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ABSTRACT

Within the family Herpesviridae, sub-family -herpesvirinae, and genus Roseolovirus, there are
only three human herpesviruses that have been described: HHV-6A, HHV-6B, and HHV-7.
Initially, HHV-6A and HHV-6B were considered as two variants of the same virus (i.e., HHV6).
Despite high overall genetic sequence identity (~90%), HHV-6A and HHV-6B are now
recognized as two distinct viruses. Sequence divergence (e.g., >30%) in key coding regions and
significant differences in physiological and biochemical profiles (e.g., use of different receptors
for viral entry) underscores the conclusion that HHV-6A and HHV-6B are distinct viruses of the
B-herpesvirinae. Despite these viruses being implicated as causative agents in several nervous
system disorders (e.g., multiple sclerosis, epilepsy, and chronic fatigue syndrome), the
mechanisms of action and relative contributions of each virus to neurological dysfunction are
unclear. Unresolved questions regarding differences in cell tropism, receptor use and binding
affinity (i.e., CD46 versus CD134), host neuro-immunological responses, and relative virulence
between HHV-6A versus HHV-6B prevent a complete characterization. Although it has been
shown that both HHV-6A and HHV-6B can infect glia (and, recently, cerebellar Purkinje cells),
cell tropism of HHV-6A versus HHV-6B for different nerve cell types remains vague. In this
study, we show that both viruses can infect different nerve cell types (i.e., glia versus neurons)
and different neurotransmitter phenotypes derived from differentiated human neural stem cells.
As demonstrated by immunofluorescence, HHV-6A and HHV-6B productively infect VGIuT1-
containing cells (i.e., glutamatergic neurons) and dopamine-containing cells (i.e., dopaminergic
neurons). However, neither virus appears to infect GAD67-containing cells (i.e., GABAergic

neurons). As determined by gPCR, the expression of immunological factors (e.g., cytokines) in



cells infected with HHV-6A versus HHV6-B also differs. These data, along with morphometric
and image analyses of infected differentiated neural stem cell cultures, indicate that while HHV-
6B may have a greater opportunity for transmission, HHV-6A induces more severe cytopathic
effects (e.g., syncytia) at the same post-infection end points. Cumulatively, results suggest that
HHV-6A is more virulent than HHV-6B in susceptible cells, while neither virus productively
infects GABAergic cells. Consistency between these in vitro data and in vivo experiments would

provide new insights into potential mechanisms for HHV6-induced epileptogenesis.
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1 CHAPTERI

1.1 INTRODUCTION

1.1.1 Introduction to HHV6 and classification

Human herpesvirus 6 (HHV-6) was isolated in the USA from patients with AIDS In

1986(Salahuddin et al., 1986). In 1987 and 1988, independent samples were isolated from AIDS

patients in Africa and were given the names U1102 (from Uganda) and Z29

(from Zaire)(Downing et al., 1987; Lopez et al., 1988). Since more strains from various

geographical areas and health centers were discovered, it became evident that all HHV-6 isolates

could be divided into two separate groups, each with its unique set of genetic, epidemiological,

and biological features(D. Ablashi et al., 1991; Josephs et al., 1988; Schirmer, Wyatt,

Yamanishi, Rodriguez, & Frenkel, 1991; Wyatt, Balachandran, & Frenkel, 1990). Particular

immunological reactivity with monoclonal antibodies, differential patterns of restriction

endonuclease sites, and specific and conserved interstrain variances in DNA sequences were also

different between the two groups, as was in vitro tropism for certain T cell lines(lyengar, Levine,

Ablashi, Neequaye, & Pearson, 1991; Josephs et al., 1988).

HHV-6 is a member of the Herpesviridac family's B-Herpesvirinae subfamily, where it was

placed due to genetic similarities with human cytomegalovirus (HCMV)(Yamanishi, 2007). The

distinctions between HHV-6A and HHV-6B, as well as their connections to the other of the



herpesvirus family, have recently been confirmed using genomic sequencing(Dominguez et al.,
1999). It, like HHV-7, belongs to the Roseolovirus genus, and infection is widespread

worldwide(Caselli & Di Luca, 2007).

1.1.2 HHV6 Genome

HHV-6A and HHV-6B exhibit substantial sequence identity (ranging from 75% to 95%
depending on the genome area under study) but differ in the genome sequence, cell tropism,
growth characteristics, antigenic features, epidemiology, and disease association(D. Ablashi et
al., 1991; Aubin et al., 1993; Greninger et al., 2018). The HHV-6 genome is constituted of a
double-stranded linear DNA segment of approximately 160 Kb in length, with minor variations
between strains 6A (about 156 Kb for the GS strain) and 6B. (about 161 Kb long for the Z29
strain)(Finkel et al., 2020). The virus genome was sequenced in 1995 and contains over 100 open
reading frames (ORFs), the majority of which are found in the unique region (U), which is
surrounded by 8-9 Kb direct repeats (DR, DRL left, and DRR right), each contains 9 ORFs, viral
DNA packaging elements (pacl and pac2), and human telomere-like (TAACCC)
repeats(Gompels et al., 1995). HHV®6 integration into germline cells can result in the viral
genome being passed down from generation to generation in roughly 1% of the human
population; this condition is known as inherited chromosomally integrated HHV6 (iciHHV®6).

U94 transcripts were detected in the majority (54.5%) of PBMC obtained from 11 iciHHV-6



patients, indicating that U94 plays a part during integration(Strenger et al., 2014). Both HHV6A

and HHVG6B include telomere-like repeats at the ends of their genomes, which are believed to be

crucial in establishing latency via viral genome integration into human chromosomes(Arbuckle

et al., 2010; Arbuckle et al., 2013).

DRs and the right end of the U region, covering ORFs U86 to U100, are the most diverged areas

in HHV6-A and HHV6-B(Engdahl et al., 2019a). The HHV-6A and HHV-6B immediate-early 1

(IEQ) proteins, encoded by the U90-U89 genes, have just 62 % homology(Stanton, Wilkinson, &

Fox, 2003). The nucleotide sequences of these two areas are 85 % and 72 % identical,

respectively(Dominguez et al., 1999). The most variable genes include the immediate-early 1

(IE1) gene (U90-U89), specific segments of the glycoprotein B (U39) and glycoprotein H (U48)

genes, and U94, which is employed to differentiate between 6A and 6B species(Achour et al.,

2008; Rapp, Krug, Inoue, Dambaugh, & Pellett, 2000). The U94 gene is found in the antisense

strand of the viral genome and has no analogs in any other known human herpesviruses,

including the closely related -herpesviruses HHV-7 and HCMV(Dominguez et al., 1999). The

HHV-6 U94 gene is a spliced gene that encodes a 490-amino-acid protein that's also highly

conserved across species, with only ten amino acid residues differing(Rapp et al., 2000).



1.1.3 HHV-6 Biology feature, Epidemiology and Disease association

Although both HHV-6A and HHV-6B have been shown to have a significant CD4+ T-
lymphocyte tropism in vitro and in vivo, their ability to infect cytotoxic effector cells differs
significantly(Chi et al., 2012; Dagna, Pritchett, & Lusso, 2013; Lusso et al., 1988; Takahashi et
al., 1989). Although HHV-6A has been shown to infect CD8+ T cells successfully, natural killer
(NK) cells, and gamma/delta T cells, HHV-6B has been shown to infect these cells

inefficiently(Grivel et al., 2003; Martin, Schub, Dillinger, & Moosmann, 2012).

Both HHV-6A and HHV-6B utilize different cell receptors: HHV-6A makes use of
CD46(Santoro et al., 1999), which is found on all nucleated cells, whereas HHV-6B makes use
of CD134(Tang et al., 2013), which is located on T-lymphocytes. HHV-6B can bind to CD46 but
prefers CD134. HHV-6A and HHV-6B have a broader cell tropism, infecting not only T- and B-
lymphocytes but also macrophages, natural Kkiller (NK) cells, vascular and lymphatic
endothelium cells, thyroid, salivary gland, endometrial, skin, fibroblasts, oligodendrocytes, and
neurons(Caruso et al., 2003; Caselli & Di Luca, 2007; Caselli et al., 2019; Caselli et al., 2012,
Kondo, Kondo, Okuno, Takahashi, & Yamanishi, 1991; Luppi, Barozzi, Maiorana, Marasca, &
Torelli, 1994; Marci et al., 2016; Rizzo et al., 2017; Robert et al., 1996). The distribution of
HHV6 A and HHV6 B differ in human tissue. We can detect HHV6 from peripheral blood
mononuclear cells (PBMCs) of healthy adults, also, Gl tract of solid organ transplant patients,

saliva and salivary glands, renal tubular cells, thyroid, skin, and the central nervous



system(Boutolleau et al., 2006; Chapenko et al., 2012; Levine, Jahan, Murari, Manak, & Jaffe,

1992; Luppi et al., 1994; Reddy & Manna, 2005).

The amino acid sequence identity of the HHV-6A and HHV-6B gO gene products is 76.8%,

substantially lower than the identity of other glycoproteins. The reduced identity implies that the

gH—-gL—gO complex may convey at least some of the various biological features that drive HHV-

6A and HHV-6B to target different cells(Bates et al., 2009; Tang, Hayashi, Maeki, Yamanishi, &

Mori, 2011). Cellular tropism may also be related to the ability of viral chemokines to

chemoattract various cellular populations. U83B, an HHV-6B chemokine, is CCR2-specific and

can chemoattract cells with this receptor, such as monocytic cells and some T cell

subpopulations, for latent or lytic infection. U83A, the HHV-6A chemokine, has a broader

selectivity for CCR1, CCR4, CCR5, CCR6, and CCRS8, which are present on

monocytic/macrophage, dendritic, and NK cells, as well as activated and skin-homing T

cells(Catusse, Parry, Dewin, & Gompels, 2007; Clark, Catusse, Stacey, Borrow, & Gompels,

2013; Dewin, Catusse, & Gompels, 2006; Littichau et al., 2003). U83 is also one of the few

hypervariable genes exclusive to HHV-6A and HHV-6B and not shared with the related HHV-7,

encoding significant differences for these viruses(French et al., 1999). The HHV-6A and HHV-

6B glycoprotein-encoding genes that encode gQ (U97, 98, 99, and 100) have just 72.1 %

sequence identity(lsegawa et al., 1999). As a result, this glycoprotein might play a role in the

differences between HHV-6A and HHV-6B infections. gQl has epitopes identified by



neutralizing antibodies and is a target for virus-specific neutralizing antibodies, along with gB

and gH(Kawabata et al., 2011; Maeki & Mori, 2012; Oyaizu et al., 2012; B Pfeiffer et al., 1993;

Brian Pfeiffer, Thomson, & Chandran, 1995; Tang et al., 2010).

As with all other human herpesviruses, HHV-6 causes both active and latent infections. The vast

majority of known primary infections and reactivation events are caused by HHV-6B, which

infects newborns in their first two years of life and causes roseola infantum, a condition

characterized by fever, diarrhea, and a mild skin rash(Tanaka et al., 1994; Yamanishi et al.,

1988). As a result of this mild disease, febrile seizures and epilepsy might occur. Primary HHV-

6B infection in adults, on the other hand, is uncommon and can be followed by a mononucleosis-

like syndrome with persistent lymphadenopathy(Akashi et al., 1993). The epidemiology and

clinical consequences of HHV-6A, which has long been considered to be less common than

HHV-6B, are less well recognized, and its etiologic role in initial infection and subsequent

disease remains unclear(Tesini, Epstein, & Caserta, 2014). Recent data, based on expensive

serological screening with a technology capable of differentiating between the two species,

suggest that HHV-6A is indeed relatively widespread(Engdahl et al., 2019b).

Primary HHV-6 infection causes a life-long latent disease in the host, which can reactivate,

especially during immunological disorders(Scotet et al., 1999). HHV-6A/B reactivation in adults

has been associated with a number of disorders, while the causative relationships remain



unknown. HHV-6A/6B-associated pathologies include immunocompromised patients'
neurological disorders such as encephalitis, seizures, ataxia, and mild dementia, with HHV-6A
being more prevalent in cognitive dysfunctions and HHV-6B being more common in
encephalitis and seizures(Agut, Bonnafous, & Gautheret-Dejean, 2015; Caselli et al., 2020;

Montoya et al., 2012; Pantry & Medveczky, 2017).

