
brain, using the olfactory pathway as a route of entry.

Methods
DNA and RNA Extraction. Informed consent was written and obtained from
each subject in accordance with the Declaration of Helsinki. The study was
reviewed and approved by the National Institute of Neurological Disorders
and Stroke Institutional Review Board. DNeasy Blood and Tissue DNA ex-
traction kit (Qiagen) was used according to the manufacturer’s instructions.
Fresh brain tissue specimens obtained from three autopsy cases (one MS, one
cancer, and one multisystem atrophy) at the NIH, and 10 fresh-frozen ol-
factory bulb/tract samples from the UCLA brain bank (five MS and five
cancer patients) were kept on ice and processed following the protocol for
DNA extraction from tissues. Saliva samples from smell-loss patients were
collected by aspiration from the parotid gland; from MS patients and
healthy controls saliva was collected using a salivette (Sarstedt). Nasal mucus
secretions from smell-loss patients, MS patients, and healthy controls were
collected over 3 d and pooled for each subject. To decrease the viscosity of
nasal secretions, an equal volume of (N-acetyl-L-cysteine) NALC buffer con-
taining 2.94% sodium citrate, 4% sodium hydroxide, and 500 mg of NALC
was added before extraction. DNA from nasal secretions with NALC, and
saliva, were extracted according to instructions for cell-free materials.
RNeasy RNA extraction kit (Qiagen) was used for RNA extraction.

HHV-6–Specific Nested, Real-Time Quantitative TaqMan PCR, and RT-PCR. Nes-
ted PCR detection of HHV-6 DNA was performed with primers against the
U67 (major capsid protein-MCP) region of the viral genome, as previously
described (29). To avoid PCR contamination, sample extraction, PCR mastermix
preparation, and sample loading were performed at three separate loca-
tions in the laboratory. HHV-6 viral load was measured using HHV-6A or 6B-
specific U90 primers in TaqMan quantitative PCR with 9700HT Fast Real Time
PCR System (Applied Biosystems), as previously described (25, 33, 34). Briefly,
for cell-free specimens, 5 μL of extracted DNA was amplified with a final
concentration of 0.5 μM HHV-6A or 6B-specific primers and probes in a 20-μL
reaction using TaqMan Universal Mastermix (Applied Biosystems). Based on
the HHV-6A or 6B plasmid standard curve spanning from 107 to 101 copies,

the viral load was calculated and expressed as HHV-6 copies per milliliter
(33). For brain biopsy samples, 50 ng of DNA was used in each 20-μL TaqMan
PCR and viral load per million cells was calculated by normalizing HHV-6

Fig. 3. Characterization of cultured
OECs by immunofluorescence staining.
(A) Primary human OECs were labeled
using anti–vimentin-Alexa Fluor 488
(green), anti–GFAP-AMCA (azure), anti–
O4-Alexa Fluor 546 (orange), anti–TUJ1-
Alexa Fluor 647 (red), and anti–PCNA-bi-
otin-streptavidin-Alexa Fluor 750 (pink).
After imaging the above labels, the
remaining AMCA signal was photo-
bleached and the cell nuclei were coun-
terstained with DAPI (blue) to facilitate
cell visualization. (B) Primary humanOECs
from a separate culture probed with
anti–vimentin-Alexa Fluor 488 (green),
anti-GFAP-Alexa Fluor 350 (azure), anti–
NGFPp75-Alexa Fluor 546 (orange), anti–MAP2-Alexa Fluor 647 (red), anti-PCNA-biotin-streptavidin-Alexa Fluor 750 (pink) andDAPI (blue) using the same labeling
strategy as inA. Astroglial andoligodendroglialmarkers such as vimentin, GFAP,NGFRp75, andO4werewidely expressed inOECs.Manyof these cellswere PCNA+

and thus actively proliferating. Cells of the neuronal lineage were absent in the OEC cultures as indicated by negative TUJ1 and MAP2 staining.