1.1.4 HHV6 and Immune system

The most efficient replication of the virus is CD4+ cells. We can detect both HHV6A and
HHV6B in lymphocytes, monocytes, and macrophages; however, there are some differences in
their ability to infect cytotoxic effector cells. For instance, HHV6A is able to infect CD8+ T
cells, natural killer (NK) cells, and gamma/delta T cells(Krueger & Ablashi, 2006; Lusso et al.,
1991; Lusso, Garzino-Demo, Crowley, & Malnati, 1995). However, HHV6B infection of these
cells is relatively ineffective(Grivel et al., 2003). HHV6A is able to infect and induce CPE on
HSB-2 cells, and HHV6B is able to infect and cause CPE on MOLt-3 cells(D. Ablashi et al.,

1991; D. V. Ablashi et al., 1988; L. Li et al., 2011).

Immunoglobulin M (IgM) responses arise in children with primary HHV-6 infection on day five
of illness, while immunoglobulin G (IgG) responses appear at around one week(Yamanishi et al.,
1990). The IgM antibody only lasts for two to three weeks, but the 1gG response lasts much

longer. When the speed of viral isolation slows down, a low-level neutralizing antibody begins to



develop about day 3 of the illness and reaches its peak 2 to 4 weeks later(Asano et al., 1989;
Kumagai et al., 2006). Even while the immune response to HHV-6 is often sensitive and
specific, IgM has also been found in around 5% of healthy persons and has been reported to
cross-react with HHV-7, limiting the use of this test for the diagnosis of HHV-6 infection or
reactivation(Kumagai et al., 2006). It has also been shown that HV-6-specific CD4+ and CD8+
T-cell responses play a part in the immunological reaction to HHV-6(de Pagter et al., 2012;

Nastke et al., 2012).

After infecting PBMCs, HHV-6 interacts with the immune system in several ways, including by
upregulating CD4, suppressing cytokines, type | interferons, and having an impact on NK cell
function(Kumagai et al., 2006; Lusso, 2006; Yoshida, Torigoe, & Yamada, 2002). There have
been contradictory findings on the functional consequence of in vitro HHV-6 infection of
dendritic cells(Kakimoto, Hasegawa, Fujita, & Yasukawa, 2002; Smith et al., 2005). Following
HHV-6 infection, T cells undergo apoptosis both in vitro and in vivo, in addition to the
previously reported cell lysis(Inoue, Yasukawa, & Fujita, 1997; Yasukawa, Inoue, Ohminami,
Terada, & Fujita, 1998). Aside from the immunological response to HHV-6, the viral genome
contains various components with immunologic regulatory action, including two chemokine
receptor homologs (U12 and U51) and two potential chemokines (U22 and U83)(Lusso, 2006). It

has been proposed that HHV-6 may accelerate viral replication in infected cells, increase the



number of relevant virus susceptible cells, or avoid the host immune response to infection by

using these proteins(CASERTA).

1.1.5 HHV6 and Nervous system

Both viruses are neurotropic, and they've been linked to neurological disorders in humans. HHV-
6B has previously been associated with several forms of seizures, epilepsy, and encephalitis.
HHV-6A has been found in serum, urine, and CSF from individuals with multiple sclerosis and,
anecdotally, from the saliva of a child suffering from severe seizures(Akhyani et al., 2000;

Alenda et al., 2014; Bartolini et al., 2018).

By attaching to the ubiquitous complement regulator CD46, HHV-6A and HHV-6B may infect a

variety of cell types(De Bolle, Van Loon, De Clercq, & Naesens, 2005).

Data revealing the intensity of HHV-6A vs. HHV-6B in patients with neurological
diseases(Boutolleau et al., 2006; Crawford, Kadom, Santi, Mariani, & Lavenstein, 2007; De
Bolle, Naesens, & De Clercq, 2005). and DNA and mRNA of HHV6-A mostly found in patients
with neuroinflammatory diseases such as multiple sclerosis (MS) rather than HHV6 B(Alvarez-
Lafuente, De las Heras, Bartolomé, Picazo, & Arroyo, 2004; Alvarez-Lafuente et al., 2010;
Dominguez-Mozo et al.,, 2012; Soldan et al., 1997). Active HHV-6A infection has been
discovered in blood and CSF of individuals with relapsing/remitting MS and HHV-6A has been

found primarily in the CNS of a fraction of MS patients(Akhyani et al., 2000; Alvarez-Lafuente,
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Heras, Bartolomé, Garcia-Montojo, & Arroyo, 2006). In another study, Crawford et al. identified
HHV6-A in 72 % of pediatric glial tumors(Crawford et al., 2009). HHV-6B infection, on the
other hand, is frequently linked to an elevated risk of temporal lobe epilepsy(Epstein et al., 2012;
J.-M. Li et al., 2011). It's been proposed that HHV-6A and HHV-6B bind to CD46 via distinct
isoforms of CD46(Hansen, Bundgaard, Biltoft, Rossen, & Héllsberg, 2017). However, certain
strains of HHV-6B employ a different receptor called CD134(Tang et al., 2013). During early
viremia or retrograde neuronal propagation the virus can penetrate the CNS and establish
persistent latency in brain tissue as well as tonsils/salivary glands(Donati et al., 2003; Harberts et

al., 2011).

HHV®6 infects and establishes latency in the CNS; however, it is unknown which cell types are
more susceptible (or permissive) to certain strains of the virus. The reactivation of latent HHV6
is linked to neurological diseases. Electron microscopy revealed HHV6B infection of
oligodendrocytes (EM)(Albright et al., 1998). Histology analyses suggest both HHV6A and
HHV6B infect oligodendrocytes in vivo(Challoner et al., 1995; Opsahl & Kennedy, 2005).
Immunohistochemical studies found HHV6 antigens in cells expressing the astrocyte marker
glial fibrillary acidic protein (GFAP) in people with temporal lobe epilepsy. In addition to
oligodendrocytes, HHV6 has been reported to infect human astrocytes in vivo(Donati et al.,
2003). Both HHV6A and HHV6B appear to adsorb to astrocytes in vitro(Fotheringham,

Williams, Akhyani, & Jacobson, 2008). A study published recently demonstrated that HHV-6A
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and HHV-6B infect Purkinje cells(Prusty et al., 2018). We also showed that both HHV6-A and

HHV6-B are able to infect Glia and neuron (e.g., glutamatergic cells, dopaminergic), but they are

not able to infect GABAergic cells (Bahramian et al., 2022).

1.2 HHVG6 Association with Epilepsy

The prevalence of HHV6 Infection in individuals known to have seizure disorders was recently

assessed by a literature review. The inquiry reported 21% of children with febrile seizures could

be positive for active HHV-6 Infection, and some children with more severe forms of seizure like

status epilepticus are positive for HHV-6(Mohammadpour Touserkani et al., 2017).

Founding the existence of the virus in the brain tissue of people suffering from temporal lobe

epilepsy (TLE) has sparked controversy about the virus's role in TLE. According to

research(Epstein et al., 2012), the presence of HHV-6B in the brain tissue of TLE patients was

not different from the control group. They also looked at prior similar trials, and HHV-6 levels in

the TLE group were not higher than in the non-TLE group. Despite the fact that the viral load in

their samples was considerably more significant in the TLE group compared to the control group

(P<0.001).

Herpesviruses can induce neuronal damage and death, particularly in immunocompromised

hosts, altering neuronal circuits with changes at the receptor, ligand, and channel levels,

eventually contributing to epileptogenesis(Loscher & Brandt, 2010; Vezzani et al., 2016).



12

Following that, | focused on the hypothesis that HHV-6 infection is associated with seizures and

epilepsy.

1.2.1 Dormant interneuron hypothesis

Temporal lobe epilepsy is the most frequent kind of epilepsy in adults, and it is generally
resistant to anticonvulsant therapy. Its pathogenesis is unknown(Engel, Wilson, & Lopez-
Rodriguez, 2002). In experimental TLE models, acute neuronal cell loss occurs in many limbic
locations, including the formation of the hippocampus. The dentate gyrus's hilar region and layer
I11 of the entorhinal cortex (EC) are the most impacted neurons in this area(Du, Eid, Lothman,
Kohler, & Schwarcz, 1995; Gorter et al., 2003). Some subpopulations of GABAergic
interneurons appear less sensitive than the surrounding primary cells in these locations(Sloviter

et al., 2003).

Layer 1l stellate cells are hyperexcitable in animal models of temporal lobe epilepsy(Tolner et
al., 2005). Their hyperexcitability appears unaffected by changes in intrinsic electrophysiological
features, which are comparable to controls(R. S. Jones, 1994). Downstream granule cells in the
dentate gyrus get excessive, synchronous, excitatory synaptic input as a result of layer Il stellate
cells' hyperexcitability, which may be identified as large-amplitude field EPSPs that mirror
interictal EEG spikes in patients(Bragin, Jando, Nadasdy, Van Landeghem, & Buzsaki, 1995;

Kobayashi, Wen, & Buckmaster, 2003; Wilson et al., 1991). The dormant interneuron theory
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was initially suggested in the hippocampus as an epileptogenic etiology(Bekenstein & Lothman,
1993). The altered function is considered to be caused by a decrease in inhibition mediated by
gamma-aminobutyric acid (GABA), which happens when GABAergic basket interneurons in
animal hippocampal slices models of the condition become "dormant” as a result of being
separated from excitatory inputs. (Bekenstein & Lothman, 1993). It was later proposed as a
mechanism for layer Il stellate cell hyperexcitability in the entorhinal cortex(Schwarcz, Eid, &

Du, 2000). This hypothesis is supported by other research findings(Tolner et al., 2005).

Glutamate appears to have a role in seizures and epileptogenesis during SE in both animal
models and humans. SE is linked to excessive acetylcholine buildup and subsequent recruitment
of excitatory glutamatergic signaling when induced by high sublethal to lethal dosages of nerve
agents(Lallement et al., 1991). SE-induced glutamate release overstimulates glutamate receptors,
particularly NMDARs, resulting in long-term seizure activity and seizure-induced brain
injury(Dorandeu, Dhote, Barbier, Baccus, & Testylier, 2013). GABA receptors are internalized
during prolonged SE, while NMDARs move to neuronal synapses, resulting in decreased
inhibition and hyperexcitability (Naylor, Liu, Niquet, & Wasterlain, 2013). Because of these
differences in receptor localization, GABAergic neurotransmission-targeting drugs are unlikely
to reduce seizures associated with protracted SE. However, NMDAR antagonists, in combination
with GABA agonists and other therapies, can frequently successfully attenuate experimental

SE(Barker-Haliski & White, 2015).
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One of the crucial roles of astrocytes in the CNS is the regulation of the excitatory
neurotransmitter glutamate. Dysregulation of glutamate can result in elevated glutamate in the
cerebral spinal fluid (CSF) and increased extracellular levels of glutamate, which is an indication
of dysfunction in glutamate signaling, uptake, and/or metabolism(Fotheringham et al., 2008).
HHV6-B infected astrocytes were found in resected brain tissue from patients with epilepsy of
unknown cause. HHV-6 infected astrocytes also display morphological abnormalities, suggesting
that the process of astrocyte infection may produce a change in cell function, contributing to this
illness in patients. According to research, functional alterations in virus-infected astrocytes that
produce glutamate transporter (EAAT2) dysregulation may create secondary damage to the
hippocampus, which might lead to epilepsy, or more particularly, MTLE. Testing this hypothesis
on MTLE patients found that the highest HHV-6 viral load was found in the hippocampus of
surgical brain resections. However, the exact mechanism of Infection is unclear(Fotheringham et
al., 2007). Loss of Astroglia glutamine synthetase, changes in glutaminase and glutamate
dehydrogenase, and other abnormalities in the brain's glutamate-glutamine cycle are common in

epileptics(Eid et al., 2016).

So astroglia this function as a result of HHV6 infection may change the level of glutamate, and
excessive glutamate can cause overstimulates glutamate receptors, particularly NMDARSs,
resulting in long-term seizure activity injury and GABA receptors are internalized during

prolonged SE.
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1.2.2 Cholinergic Dysfunction in Temporal Lobe Epilepsy

Seizures in people with mesial temporal lobe epilepsy (TLE) are frequently triggered in the
entorhinal cortex, hippocampal, or amygdala(Lopes da Silva, Witter, Beijing, & Lohman, 1990).
The entorhinal cortex (EC) takes information from the perirhinal and post rhinal cortices and
sends it to various parts of the hippocampus (HIP)(Dugladze, Heinemann, & Gloveli, 2001).
Fibers from the lateral EC innervate the dentate gyrus's outer third, whereas fibers from the
medial EC innervate the dentate gyrus's middle third of granule cell dendrites. Cells in layer 11
of the EC project straight into the subiculum, CA1, and, most likely, CA3 areas, where some
pyramidal cells get activated while the majority are suppressed by feed-forward
inhibition(Empson & Heinemann, 1995). HIP output from the CAl and CA2 regions, as well as
the subiculum, reaches the deep levels of the EC and synoptically activates superficial layer 11
and layer Il cells(Gloveli, Egorov, Schmitz, Heinemann, & Miller, 1999). The EC-HIP complex
has two main modes of operation: closed-loop mode, in which the EC's input to the HIP is quiet,
and open-loop mode, in which the EC's information can activate various cells in the
HIP(Hasselmo & Bower, 1993). Extensive experimental data suggests that acetylcholine (ACh)
release is a critical regulator of the EC—HIP working mode. As a result, in the closed loop mode,
ACh release is modest. When novelty detection, information storage, and retrieval are permitted
in the open loop mode, ACh release increases, resulting in theta and nested gamma oscillations,

which are theorized to bind parallel-processed information and promote information
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storage(Friedman, Behrens, & Heinemann, 2007). The EC-HIP complex receives a significant

amount of cholinergic input, which comes predominantly from the basal forebrain via the

fimbria-fornix. The activation of this pathway causes an increase in ACh levels in the

HIP(Milner, Loy, & Amaral, 1983). Cholinergic fibers are numerous in the stratum orients of

CAL1 and the dentate hilus, and they provide input to many, if not all, interneurons. At the single

cell level in the HIP, ACh was shown to lower conductance of a number of potassium channels

via muscarinic receptors, that is, G protein-coupled receptors, resulting in delayed

depolarization(Benardo & Prince, 1982), reduced firing adaptability and enhanced action

potential back propagation along dendrites(Tsubokawa & Ross, 1996).

It has frequently been reported that the levels of ACh in various epilepsy models were reduced in

epileptic tissue. This behavior might be caused by increased or decreased production of the ACh-

hydrolyzing enzyme, acetylcholinesterase (AChE). It is reasonable to expect that the density of

receptors, AChE levels, and the density of cholinergic innervation all fluctuate significantly in

TLE(Friedman et al., 2007). For example, Misra, Kalita et al., reported AChE activity and

muscarinic 2 M2 receptor levels were considerably lower in the acute phases of Japanese

encephalitis (JE) and herpes simplex encephalitis (HSE) when compared to controls, and AChE

activity was much lower in HSE than in JE. After a year, both AChE and M2 receptor levels

increased dramatically in JE, but not in HSE, where AChE activity increased, but M2 receptors

did not(Misra, Kalita, & Chauhan, 2019).
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The activation of muscarinic receptors causes an increase in intracellular Ca2+(Egorov &
Miller, 1999). This shows that ACh may have a function in initiating gene expression and
excitotoxicity. Likewise, excitotoxic cells in the EC collect three times more Ca2+ after a
seizure-like event than more resistant layer Il cells. Furthermore, in the HIP, muscarinic-
dependent increased excitability is linked to altered gene expression, which may be inhibited by
intracellular Ca2+chelators(Kaufer, Friedman, Seidman, & Soreq, 1998). This mechanism has
been linked to increased sensitivity to AChE inhibitors and muscarinic antagonists and has been

found to be long lasting(Meshorer et al., 2002).

Increased excitability causes intracellular Ca2+-dependent changes in gene expression of
important cholinergic proteins, such as decreased expression of the ACh synthesizing protein,
choline-acetyltransferase (CHAT), and the coregulated vesicular ACh transporter (VACHT). The
most remarkable of these alterations is the long-term up-regulation of AChE caused by the
splicing of AChE pre-mRNA to form the distinct AChE-R mRNA and protein. It's likely that
AChE-R is controlled as a "feedback mechanism” to minimize the amount of ACh released,
raising the seizure threshold and restricting seizure propagation. While such modifications might
result in decreased cholinergic functions, physiological evidence demonstrates increased

cholinergic responses under identical settings, indicating that alternative processes are at
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work(Meshorer et al., 2002). As evidenced by pentylenetetrazole-induced generalized seizures,
these may include altered receptor expression/distribution or enhanced receptor efficacy to G-

proteins(Potier & Psarropoulou, 2001).

It has been demonstrated that in rats infected with Borna disease virus (BDV), choline
acetyltransferase (ChAT) decreases in the number of ChAT-positive fibers, eventually leading to
an almost total loss of cholinergic fibers, particularly in the hippocampus and neocortex(Gies,

Bilzer, Stitz, & Staiger, 1998).

There has been no research on the effect of HHV6 viral infection on human cholinergic cells;
however, since that other herpes viruses (HSE) and BDV could cause dysfunction in cholinergic
cells, there is a chance that infection with HHV6 will impair the cholinergic cells' normal

activity.

1.2.3 Neuroinflammatory pathways in epilepsy

Neuroinflammation response is not only triggered during infections, autoimmunity, and toxicity
but also caused an increase in neuronal activity, like epileptic seizures. The term "neurogenic
neuroinflammation™ was used to characterize neuroinflammatory pathways triggered by neuronal
activity(Xanthos & Sandkuhler, 2014). Inflammatory reactions are triggered by viral infections
in both immune and non-immune cells. Infections and infestations are among the leading causes

of seizures and acquired epilepsy(Ngugi et al., 2013). Status epilepticus can be caused by a wide



19

range of CNS pathogens, including bacterial (e.g. typical bacterial meningitis, tuberculosis
(TB)), viral (e.g. herpes simplex, HHV-6), parasitic (e.g. cerebral toxoplasmosis, NCC, malaria),
fungal (e.g. candidiasis, coccidioidomycosis, aspergillosis), and prion infections
(CJD)(Lowenstein, Walker, & Waterhouse, 2014). The likelihood of developing epilepsy
following infection is determined by the infectious agent, the severity of brain damage, age,
genetic factors, and a variety of other unknown parameters(Michael & Solomon, 2012). Various
brain alterations occur during the latent phase between infection and the emergence of epilepsy,
including impairment of blood-brain barrier (BBB) integrity, neuronal hyperexcitability,
neuronal loss and gliosis, molecular and structural reorganization, and epigenetic
reprogramming, which may eventually result in spontaneous recurrent epileptic seizures(L6scher

& Brandt, 2010).

By attaching to the ubiquitous complement regulator CD46 and CD134(Santoro et al., 1999;
Tang et al., 2013), HHV-6 can alter the adaptive immune response. In our previous study, we
showed the expression of bothCD46 and CD134 in human neural stem cells (Bahramian at al.,
2022). Complement activation has been suggested to play a crucial role in neuroinflammation
produced by HHV-6 infection, similar to what has been shown in individuals with multiple

sclerosis who are infected with the virus(Alvarez-Lafuente et al., 2009).
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TLRs are an integral part of innate immune system receptors, which sense specific molecular

patterns from pathogens and activate immune responses(Johnson et al., 2005; Murakami et al.,

2010). TLR family members are characterized structurally by the presence of a leucine-rich

repeat (LRR) domain in their extracellular domain and a TIR domain in their intracellular

domain(Huang, 2021). TLRs can be grouped into families according to the types of ligands they

recognize. Peptidoglycan and bacterial lipoproteins are recognized by TLR2, and heterodimers

are composed of TLR2 and either TLR1 or TLR6. TLR4 homodimers also bind

lipopolysaccharides. (B. W. Jones et al., 2001). In addition, viral and bacterial nucleic acids are

recognized by TLR3, TLR7, TLRS8, and TLR9. For example, TLR3 recognizes double stranded

RNA (dsRNA) and TLR9 binds bacterial and viral DNA containing cytosine—phosphate—

guanine (CpG) dideoxynucleoside motifs(Ohto et al., 2015). Toll-like receptor 9 (TLR9) may

be activated by roseolovirus infection in addition to CD46 (or CD134) expression for virus

entry(Bowman, Rasley, Tranguch, & Marriott, 2003). Through several TLR-associated adaptor

proteins, such as MAL/TIRAP (MyD88-adaptor-like/TIR-associated protein), MyD88

(myeloid differentiation factor 88), TRIF (Toll-receptor-associated activator of interferon),

and TRAM (Toll-receptor-associated molecule), ligand binding to TLRs can result in

activation of protein kinases, which, in turn, results in upregulation of transcription factors

associated with inflammatory responses(Beutler, 2004). Although the stimulation pathways

may be different, the resultant signaling cascades ultimately involve Toll/interleukin (IL)-1
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receptor (TIR) domain, which is present in the cytosolic region of all TLRs, as well as the
members of the IL-1 receptor family, domain-containing adapters, like MyD88. MyD88
involvement always results in subsequent activation of Nuclear Factor-kB (NF-xB), which
controls the expression of inflammatory cytokine genes(Stevens et al., 2008; Trinchieri & Sher,
2007). TLR9 has been shown to be expressed in both mice and human microglial cells and
astrocytes. Furthermore, the findings show that HHV-6A may trigger human TLR9 in addition to
murine TLRY. In an animal model of multiple sclerosis, TLR9 was also demonstrated to be an
essential regulator of an autoimmune process(Bowman et al., 2003). These findings imply that
HHV-6A can cause neuroinflammation via TLR9, which could have therapeutic implications
since TLR9 inhibitors could be utilized to reduce the generation of proinflammatory chemokines

and slow CNS pathogenesis(Reynaud, Jégou, Welsch, & Horvat, 2014).

Herpesviruses can induce direct neuronal damage and death, particularly in
immunocompromised hosts, resulting in cytokine release and activation of the innate and
adaptive immune systems(Vezzani et al., 2016). HHV-6 has the ability to infect astrocytes and
oligodendrocytes in vivo(Opsahl & Kennedy, 2005). IL-1B, interferon (IFN)-a, and tumor
necrosis factor (TNF)-a are among the cytokines that have increased production. After
stimulation with TNF-a, IL-1p, and IFNy, HHV-6 infection increased the production of various

proinflammatory cytokines, including chemokines such as chemokine ligand (CCL)-2, CCL-5,
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and C-X-C motif chemokine (CXCL)-2, according to transcriptional microarray study on

infected astrocytes(Meeuwsen et al., 2005).

Our data show a remarkable increase in IL-10 expression concomitant with the upregulation of

TLR9 gene expression in cultures infected with HHV-6A. Changes in CD46 functions were

identified, such as a significant reduction in CD46-induced IL-10 production by T

cells(Alvarez-Lafuente et al., 2009). Even though we detected a substantial rise in IL-10

following HHV6-A infection in human neural stem cell culture, this was suggested to be related

to a lack of T cells in vitro for suppressing IL-10 production. Because of its anti-inflammatory

action, a rise in IL-10 may explain the absence of an increase in other inflammatory cytokines in

HHV6-A infected cells. However, we found no increase in IL-10 in HHV6-B-infected cells.

Other researches indicate that the transcription factor NF-kB may have a role in the development

of MTLE in individuals infected with HHV-6(J.-M. Li et al., 2011). This protein complex has

been linked to cancer, inflammatory diseases, and viral infections(Hayden, West, & Ghosh,

2006).