Fig. 4. HHV-6A infects olfactory ensheathing cells in vitro. (A) OEC cultures
were infected with HHV-6A or HHV-6B and cells were harvested for analysis of
de novo virus transcript with the U12 primers. The higher 202-bp band corre-
sponds to the nonspliced HHV-6 precursor RNA and the lower 113-bp PCR
product represents de novo RNA transcript. Lanes 1, 2, and 3 are 3 h post-
infection of mock, OEC+U1102, and OEC+Z29, respectively. Lanes 4 and 5 are
2 d postinfection of mock and OEC+U1102, respectively. Lanes 6, 7, and 8 are
4 d postinfection of OEC+U1102, OEC+Z29, and mock, respectively. Lane 9 is
the positive control from HHV-6 infected U251 human astrocyte cell line. (B)
HHV-6A infected OECs were harvested 3 and 7 d postinfection for viral load
analysis by real time quantitative Taqman. Calculated viral loads were normal-
ized to β-actin. (C) Cytokine productionmeasured on day 3 of HHV-6A infection
in OECs. Cell-culture supernatants were analyzed using a cytokine antibody
array as described in Methods. The data shown are from a representative ex-
periment andmean intensities were normalized to controls on eachmembrane
(n = 2). Statistical significancewasmeasuredusingANOVA (* indicates P< 0.05).
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copy numbers to the house-keeping gene β-actin using the following for-
mula: [HHV-6 copy number/(β-actin copy number/2)] × 106.

RT-PCR was performed using the HHV-6 U12 primers, which amplify both
HHV-6A and HHV-6B, as previously described (18, 19). RNA samples extracted
from cultured human OECs were first treated with DNase I and cDNA was
created using the SuperScript III RT kit (Invitrogen). PCR amplifications of
cDNA were performed as previously described (19). Primer sequences and
PCR cycling conditions are listed in Table 3.

Maintenance and Infection of Primary Human OECs with HHV-6. OECs were
obtained from A. MacKay-Sim (Griffith University, Brisbane, QLD, Australia)
and maintained in poly-L-lysine–coated tissue culture flasks containing 10%
FCS and 1% antibiotics, in glutamine supplemented DMEM. OECs were
infected with HHV-6A U1102 and HHV-6B Z29 at a ratio of 100 copies of HHV-
6–1 cells, as previously described (18). Briefly, cell-free viral supernatant or
mock supernatant from noninfected SupT1 cells (human T-cell line) was added
to OEC culture that were 60% confluent for 1 d. Supernatants were removed
the next day and cells were washed with PBS before replenishing with 5% FCS
in DMEM growth medium. Mock and HHV-6 infected OECs were trypsinized
andharvested 3 h, 2 d, and 4 d postinfection for analysis of HHV-6 de novo viral
RNA synthesis using splice variant specific primers for the HHV-6 U12 gene.

Cytokine Analysis of OEC Culture. OEC cultures were infected with HHV-6A
and supernatant was collected 3 d postinfection. Supernatants from both
HHV-6A and mock infections were then analyzed using a cytokine antibody
array (RayBiotech, Inc.) as per the manufacturer’s instructions. The data were
analyzed using densitometry software (Kodak) and the results from differ-
ent membranes were normalized using positive controls provided. ANOVA
was used to determine significant differences.

Characterization of OECs in Culture. Multiepitope immunolabeling protocols
were applied to identify the astroglial, oligodendroglial, and neuronal
phenotypes in primary human OEC cultures using different combinations of
specific neural lineage-selective markers, as previously described (35). OECs
were probed using mixtures of primary antibodies that included mouse
IgG1 anti-vimentin (Millipore) to identify immature neural progenitor pop-
ulations, mouse IgG2b anti-GFAP (Santa Cruz Biotechnology) or chicken IgY
anti-GFAP (Aves Labs) to identify the astroglial phenotypes, mouse IgM anti-
O4 (Millipore) or mouse IgM targeting the low-affinity NGFRp75 (Santa Cruz
Biotechnology) to identify the oligodendrocytic and remyelinating pheno-
types, and mouse IgG2b anti-TUJ1 (Sigma) or chicken IgY anti- MAP2 (Mil-
lipore) to identify the neuronal phenotypes. All staining protocols also
included probing for actively proliferating cells in the aforementioned
neural cell phenotypes using mouse IgG2a anti-proliferating cell nuclear
antigen (PCNA) antibody (Millipore). Each of the above primary immuno-
reactions was visualized using appropriate fluorophore-conjugated (AMCA,
Alexa Fluor 350, Alexa Fluor 488, Alexa Fluor 546, Alexa Fluor 647, Alexa
Fluor 750) secondary antibodies obtained either from Jackson Immuno-
Research or Invitrogen. All fluorescence signals were imaged using an Axi-
overt 200M inverted fluorescence microscope (Zeiss) equipped with standard
Alexa Fluor 350/AMCA, Alexa Fluor 488, Alexa Fluor 546, Alexa Fluor 647,
and Alexa Fluor 750 filter sets (Semrock). After imaging, the Alexa Fluor 350/
AMCA-labeled epitopes were completely photobleached using prolonged
light exposure (1–2 min) through the Alexa Fluor 350/AMCA filter set, and
cell nuclei were then counterstained with DAPI and the cells reimaged using
the same filter set to facilitate cell visualization.
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