1.2.4 Gliosis and neuronal loss

Glial fibrillary acidic protein (GFAP) and CCL-2, also known as Monocyte Chemoattractant

Protein-1 (MCP-1), were found to be upregulated in the amygdala of MTLE patients with HHV-

6 infection, with a positive correlation with viral load and in resected epileptogenic tissue from


https://www.sciencedirect.com/topics/medicine-and-dentistry/gliosis
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the hippocampus(Kawamura et al., 2015; Xu et al., 2011). Upregulation of GFAP and CCL-2 is
linked to astrogliosis and neuronal cell death, which might play a role in the development of
MTLE. (Ortinski et al., 2010; Robel et al., 2015). CCL-2 is a protein involved in the control of
macrophage and monocyte migration and invasion. HHV-6 can cause persistent alterations in
MTLE by establishing latent infection in these cells and facilitating the migration of infected

cells into the amygdala by upregulating CCL-2(Bartolini, 2020).

1.3 Goals of This Project

Even though | detailed the historical record of HHVG6, and there are now two separate strains and
information on neurological disfunction associated with HHV®6, there is still much unknown
about this system, and many fundamental issues remain unanswered. The study on HSV1, EBV,
and CMV is ten years above that on HHV®6, so our result on HHV6 may look basic, but it needs
to be essential since we do not know as much about HHV6 as we do about other viruses in this

family.

Since fundamental knowledge such as cell tropism, relative virulence, and cellular responses are
unknown, we used culture neurons, especially human neural stem cells, to investigate possible

distinctions between these two strains.

The second chapter investigates HHV6 cell tropism, cytopathic impact, morphological changes,

and relative pathogenicity in human neural stem cells. The third chapter explores the virus's
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transcriptome alterations and immunological consequences. In the last chapter, | briefly cover
our newly launched multielectrode array project, our preliminary data, and the project's future
direction. These studies were carried out to establish whether HHV6-A and HHV6-B differed
from one another. Even if they may be linked to epilepsy, our main concern is whether they are

distinct from one another.
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2 CHAPTERII

2.1 Abstract

Unresolved questions regarding cell tropism and relative virulence between HHV-6A versus

HHV-6B are still unresolved. Even though both HHV-6A and HHV-6B have been shown to

infect glia and, more recently, cerebellar Purkinje cells, the cell tropism of HHV-6A vs. HHV-6B

for various nerve cell types remains unknown. In this chapter, I demonstrate that both HHV-6A

and HHV-6B can infect different nerve cell types (i.e., glia versus neurons) and different

neuronal neurotransmitter phenotypes derived from the differentiation of human neural stem

cells. I also show that HHV-6A and HHV-6B cause cytopathic effects (CPEs) in nerve cells.

However, the time course and intensity of CPEs show differences between HHV-6A and HHV-

6B infections and are impacted by a multiplicity of infections (MOI). Immunofluorescence

microscopy has shown that both HHV-6A and HHV-6B successfully infect cells expressing

VGIUT (i.e., glutamatergic neurons) and dopamine (i.e., dopaminergic neurons); however,

neither HHV-6A nor HHV-6B infection led in the productive infection of GAD67-containing

cells (i.e., GABAergic cells). The reason underlying the apparent resistance of GABAergic cells

to HHV-6A and HHV-6B infect on ongoing research. The inhibitory interneuron dysfunction

hypothesis for HHV6-driven seizures may be rejected as a viable mechanism for HHV6-induced

epileptogenesis if these in vitro studies on differential cell tropism are necessarily in vivo.
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2.2 Introduction

Human herpesvirus 6 (HHV-6) variants fall into two sub-groups of viruses, which are now
distinguished by the International Committee on Taxonomy of Viruses as distinct virus species,
designated as HHV-6A and HHV-6B, in the genus Roseolovirus(Adams & Carstens, 2012).
Along with human herpesvirus 7 (HHV-7), HHV-6A and HHV-6B are the only characterized
human viruses included within the genus Roseolovirus (subfamily B-herpesvirinae, family
Herpesviridae). Despite exhibiting approximately 90% overall genome sequence
identity(Ilsegawa et al., 1999). key regions of the HHV-6A and HHV-6B genomes (i.e.,
immediate-early genes) exhibit only 70% (or less) sequence identity(Dominguez et al., 1999).
Beyond notable gene sequence divergence, key coding regions yield homologous proteins with
distinguishable amino acid profiles even when the genes exhibit high (e.g., 95%) sequence
homology(Achour et al., 2008; Rapp et al., 2000). For example, HHV-6A and HHV-6B envelope
glycoproteins (i.e., gH and gB), which are critical for virus-cell surface interactions, exhibit
overall high sequence identity between homologous genes but feature distinct amino acid
profiles for each of the two species(Achour et al., 2008). This may account for variations in cell
tropism (and etiology) between the two viruses(Oyaizu et al., 2012; Tang & Mori, 2018). Among
the tissues and organs that are known to harbor HHV-6A and HHV-6B, it is known that both
viruses can infect the central nervous system(Boutolleau et al., 2006; De Bolle, Naesens, et al.,

2005). Although reports suggest that HHV-6A may be more neurotropic than HHV-6B, this is
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mainly based on the prevalence of HHV-6A over HHV-6B in cerebral spinal fluid and blood of
patients with encephalitis, multiple sclerosis, and other neuroinflammatory diseases(Crawford et
al., 2007; Hall et al., 1998). In general, there is a lack of evidence showing the extent of HHV-
6A versus HHV-6B cell tropism in the central nervous system (CNS). It is unknown whether the
brain proper or nerve cells within the spinal column exhibit predisposed susceptibility to one
virus over the other. In the brain, it is unknown if there is predisposition for HHV-6A versus
HHV-6B infection in glia versus neurons. Once it became clear that HHV-6A and HHV-6B
were two distinct viruses, it was demonstrated that both were able to infect
astrocytes(Fotheringham et al., 2008). Since then, a few studies have emerged differentiating
between HHV-6A and HHV-6B infection in select nerve cell types(Liu et al., 2018; Prusty et al.,
2018). However, such studies are limited. The relative virulence of HHV-6A versus HHV-6B on
susceptible nerve cell types and differential susceptibility of specific neuronal neurotransmitter
phenotypes to these two viruses remains unclear. Characterization of infection dynamics and cell
tropism of HHV-6A versus HHV-6B is essential for validating models of HHV6-based
neurological dysfunction. Recently, a study was published demonstrating that HHV-6A and
HHV-6B infect Purkinje cells(Prusty et al., 2018). Although Purkinje cells are GABAergic, this
study did not detect productive HHV-6A or HHV-6B infection in GABAergic cells. In this
study, we provide data from an immunofluorescence (and gPCR) study confirming that both

HHV-6A and HHV-6B infect both GFAP-positive cells (i.e., glia) and BIII-tubulin-positive cells
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(i.e., neurons) with notable cytopathic effects. We also show that both viruses can infect different
neuronal neurotransmitter phenotypes. However, neither HHV-6A nor HHV-6B appears to infect

GABAergic cells.

2.3 Results

For all immunofluorescence, light microscopy, and RT-qPCR experiments, differentiated
HNSCs in culture were viable cells at post-differentiation day 7 (PDD7) and were used in
experiments through PDD14. After PDD14 cell culture stability was unreliable. By PDD7, cells
showed short branching neurites and/or longer processes (see Figs. 4 and 5) and distinct soma
morphotypes: oval/round (e.g., tear-drop shapes), square-like (e.g., star shapes), and triangular.
There was no apparent correlation between morphotypes and cell type (i.e., glia versus neuron).
By PDD?7, cells also begin to emit robust electrical discharges as observed using a multi-
electrode array culture plate (MEA2100 system, Harvard Bioscience, Inc., Germany; data not
shown). During the differentiation process, culture wells are seeded with 5 x 10* cells in
suspension. Culture thinning occurs as cells attach to the substrate and undergo the
differentiation process. Cultures are considered viable for experiments if there are at least
10,000 cells at PDD7 in the culture wells (well surface area = 0.5 cm?). This minimum cell
density at PDD?7 is required since by PDD14 viable cell count decreases by ~70% in uninfected

control cultures (N=3, p<0.01). Although there is a substantial loss in cell density over 7 days in
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cultured differentiated HNSCs, the cell death rate at either PDD7 or PDD14 over any 2-6 hour
period is negligible in uninfected cell cultures (i.e., controls). Therefore, losses in cell density
greater than 10% during 2 hours are not likely due to baseline attrition but rather to some

treatment (e.g., infection).

For cultures infected with HHV-6A, a 50% loss in viable cells was observed at 2 HPI (N=3,
p<0.05) for PDD?7 infections. For PDD14 infections with HHV-6A, a 45% loss in viable cells
was observed at 2 HPI (N=3, p<0.05). For cultures infected with HHV-6B, a 31% loss in cells
was observed at 2 HPI (N=3, p<0.05) for PDD7 infections. For PDD14 infections with HHV-6B,
a 54% loss in viable cells was observed at 2 HPI (N=3, p<0.05). Note: Infection assays were

typically done at MOI=1.

2.3.1 Both glia and neurons are susceptible to infection by either HHV-6A or HHV-6B

Results from immunofluorescence histochemistry indicate that both HHV-6A and HHV-6B can
infect glial fibrillary acidic protein (GFAP)-positive differentiated HNSCs (dHNSCSs) in culture.
Labeling dHNSC cultures at PDD7 with antibodies against GFAP (anti-GFAP) and HHV6
envelope glycoprotein gB (anti-gB) and co-staining with DAPI (4’,6-diamidino-2-phenylindole),
reveals coincidence of anti-gB and anti-GFAP fluorescence signals in DAPI-stained cells (Fig.
1). This indicates the susceptibility of glial cells to infection by HHV-6A (Fig. 1, row A) and

HHV-6B (Fig. 1, row B). The data also show visible cell aggregation, a cytopathic effect (CPE),
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at 2 HPI. Distribution of cells across the substrate is notably more homogenous in the uninfected
controls (Fig. 1, row C). In these mixed cultures of dHNSCs (N=12), ~58% of cells were
identified as glia. Of these GFAP-positive cells, 29.2% were also gB-positive 2 HPI with HHV-
6A (N=6; p<0.05). Parallel cultures show that 42.3% of GFAP-positive cells were gB-positive in
HHV-6B infected cultures (N=6; p<0.05). Thus, results show that both HHV-6A and HHV-6B

can infect glia.

DAPI anti-gB anti-GFAP
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Figure 2-1. Fluorescence microscopy images of differentiated human neural stem cells (dHNSCs) treated with
immunofluorescent antibodies and a fluoro-dye at PDD7: Differentiation to Glial cells. From left to right, DAPI,
anti-gB, anti-GFAP, and composites. PDD7 HNSCs infected with HHV-6A (row A) show gB-positive signals on
GFAP-positive cells (glial cells). PDD7 HNSCs infected with HHV-6B (row B) also show a gB-positive signal on
GFAP-positive cells. Images for uninfected control culture (row C) show well-developed GFAP-positive cells with

homogeneous distribution, many exhibits stellate
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Using an antibody for BIII tubulin (a neuron-specific protein), DAPI, and an anti-gB fluoroprobe,

immunofluorescence demonstrates neurons are also susceptible to infection by both HHV-6A

(Fig. 2, row A) and HHV-6B (Fig. 2, row B). In cells identified as neurons (i.e., BIII tubulin-

positive), over 91% and 45.3% were also gB-positive at 2 HPI with HHV-6A (N=6; p<0.05) and

HHV-6B (N=6; p<0.05), respectively. These results show that HHV-6A and HHV-6B can infect

neurons. Furthermore, fluorescence images from the BIII-tubulin antibody system in uninfected

cultures (Fig. 2, row C) show elongated neurite extensions and node formation, further indicating

cell differentiation into viable neurons and the formation of cell-cell connectivity. At similar time

points, roseolovirus-infected cultures exhibit CPEs (e.g., cell aggregation and neurite disruption).

2.3.2 Infection with either HHV-6A or HHV-6B results in time-dependent cytopathic

effects

Productive infection can be verified via transmission electron microscopy (TEM) and

quantitative polymerase chain reaction (QPCR). TEM demonstrates the presence of fully

assembled HHV-6A virus particles (Fig. 3A) within cells that match the size and morphology of

cell-free virions from virus stocks (Fig. 3B). Likewise, HHV-6B virus particles are observed

within vacuole-like spaces within dHNSCs (Fig. 3D). These also match the size and shape of

HHV-6B virions imaged from virus stocks (Fig. 3E). To demonstrate that these are productive

roseolovirus infections as opposed to a lysis-from-without phenomenon (Delbruck et al., 1940),
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gPCR-based virus titers (i.e., viral genome count per mL) were determined for HHV-6A (Fig.
3C) and HHV-6B (Fig. 3F). Within 2 HPI, the number of detectable viral genomes exceeds the
virus density of the inoculum of HHV-6A and HHV-6B used to infect HNSC cultures, thereby

demonstrating productive infection (i.e., the production of progeny virus).
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Figure 2-2- Fluorescence microscopy images of differentiated human neural stems cells (dHNSCs) treated with
immunofluorescent antibodies and a fluoro-dye at PDD7: Differentiation to Neurons. From left to right, DAPI, anti-
gB, anti-BIII tubulin, and composites. PDD7 dHNSCs infected with HHV-6A (row A) show gB-positive signal on
BII tubulin-positive cells. PDD7 HNSCs infected with HHV-6B (row B) also show gB-positive signal on BIII
tubulin-positive cells. Images for uninfected control culture (row C) show developed BIII tubulin-positive cells with

significant neurite-neurite and neurite-soma connectivity
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Figure 2-3 — TEM and gPCR data from HHV6-infected hNSCs. TEM images illustrate: (A) HHV-6A virus particles
within a cell; (B) HHV-6A virions in cell-free filtered supernatant from cell lysate; (D) HHV-6B virions in a cell;
(E) HHV-6B virions in cell-free filtered supernatant. qPCR titer methods show productive virus infection for: (C)
HHV-6A and (F) HHV-6B. Uninfected cells show negligible amplification of an HHV6-specific marker (i.e., U22
gene). After 30 min post-infection HHV®6 is still present. After a wash at 2 HPI (dashed line) and 22 h incubation
(24HPY), titers increase indicating production of progeny virions at densities greater than present immediately after
inoculation.

Together, data from TEM, immunofluorescence (using an anti-gB fluorescent antibody system),
and qPCR-based quantification of virus titers at different time points during infection provide
convincing evidence that both neurons and glia are susceptible to HHV-6A and HHV-6B and
result in productive viral infections. Furthermore, both TEM and immunofluorescence data
indicate that infection of dHNSCs by either HHV-6A or HHV-6B results in viral-induced CPEs,
which manifest as disturbances to cell shape, size, viability, and distribution on culture plates.
CPEs often present in two phases: cell aggregation (with notable cell death) and detachment

from the culture surface.
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PDD7: HHV-6A PDD7: HHV-6B PDD14: HHV-6A PDD14: HHV-6B

Uninfected

2 HPI
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Figure 2-4— Light microscopy of HHV6-induced cytopathic effects (CPEs) on differentiated HNSCs at PDD 7 and
14. (A) Uninfected cultures of HNSCs at PDD7 show healthy cells adhering to the plate surface (top). After two
hours post-infection (2HPI) at MOIs = 1, 2 (middle, left, and right, respectively) with HHV-6A, cells begin to
aggregate, and at 24HPI with HHV-6A at MOls = 1, 2 (bottom, left, and right) there is high-density clumping and
cell detachment. (B) Uninfected cultures of HNSCs at PDD7 show healthy cells adhering to the plate surface (top).
After 2HPI with HHV-6B at MOls = 1, 2 (middle, left, and right), cells begin to aggregate, and at 24HPI with HHV-
6B at MOI =1, 2 (bottom, left, and right), there is a higher-density aggregation. (C) At PDD14, uninfected healthy
cells persist (top); however, at 2HPI at MOls = 1,2 (middle, left, and right), infection with HHV-6A results in high-
density cell aggregation, and at 24HPI, rampant cell death and detachment are observed (bottom, left and right). (D)
At PDD14, uninfected cells persist (top); however, HHV-6B infection at MOIs = 1,2 for 2 HPI results in lower-

density cell aggregation (middle, left, and right) with higher-density clumping occurring at 24HPI (bottom, left, and

right)

Although there is a notable aggregation of cells in both HHV-6A and HHV-6B infected cell

cultures (2HPI, MOI=1, or MOI=2), HHV-6A infected cultures produce higher density clumps at



68

earlier time points for both PDD7 and PDD14 cultures (Fig. 4A and 4C, middle row). By 24 HPI,

HHV-6A infections yield high-density detached clumps floating in culture (Fig. 4A and 4C,

bottom row). Although HHV-6B infections induce cell aggregation, cells appear more resistant

to forming detached high-density spherical clumps when compared to HHV-6A infections at 2

HPI and 24 HPI (Fig. 4B and 4D). In some trials, HHV-6B infected cultures featured cells that

appear to retain morphological integrity at 2HPI (Fig. 4D). These data suggest that the severity

and time-course of CPEs may differ between HHV-6A and HHV-6B infections (Fig. 4)
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Figure 2-5 -Immunofluorescence suggests syncytia. (A) HHV-6A infection in HNSCs results in syncytia formation
as indicated by cell membrane fusion and multinucleated cells (arrows). (B) Uninfected culture shows individual
well-bounded dHNSC membranes and the absence of any cell aggregation that would suggest syncytia-like
formations.

To determine whether clumping of cellular biomass during the course of HHV6 infection is
simply aggregation or bona fide viral-induced syncytia formation, fluorescence microscopy was
used to detect morphological features characteristic of syncytia (Fig. 5). Results indicate that
prior to gross detachment from the culture surface (i.e., 0-2 HPI), morphological features
consistent with syncytia occur, including cell fusion and formation of multi-nucleated supercells
(Fig. 5A; arrows). Syncytia formation was notable in HHV-6A infection. However, no
discernable syncytia formation was observed during HHV-6B infection. In uninfected cultures,

cells with robust arborized neurites and a single nucleus will persist for weeks (Fig. 5B) and have

slightly larger, well-defined somas.

2.3.3 Neurite retraction and morphometrics (HHV-6A versus HHV-6 infected cells)

Initial manual tracing and use of a machine-learning platform (Trainable Weka Segmentation 7)
on images taken with a light microscope result in neurite and soma boundary definitions in a

pseudo-fluorescence format (Fig. 6A). A pixel-by-pixel assessment by image analysis software
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(e.g., Neural Circuit Tracer or NeuronCytoll) produces neuronal reconstructions, from which
measurements can be taken including neurite lengths and surface areas of cell soma (Fig. 6B).
Morphometric analyses indicate that average neurite length in differentiated HNSCs increases
between the time of inoculation (to) to 2 hours post-infection (HPI) followed by a precipitous
decline (retraction) between 2 HPI and 24 HPI for HHV-6A and HHV-6B infected cells at
MOI=1. At MOI=2, the impact on average neurite length is more profound, with a decline from
to to 2 HPI in both HHV-6A and HHV-6B infected cell cultures and a precipitous decline from 2
HPI to 24 HPI. Data for MOI=2 suggest that HHV-6B infection results in more significant
neurite retraction than HHV-6A. For MOI=2, ~20% (N=39) and ~35% (N=14) decreases in
average neurite length for HHV-6A and HHV-6B, respectively, are observed (Fig. 6C). Even at
MOI=1, HHV-6B tends to attenuate neurite extension to a greater extent than HHV-6A (N=32,
N=20). The magnitude of CPE severity after infection of HNSCs with the virus appears to be
MOI-dependent (Fig. 4, MOI = 1 versus MOI = 2). Fewer but notably long neurites extend as
high-density cell clumps start to form. (These analyses were conducted by undergraduate student

’Jerry Wu’ in the summer program)
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Figure 2-6— Changes in average neurite length and neuronal signaling during the course of an HHV6 infection. (A)
Pseudo-fluorescence image generated by Trainabler Weka Segmentation 7 highlights soma boundaries and neurites
of neurons from light microscopy images processed via a NeuronJ plug-in to the ImageJ software package. (B)
Neuron Cytoll software generates neuron and neurite reconstructions for detailed morphometric measurements. (C)
Morphometric analysis of average neurite length (ANL) at 2 hours post-infection (HPI) and 24HPI for HHV-6A and
HHV-6B infected cells indicate that at MOI = 1, neurites continue to extend from the time of inoculation (t0)
through 2HPI for both HHV-6A and HHV-6B infected cells, however, by 24 HPI neurite retraction, cell death, and
cell detachment from the culture surface results in insignificant neurites extension. At MOI = 2, there is a decrease
in ANL between t0 and 2HPI, with HHV-6B showing more than a 35% decrease in ANL while HHV-6A results in a

more modest decrease in ANL (~20%). (This analysis conducted by under graduate student Jerry Wu)

2.3.4 Both glutamatergic and dopaminergic cells are susceptible to either HHV-6A or

HHV-6

To determine if either HHV-6A or HHV-6B preferentially infects select neuronal
neurotransmitter phenotypes, differentiated neurons were co-labeled with neurotransmitter-

specific antibodies.
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Figure 2-7 -Fluorescence microscopy images of differentiated human neural stems cells (AHNSCs) treated with
immunofluorescent antibodies and a fluoro-dye at PDD13: Glutamatergic Neurons. VGIuT1-positive dHNSCs at
PDD13 (2 HPI, MOI=1) shown (from left to right) by DAPI staining and anti-gB, and anti-VGIuT
immunofluorescence (with composites) indicate that gB (green) colocalizes with VGlut (red) in DAPI stained (blue)
cells for both HHV-6A (row A) and HHV-6B (row B) infected cultures, suggesting susceptibility of glutamatergic

neurons to both viruses. (Results were consistent across 6 replicate trials).

For glutamatergic cells, an anti-VGIuT1 fluorescent antibody system was used to target the
vesicular glutamate transporter (VGIuT1), a characteristic protein found in glutamatergic
neurons. Simultaneous staining with DAPI and use of the anti-gB fluoroprobe show that
VGIuT1-positive cells coincide with anti-gB fluorescence signals in dHNSCs infected with
HHV-6A (Fig. 7, row A) or HHV-6B (Fig. 7, row B). This reveals that both roseoloviruses can
infect of glutamatergic cells. Of cells in mixed cultures identified as glutamatergic (i.e., VGIuT1-
positive), 96% (N=6, p<0.05) and 73% (N=6, p<0.05) were gB-positive in HHV-6A and HHV-

6B infections, respectively.

For dopaminergic cells, an anti-dopamine (anti-DA) fluorescent antibody system was used to
target dopamine directly. Co-staining with DAPI and co-labeling with anti-gB and anti-DA,

fluorescence microscopy shows a co-localization of DAPI, anti-gB, and anti-DA signals (Fig. 8).
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This suggests that dopaminergic neurons are susceptible to infection by HHV-6A (Fig. 8, row A)
and HHV-6B (Fig. 8, row B). Of all cells in mixed cultures labeled dopaminergic (i.e., DA-
positive), 89% (N=6, p<0.05) and 77% (N=6, p<0.05) were gB-positive in HHV-6A and HHV-
6B infections, respectively. This demonstrates that both viruses can infect of dopaminergic

neurons.

Roseolavirus appears to be widely distributed throughout infected cells. In both VGIuT1-positive

and DA-positive cells, anti-gB fluorescence was seen within neurites as well as cell soma.
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Figure 2-8 Fluorescence microscopy images of differentiated human neural stem cells (AHNSCs) treated with
immunofluorescent antibodies and fluoro-dye (DAPI) at PDD7: Dopaminergic Neurons. DA-positive dHNSCs at
PDD7 (2HPI, MOI = 1) shown (from left to right) by DAPI staining and anti-gB and anti-DA immunofluorescence
(with composites) indicate that gB (green) colocalizes with dopamine (red) in DAPI stained (blue) cells for both
HHV-6A (row A) and HHV-6B (row B) infected cultures, suggesting susceptibility of dopaminergic neurons to both

viruses. . (Results were consistent across six replicate trials).
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2.3.5 Neither HHV-6A nor HHV-6B appears to infect GAD67-positive cells (GABAergic

neurons)

To determine whether neurons that synthesize gamma-aminobutyric acid (GABA) were
susceptible to infection by HHV-6A or HHV-6B, a fluorescence antibody system against
GADG67, a glutamate decarboxylase that is responsible for the overwhelming majority (>90%) of
GABA synthesis in the brain, was employed. (GABA is the major inhibitory neurotransmitter in
the CNS). Cultures co-stained with DAPI and co-labeled with anti-GADG67 and the anti-gB
fluoroprobes failed to show infection of GADG67-positive differentiated HNSCs by either HHV-
6A (Fig. 9, row A) or HHV-6B (Fig. 9, row B). Given the unexpected results, multiple time
points were examined. However, anti-gB fluorescence was not detected at PDD7 or PDD14 (Fig.
9) or under various MOIs (i.e., MOI=1 and 2). These experiments were repeated multiple times
with the same results. For one single trial (out of 5) where differentiation of HNSCs was driven
toward GABA-producing cells, a few anti-gB fluorescence patches were observed in HHV-6B

infected cultures (Fig. 10).
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Figure 2-9- Fluorescence microscopy images of differentiated human neural stems cells (AHNSCs) treated with
immunofluorescent antibodies and a fluoro-dye (DAPI) at PDD7: GABAergic Neurons. GADG67-positive dHNSCs
at PDD7 (2HPI, MOI=1) shown (from left to right) by DAPI dye and anti-GAD67 immunofluorescence (with
composites) indicate that gB (green) immunofluorescence does not colocalize with GADG67 (red) in DAPI stained
(blue) cells for both HHV-6A (row A) and HHV-6B (row B) infected cultures, suggesting GABAergic neurons are

not susceptible to either virus. (Results consistent across 6 replicates).

Initial indications suggested that perhaps HHV-6B can indeed infect GADG67-positive cells.
However, upon detailed analysis of immunofluorescence data, the colocalization of the DAPI
and anti-gB signals (Fig. 10: A1-D1 and A2-D2, respectively) do not coincide with anti-GAD67
signals, indicating that the anti-gB fluorescence emanates from nearby cells in these mixed
cultures. Moreover, for many of the anti-GADG67 fluorescence, there was no overlap with DAPI,
suggesting that these could be fluorescence signals from GABA-rich afferents (see Fig. 10: A3,

B3, C3, D3). Data indicate that >90% of cells were GAD67-positive in HHV-6A and HHV-6B
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infected cultures (N=6), yet there was no evidence of coincidence between anti-GAD67 and anti-

gB fluorescence.

=1)
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Figure 2-10- Anti-gB/DAPI fluorescence does not colocalize with GAD67-positive cells in mixed cultures. DAPI
microscopy images of immunofluorescence and fluorescence staining of differentiated HNSCs at PDD7, MOI = 1,
2HPI challenged with HHV-6B. Out of multiple trials, only one anti-GADG67 positive culture displayed an anti-gB
fluorescence signal indicating possible infection of GABA-containing neurons (top). However, upon closer
examination of anti-gB cell clusters (regions A-D), it appears that DAPI positive cells (rows A1-D1) and anti-gB

positive (rows A2-D2) cells are anti-GAD67 negative (row A3-D3) providing further evidence for GABAergic
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neuron resistance to HHV-6 infection. DAPI/anti-gB positive fluorescence is likely from adjacent glial cells or other

neuronal neurotransmitter phenotypes in the mixed culture.

2.4 Conclusions

The work performed demonstrates that: (1) both glia cells and neurons are susceptible to
infection by HHV-6A or HHV-6B; (2) VGIuT1-positive cells (i.e., glutamatergic cells) are
susceptible to infection by HHV-6A or HHV-6B; (3) DA-positive cells (i.e., dopaminergic cells)
are susceptible to infection by HHV-6A or HHV-6B; (4) GAD67-positive cells (i.e., GABAergic
cells) appear to be resistant to infection by HHV-6A or HHV-6B; (5) HHV-6A induces more
severe cytopathic effects on differentiated human neural stems cells than HHV-6B for the same

time-point post-infection at the same MOI and other equivalent culture conditions.

The cellular and molecular basis for the differences in cell tropism and CPEs is not known. In the
subsequent chapter, cellular responses to HHV-6A versus HHV-6B will be explored using

immunofluorescence and quantitative polymerase chain reaction (QPCR) methods.

2.4.1 HHV-6A and HHV-6B infect both neurons and glia with different levels of

cytopathology

Results from immunofluorescence data demonstrate that both HHV-6A and HHV-6B can infect
glia and neurons derived from the differentiation of human neural stem cells (see Figs. 1 and 2).
These data are consistent with prior reports demonstrating that HHV6 can infect
astrocytes(Fotheringham et al., 2008) and neurons — namely, cerebellar Purkinje cells(Prusty et
al., 2018). Results from gPCR and TEM clearly indicate that productive infection of dHNSCs
occurs (Fig. 3) when either HHV-6A or HHV-6B is perfused into dHNSC cultures at an MOI of

0.5, 1.0, or 2.0. [Note: MOI is used here to describe the ratio of viral genomes to cells at the
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initiation of infection]. Light microscopy and viable cell counts indicate differential impacts of
HHV-6A versus HHV-6B on cell cultures (PDD7, 2HPI, MOI=1). Specifically, it appears that
HHV-6A induces more severe cytopathic effects that HHV-6B for the same day post-
differentiation and post-infection time-point (Fig. 4). For MOls examined, both HHV-6A and
HHV-6B induce cell aggregation and detachment from the surface substrate; however, the
magnitude of cell clumping and detachment is greater in HHV-6A infected cultures at both
PDD7 and PDD14 (2HPI and 24HPI). Indeed, cells with intact processes are still visible in
HHV-6B infected cultures even at MOI=2 at PDD14 (see Fig. 4). Moreover, bona fide syncytia
formation was only observed during HHV-6A infection (see Fig. 5). These results suggest that
HHV-6A infection may be more detrimental to cell culture than infection with HHV-6B. This is
consistent with prior work suggesting that HHV-6A is more virulent in glia(De Bolle, Naesens,

et al., 2005).

242 HHV-6A and HHV-6B infect vGIluT* and DA™ cells, but neither virus infects

GADG67* cells

Our results and prior work regarding HHV-6A and HHV-6B cell tropism indicate that HHV6
infects nerve cells(Albright et al., 1998; De Bolle, Naesens, et al., 2005; De Filippis et al., 2006;
Donati et al., 2003). An early study showed that HHV-6A and HHV-6B could infect glial
cells(Fotheringham et al., 2008). A recent study demonstrated HHV-6A and HHV-6B infections
in neurons(Prusty et al., 2018). This latter study only showed HHV-6A and HHV-6B infection in
Purkinje cells, which are unique. Although this prior work showed that neurons are susceptible to
HHV6 infection, our data provide additional details regarding cell tropism for specific neuronal
neurotransmitter phenotypes. Immunofluorescence microscopy shows that VGIuT1-positive cells

(i.e., glutamatergic neurons) and DA-positive cells (i.e., dopaminergic neurons) are susceptible
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to either HHV-6A or HHV-6B (Figs. 7 and 8). Although glutamatergic and dopaminergic cells
are susceptible to both viruses, infection assays failed to demonstrate that GAD67-positive cells
(i.e., GABAergic neurons) were susceptible to either virus. We were initially skeptical of these
results since the study showed that Purkinje cells, which are GABAergic, are susceptible to
HHV-6A and HHV-6B. However, repeated trials using immunofluorescence supported by qPCR
suggest that GABA neurons derived from dHNSCs are not susceptible to either virus (see Fig.
9). In one infection trial with HHV-6B, a sparse anti-gB fluorescence was observed in mixed
cultures with GADG67-positive cells (Fig. 10, top row, middle panel). However, with higher
magnification and more detailed analysis, anti-GAD67 emissions do not overlap with anti-
gB/DAPI fluorescence. This suggests that HHV-6B is likely infecting cells adjacent to GABA
neurons in mixed cultures or anti-gB signals afferents from other cell types on GABAergic cells

(e.g., axonal-somatic inputs).

2.4.3 Implications of results for current models of HHV-6 induced epileptogenesis

Several models are proposed as potential mechanisms by which HHV-6 induced seizures can
lead to epilepsy (i.e., epileptogenesis). Although neural encephalitis may emerge from primary
HHV-6 infections leading to seizures (Bartolini, Theodore, Jacobson, & Gaillard, 2019; Howell
et al., 2012; Vinters, Wang, & Wiley, 1993), sub-inflammatory mechanisms have also been
proposed. For example, there is some in vitro evidence to suggest that HHV-6 infection of
astrocytes can lead to dysfunction in glutamate reuptake from the synapse, leading to
hyperexcitation of glutamatergic pathways and thus seizure(Crawford et al., 2007; Eid et al.,
2016). Beyond this glutamate reuptake dysfunction hypothesis, other studies have suggested that
reactivation of HHV-6 from latency may result in lysis of glutamatergic cells resulting in excess

release of glutamate into neuronal circuits associated with seizure induction (e.g., mesial
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temporal lobe neural networks). This has been described as an excitotoxicity model(Beal, 1992;
Bekenstein & Lothman, 1993; Wang & Pellett, 2007; Yao, Crawford, Komaroff, Ablashi, &
Jacobson, 2010). If results observed in cultured dHNSC are generalizable to in vivo conditions,
then a glutamatergic excitotoxicity model would be supported by gross glutamatergic cell loss
during HHV-6A infection.

Another hypothesis is that GABAergic interneurons, which modulate glutamatergic pathways,
could be selectively targeted by HHV-6A or HHV-6B. Disruption of the inhibitory modulation
of glutamatergic neurons would, in turn, lead to excess glutamate release and subsequent seizure.
If our results regarding a lack of susceptibility of GABAergic neurons to HHVG6 are
generalizable to in vivo conditions, then this inhibitory (inter)neuron dysfunction hypothesis
could be ruled out. Alternatively, HHV6-induced epileptogenesis may involve more than one of
these proposed models or another yet to be described mechanism. For example, cholinergic
pathways from the peduncular pontine nuclei (PPN) or other tracts may also contribute to seizure
induction by hyperexciting glutamatergic targets or inhibiting modulating interneurons. Finally,
it is also necessary to explore the impacts of roseolovirus infection on neuronal and neural

network signaling. This is the subject of ongoing research in our lab.
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2.5 Materials and methods

25.1 Cell culture

Culture vessels (i.e., T75 flasks and 8-well microscope chamber slides; Thermofisher Scientific)
were coated with CELLStartTM surface substrate (Gibco, Life Technologies Corporation) per
supplier protocol. In serum-free medium (SFM) [KnockoutTM DMEM/F-12, 20 ng/mL FGF-
2/[EGF, 2mM GlutaMAXTM-I, and 2% v/v StemProTM Neural supplement], NIH-approved
H9-derived human embryonic stem cells (RESCs) were plated and expanded as a monolayer in
CELLStartTM coated vessels. The cultures were maintained at 37°C in a humidified incubator
(with 5% CO2). Cells were passaged every 7 days using an accutase cell detachment solution
(Sigma-Aldrich) and re-plating at a surface density of 5 x 104 cells/cm2. Using an automated cell
counter (Bio-Rad) and Trypan Blue (Thermofisher Scientific), viable cell counts were
determined for re-plating cells. Upon re-plating, different media options were used to induce
differentiation along desired paths. For example, to facilitate differentiation toward neuron-dense
mixed cultures, a seeding density of 2.5 x 104 cells/cm2 was used with a minimal media (MM)
[KnockoutTM DMEM/F-12, 2mM GlutaMAXTM-I, and 2% StemProTM Neural Supplement].
Cells were maintained in differentiating conditions for 15-18 days with fresh media change-out

every 3-4 days.

2.5.2 Virus preparation

Frozen stocks (-195°C) of HHV-6A strain GS-infected HSB2 cells and HHV-6B strain Z29-
infected MOLT-3 cells (courtesy NIH) were thawed and used to infect uninfected HSB2 and
MOLT-3 cells. Specifically, 10 HHV6-infected cells were mixed with uninfected cells at a ratio

of 1:10 in a T150 flask (Thermofisher Scientific) and incubated at 37°C for 2 hr. (5 mL of
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media). After 2 hr of incubation fresh media was added (5 mL), and the cells were incubated
again at 37°C. Using a light microscope, the culture was checked periodically. When cytopathic
effects (CPEs) were noted in more than 80% of cells, the cell suspension was harvested. Aliquots
were stored in liquid nitrogen (-195°C) for use in infection assays. Alternatively, cell-free virus
suspension was prepared by sonicating cell suspension on ice and centrifuging the lysate at 3500
rpm for 1 hr to pellet cell debris while maintaining virus particles in suspension. The supernatant
was extracted and filtered through a 0.45um filter to remove any remaining cell debris. The
virus-containing filtrate was centrifuged at 25,000 rpm at 4°C for 3 hr to pellet the virus.
Supernatant was removed, and the virus pellet was resuspended in cold media and stored at -
80°C for use in cell-free virus infection assays or for transmission electron microscopy. Virus

titers were determined using qPCR.

2.5.3 Transmission electron microscopy (TEM) for cell-free virus

Transmission electron microscopy (TEM) was used for three purposes. First, TEM was used to
verify the presence of intact, fully assembled virions from HSB2 and MOLT-3 host cells used for
virus storage and propagation. Second, TEM was used to demonstrate the presence of HHV6
virus particles in differentiated HNSCs. Third, TEM was used to validate the presence of virus
for qPCR-based titers from storage cells or differentiated HNSCs. For cell-free virus samples,
the aforementioned preparation via sonication (or, alternatively, freeze-thaw cycles) was
followed by a concentration of virus suspensions (i.e., filtered lysates) using 30kDA MWCO
spin concentrator (Sigma-Millipore). From the retentate, ~5uL of concentrated viral suspension
was spotted onto a formvar-coated copper grid and incubated for 10 min in a humidity chamber.
The sample was then gently rinsed and negatively stained with a 2% solution of uranyl acetate

for 30 sec before the excess solution was wicked off of the grid and allowed to air dry for 1 hr.
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Samples were placed on grids, and after 2 to 10 minutes, 2% uranyl acetate was added to the
grid. Grids were imaged with a Hitachi H-7100 TEM at 75 kV. Images were captured at 60,000—

200,000X magpnification.

2.5.4 Transmission electron microscopy (TEM) for infected cells

TEM was also used to image virus particles associated with host cells. These included both virus
storage cells (HSB2 and MOLT-3 cells) and differentiated HNSCs infected with either HHV6
virus. For virus-infected storage cells in or for virus-infected monolayers of differentiated
HNSCs, cells were fixed with a 4% paraformaldehyde (PFA) solution. The samples were place
on grids and then gently rinsed and negatively stained with a 2% solution of uranyl acetate.
Samples were incubated for 2 hr at 4°C before rinsing with distilled water and wicking off the
excess solution from the grid, and allowed to air dry for 1 hr. After air drying for 2 hr., samples
were imaged with a Hitachi H-7100 TEM at 75 kV. Images were captured at 60,000— 200,000X
magnification. Regions of the grid that showed virions blebbing from membrane or virus
particles within the intracellular space were targeted for imaging. Detachment of HNSCs from

the surface substrate was required to capture co-localization of virus particles within intact cells.

2.5.5 Light microscopy

The infected cultures were monitored daily via light microscopy to monitor morphological
changes. (In each experiment, uninfected cultures served as a control). Light microscopy images
were taken from dHNSCs at PDD 7 and PDD 14 at 2 hours post-infection (HPI) and 24 HPI10
using an upright microscope (Primovert, Zeiss) equipped with a color camera (AxioCam 105,
Zeiss). Dozens of cells were captured in each image from randomly chosen fields of view for

each culture.
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2.5.6 Morphometric Analyses

Using light microscopy and an image analysis pipeline that includes a machine learning
algorithm to enhance calls on neurite extension, node formation, and other morphometric
parameters, cell morphology changes are monitored over the course of infection and at different
infection states. Using the NeuronJ plug-in to the ImageJ software package and a machine-
learning algorithm, the initial manual tracing of neurons from light microscopy images can be
enhanced. This first part of the workflow compares pixel intensity on neurites (and soma
boundaries) with adjacent pixel neighborhoods. Using the machine-learning algorithm,
Trainabler Weka Segmentation 7, the contrast between nerve cell features and background is
enhanced, yielding pseudo-fluorescence images from light microscopy images. Standard tools
such as Neural Circuit Tracer or NeuronCytoll are then employed to generate reconstructions of
nerve cells allowing for morphometric analysis without fixing cells for traditional
immunofluorescence. This workflow requires minimal high-performance computing time and
will enable observations and quantification of morphological parameters in real-time while

producing quality images (see Fig. 6, panels A-C).

2.5.7 Immunofluorescence and fluorescence microscopy

Immunofluorescence was conducted via a co-labeling approach (two antibody systems per trial)
along with the nuclear dye 4,6-diamidino2-phenylindole dihydrochloride (DAPI). The following
fluorescence antibody systems (primary antibody/secondary antibody) were used in select pairs:
mouse anti-gB (HHVG6 envelope glycoprotein gB)/donkey anti-mouse 1gG-Alexa Fluor 488;
chicken anti-GFAP (Glial Fibrillary Acid Protein)/donkey anti-chicken 1gG-Alexa Fluor 680;
rabbit anti-BIII tubulin (neuron-specific microtubule protein)/donkey anti-rabbit IgG-Alexa Fluor

568; goat anti-VGIuT (vesicular glutamate transporter protein)/donkey anti-goat IgG-Alexa
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Fluor 555; chicken anti-GADG67 (glutamate decarboxylase 67)/donkey anti-chicken 1gG-Alexa
Fluor 680; and, rabbit anti-DA (dopamine)/donkey anti-rabbit IgG-Alexa Fluor 568. The anti-gB
antibody (courtesy NIH AIDS reagent program) and fluorescent secondary indicate the presence
of HHV®6 virus and, when co-localized with other immunofluorescence markers, demonstrate
infection in select cell types (i.e., neurons versus glia or distinct neuronal neurotransmitter
phenotypes). Signal for anti-gB is usually color-coded green in alignment with emissions during
image analysis. Signal for the anti-llIl tubulin fluorescent antibody system (Sigma-Aldrich) is
typically color-coded red in alignment with emissions when anti-gB is co-labeled but may also
be color-coded green in uninfected controls. Signal for the anti-GFAP fluorescent antibody
system (Sigma-Aldrich) is typically color-coded red in alignment with emissions but may also be
color-coded green in uninfected controls or when used as a co-label for distinguishing between
GFAP-positive cells and BIII tubulin-positive cells in the same image. Signal for anti-VGIuT
(Abcam), anti-GAD67 (Abcam), and anti-DA (EMD Millipore) fluorescence are typically color-
coded red to distinguish neuronal neurotransmitter phenotype from any anti-gB signal (green).
All experimental trials used DAPI (blue color code) to locate nuclei of all cells in the mixed
cultures regardless of cell type. For all immunofluorescence trials, HNSCs were fixed with 4%
PFA in Dulbecco’s phosphate buffer solutions (DPBS), then rinsed (3X) with DPBS. Blocking
solution (5% donkey serum, 0.1% triton in DPBS) was added for 30 min. at room temperature
(RT) after which primary antibodies (abs) were applied. Cells were then incubated for 24 hrs.
followed by a series of rinses (3X) with DPBS and then application of secondary antibodies and
further incubation. Another series of rinses (3X) with DPBS was followed by the application of
DAPI (0.2 nM) and a 20 min incubation at RT. The plates were subjected to a final rinse in

DPBS and staged within the confocal fluorescent microscope (Leica). Images were taken using
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10X magnification to view the distribution of fluorescent signals across the plates. In infecdted
cultures, immunofluorescence was performed at multiple time-points during the differentiation
phase (PDD7 and PDD14 preferred) and at several time-points after introduction of viral inocula
(e.g., 2HPI and 24HPI). Images for each fluorescent signal were captured, and then images were

overlayed using image analysis software to generate composite images.

2.5.8 Quantitative polymerase chain reaction (QPCR)

For quantitative polymerase chain reaction (qPCR)-based virus titers from both storage cell lines
(i.e., HSB2 and MOLT-3 cells) as well as infected differentiated HNSCs, the HHV6-specific
U22 gene was targeted. Using the following primers (Collot et al., 2002): 397F (5'-TCG AAA
TAA GCA TTA ATA GGC ACA CT-3") and 493R (5'-CGG AGT TAA GGC ATT GGT TGA-
3") —a 99bp fragment of the U22 gene was amplified from viral DNA extracted from infected
cell cultures. Amplification was performed using a Rotor-Gene Q real-time fluorescence detector
thermocycler (Qiagen) programmed as follows: 94°C for 6 min; followed by 40 cycles of 94°C
for 30 sec, 53°C for 30 sec, 72°C for 45 sec; and then a final holding condition of 72°C for 7
min. Verification of the appropriate fragment size (and run quality) was checked via gel
electrophoresis. DNA concentration was determined using a micro-volume spectrophotometer
(Denovix). The number of viral genomes for each sample was determined by comparing results

to a standard curve.

To prepare standards for qPCR analyses, the following procedure was performed for each virus
(i.e., HHV-6A and HHV-6B): one copy of the U22 target sequence was cloned into a
commercial vector using a TOPO PCR Cloning Kit (Invitrogen) and transformed into competent
E. coli. Enrichment of clones was followed by plasmid purification using the QIlAprep Spin

Miniprep Kit (Qiagen). The resulting plasmid DNA vyield was measured by absorbance
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spectroscopy (OD260nm). PCR is then employed to amplify the gene of interest (i.e., U22) from
the plasmid preparation. PCR product yield is quantified using the Denovix micro-volume
spectrophotometer, and then a sample is diluted down to 1 ng/pL, which corresponds to a
fragment copy number of 9.216 x 109. From this, subsequent dilutions (10-1 through 10-9) are
prepared in triplicate. Next, gPCR is used to amplify fragments from these serial dilutions, and
the standard curve is generated. For all qPCR trials, 10uL SYBR® Green (Life Technologies,
Foster City, USA), 1 uL of unknown DNA sample, 50 nM of forwarding primer, and 50 nM of

reverse primer were used in 20 pL total reaction volumes.
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3 CHAPTERII

3.1 Abstract

Infection with neurotropic viruses like HHV-6, according to a handful of preclinical
investigations, can cause infected CNS cells to become implicated in an inflammatory cascade.
Clinical studies have established a relationship between HHV-6 infection and various epilepsy
syndromes, as well as HHV-6 viral DNA in saliva, blood, CSF, and tissue taken from
epileptogenic cells in children and adults with seizures and chronic epilepsy. Inflammation is
considered to have a part in the development of an increasing number of acute and chronic
neurological disorders. To further understand how HHV-6A and HHV-6B may impact
inflammatory pathways in the CNS, we infected cultured human neural stem cells and evaluated
the expression of several proinflammatory cytokines and growth factors. Also, expression of
HHV6-A and HHV6-B cell surface receptors (CD46, CD134) were evaluated in HHV6 infected
GABAergic cells and glutamatergic cells by immunofluorescent staining, and the reverse
transcription-polymerase chain reaction (RT-gPCR) confirmed the excretion of HHV6 receptors

in mix culture of human neural stem cells.

Our results indicate that the expression of inflammatory cytokines differs between HHV6-A and
HHV6-B infected cells. RT-gPCR was performed to determine if HHV-6 infection increases the
expression and production of IL-10 and TLR-9 in infected human neural stem cells. Expression
and production of 1L-10 were markedly increased in HHV6-A infected cells. Other inflammatory
cytokines' mRNA expression and protein synthesis may have been suppressed by IL-10 in HHV-
6-infected cells. VEGF-C, a growth factor involved in angiogenesis, was another gene product
that increased in both HHV6-A and HHV6-B infected cells. Also, insulin-like growth factor

binding protein 6 (IGFBP6) over expressed in HHV6-A infected cells.
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3.2 Introduction

The central nervous system (CNS) HHV-6 infection is often silent, allowing the virus to stay
inside neural cells as a normal CNS commensal. Rarely HHV-6 appear to be linked to
encephalopathy, encephalitis, febrile seizures, or neuroinflammation(Yoshikawa & Asano,
2000). HHV-6 has been detected in the oligodendrocytes of MS patients, and CNS tissue,
lymphoid tissues, peripheral blood lymphocytes, serum, and urine from MS patients have all
demonstrated signs of active HHV-6 infection(Akhyani et al., 2000; Challoner et al., 1995).
Despite varied findings of HHV6 infection in the CNS and its association with neurological
dieses, it is unclear how HHV-6 might impact its pathogenesis. HVV®6 is known for its capacity
to alter inflammatory pathways in target cells(Liittichau et al., 2003). While the U51 region of
the viral genome encodes a CCL5 receptor, the U12 region of the viral genome encodes beta
chemokine receptors for CCL2, CCL3, CCL4, and CCLS5. The viral U83 region also codes for a
CCR2 agonist that resembles chemokines(Gompels et al., 1995; Isegawa, Ping, Nakano,
Sugimoto, & Yamanishi, 1998; Liittichau et al., 2003; Milne et al., 2000). HHV-6 may affect the
target cell's tendency to create specific mediators or its responsiveness to external stimuli like
pro-inflammatory cytokines or chemokines by introducing these chemokine (receptor)
mimics(Meeuwsen et al., 2005). Additionally, immunological modulatory effects may result
from viral interaction with its cellular receptors. Until 2013, an inhibitory complement receptor,
CD46 (cluster of differentiation 46), was considered to be the primary target for HHV-6A
attachment to susceptible cell types(Santoro et al., 1999). However, it has been suggested that
tumor necrosis factor receptor superfamily member 4 (TNFRSF4), also known as CD134, serves
as the primary receptor for HHV-6B entry into susceptible cell types(Tang et al., 2013). Indeed,

there may be other yet to be identified cell surface receptors to which HHV-6 virions can bind
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with the asymmetric binding affinity between such receptors and HHV-6A versus HHV-6B

envelope glycoproteins. This area of research is ongoing.

Because both HHV6-A and HHV6-B are unable to infect GABAergic cells, we studied the
excretion of CD46 and CD134 in GABAergic and glutamatergic cells to see if GABAergic cells
resistance to HHV6 infection is related to low viral receptor expression in their surface.
However, immunofluorescent staining showed the expression of both CD46 and CD134 in the

infected GABAergic and glutamatergic cells.

Roseolovirus infection may activate TLR9 in addition to CD46 (or CD134) expression to allow
virus entrance(Bowman et al., 2003). TLR9 has been shown to be expressed in both mice and
human microglial cells and astrocytes. Furthermore, the findings show that HHV-6A may trigger
human TLR9 in addition to murine TLR9. In an animal model of multiple sclerosis, TLR9 was
also demonstrated to be an essential regulator of an autoimmune process(Bowman et al., 2003).
findings imply that HHV-6A can cause neuroinflammation via TLR9, which could have
therapeutic implications since TLR9 inhibitors could be utilized to reduce the generation of
proinflammatory chemokines and slow CNS pathogenesis(Reynaud et al., 2014). In this chapter,
| provided data that shows TLR9 gene expression increased during HHV6-A infection in human

neural stem cells.

To understand how HHV-6 could influence inflammatory processes in the CNS, we infected
cultured human neuron stem cells and performed RT-qPCR for different inflammatory cytokines
and growth factors. A crucial physiological process called angiogenesis involves the
development of new blood vessels from pre-existing ones. It is essential for disease pathology,
such as tumor growth, and progression, as well as the creation and healing of wounds. One of the

many stimulators engaged in the angiogenesis process is VEGF, which oversees activating
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endothelial cells by binding to vascular endothelial growth factor receptors on the cell surface
(VEGFR)(Ferrara, Gerber, & LeCouter, 2003). VEGF appears to have an important role in the
pathogenesis of a variety of viral infections. As a result, many viruses, such as HSV1, attempt to
boost VEGF levels(Alkharsah, 2018). Our result showed that in HHV6-A and HHV6-B infected

human neuron stem cells, VEGF gene expression increased.

The IGFBP6 (insulin-like growth factor binding protein 6) IGFBPs were found to be
overexpressed in viral infection(Alzaid et al., 2016). Based on our result, IGFBPs overexpressed

in HHV6-B infected HNSC:s.

3.3 Results

3.3.1 Immunofluorescence indicates both CD134 and CD46 expression in GAD67-positive

cells

To determine if the apparent resistance of GAD67-positive cells to roseolovirus infection is due
to low receptor expression, immunofluorescence was used to verify the coincidence of GAD67
with CD46 and CD134. CD46 is a receptor known to be used by HHV-6A for cell attachment
and entry. CD134 is reported to be the preferred receptor for HHV-6B attachment and entry;
however, it has also been shown that HHV-6B can use CD46. Failure to express these “clusters
of differentiation” (CD) regulatory proteins in GAD67-positive cells would inhibit HHV-6A or
HHV-6B infection. However, immunofluorescence data (Fig. 1A, B) indicate that CD134 and
CD46 are coincident with GADG67. These results are consistent with data from VGIuT1-positive

cultures (Fig. 1C, D).
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Figure 3-1 CD46 and CD134 colocalize with GAD67-positive and vGluT-positive differentiated H9 stem cells. (A)
GADG67-positive (red, mid-right) dHNSCs at PDD7 stained with DAPI (blue, left) exhibit a coincident anti-CD134
immunofluorescence signal (green, mid-left). (B) GAD67-positive (red, mid-right) dHNSCs at PDD7 stained with

DAPI (blue, left) also show colocalized anti-CD46 (green, mid-left). Thus, GAD-67-positive cells appear to express
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both CD134 and CD46 (composites, right). (C) vGluT-positive (red, mid-right) dHNSCs at PDD7 stained with
DAPI (blue, left) also show colocalization of anti-CD134 immunofluorescence signal (green, mid-left). (D) vGIuT-
positive (red, mid-right) dHNSCs at PDD7 stained with (blue, left) show anti-CD46 immunofluorescence (green,

mid-left). This indicates that vGluT-positive cells are also expressing both CD134 and CD46 (composites, right).

Immunofluorescence data indicate that receptor expression in GADG67-positive cells is greater
than for VGIluT1-positive cells (see Fig. 1), in which productive roseolovirus infection is
observed. Moreover, for all cultures examined (N=9), CD134 fluorescent markers appear in

greater density than CDA46.

To confirm that CD134 is indeed expressed at higher levels than CD46, reverse transcription
quantitative polymerase chain reaction (RT-gPCR) was used to determine relative transcription
levels of CD134 versus CD46 in cultures infected with HHV-6A or HHV-6B and uninfected
controls (Fig. 2). These data indicate that CD134 expression is greater than CD46 expression in
both HHV-6A and HHV-6B infected cultures as well as the uninfected control cultures (N=9,
p<0.05). However, neither CD134 nor CD46 expression is significantly different between HHV-
6A versus HHV-6B infected cultures. Interestingly, the expression of both receptors increases
significantly during roseolovirus infection (when compared to uninfected controls). During
HHV-6A infection, a significant increase in both CD134 and CD46 expression is observed over
uninfected controls (N=6, p<0.05). Likewise, HHV-6B infections result in a significant increase
in CD134 and CD46 expression over uninfected controls (N=6, p<0.05). Results are held in
mixed cultures and are independent of whether cultures are dominated by glutamatergic,

dopaminergic, or GABAergic cell types.
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Figure 3-2 CD134 and CD46 gene expression in HHV6 infected cells. Using RT-gPCR CD134 and CD46 mRNA
expression was determined for dHNSCs (i.e., H9 cells) after infection with either HHV-6A or HHV-6B and
compared to uninfected controls. After 2 hr post-infection, CD134 (light grey) and CD46 (dark grey) mRNA levels
were elevated when compared to uninfected control cultures (far right). CD134 expression levels are greater than
CD46 in HHV-6A and HHV-6B infected cultures. CD134 expression is also greater in uninfected cells. These data
indicate that cells express CD134 at higher levels and that infection results in overexpression of both CD46 and
CD134.

3.3.2 Immunofluorescence and qPCR show that HHV-6A induces a TLR9 and IL-10

response

Toll-like receptors (TLRs) act as early sensors for pathogen detection and initiation of
biochemical cascades associated with cellular immunological response to microbial infection
(Nie et al., 2018). Although TLR9 is a known pro-inflammatory receptor in immune cells, in
non-immune cells, including neurons, TLR9 may play a role in energy metabolism to protect
cells during infection (Shintani et al., 2013). To determine if TLR9 expression is impacted
during HHV-6A or HHV-6B infection in differentiated human neural stem cells,
immunofluorescence was used (see Fig. 12). An anti-TLR9 antibody system was used in

conjunction with anti-VGIuT and anti-GADG67 during separate infections with HHV-6A and
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HHV-6B. When compared to uninfected controls, TLR9 signals showed no appreciable
difference in fluorescence emissions over HHV-6B infected cells. Moreover, there appeared to
be a higher density of TLR9 signal in HHV-6A infected cell cultures than in cultures infected

with HHV-6B (Fig 3).

To quantitatively examine TLR9 expression in HHV-6A versus HHV-6B infected differentiated
neural stem cell cultures, RT-gPCR was employed (Fig. 4A, dark grey). Consistent with
observations from the immunofluorescence assays, which target protein, mMRNA levels for TLR9
in HHV-6B infected cell cultures were not significantly different from uninfected control
cultures. However, TLR9 gene expression was significantly upregulated in HHV-6A infected
cell cultures over HHV-6B infected cell cultures (N=3, p<0.05) as well as uninfected controls
(N=3, p<0.05). These RT-gPCR data (Fig. 4A) are consistent with results from

immunofluorescence (Fig. 3).

Since early pro-inflammatory responses initiated by TLR9 (e.g., regulation of IL-1p and TNFa)
may be suppressed by IL-10, RT-gPCR was used to determine IL-10 transcript levels under
uninfected control conditions and during HHV-6A versus HHV-6B infections (Fig. 4A, light
grey). IL-10 mRNA expression levels were not significantly different between the uninfected
controls and HHV-6B infected cultures. However, coincident with higher TLR9 expression
levels, IL-10 mRNA levels were significantly higher in HHV-6A infected cells than in HHV-6B

infected cells (N=3, p<0.05) and uninfected controls (N=3, p<0.05).
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Figure 3-3 TLR9 in HHV6 infected excitatory (vGluT-positive) and inhibitory (GADG67-positive) cells.
Immunofluorescence assays indicate that both HHV-6A and HHV-6B infected dHNSCs express TLR9. (A) DAPI
stained cells (blue, left) emitting GAD67-positive immunofluorescence signals (red, mid-right) also show signal for
anti-TLR9 fluoroprobes (green, mid-left) during HHV-6A infection. (B) HHV-6A infected vGluT-positive neurons

(red, mid-right) stained with DAPI (blue, left) also show coincident TLR9 immunofluorescence (green, mid-right).
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(C) DAPI stained cells (blue, left) emitting GADG67-positive immunofluorescence signals (red, mid-right) also show
a signal for anti-TLR9 fluoroprobes (green, mid-left) during HHV-6B infection. (D)) HHV-6B infected vGIuT-
positive cells (red, mid-right) stained with DAPI (blue, left) also show coincident TLR9 fluorescence (green, mid-

right). [Infections in A-D were performed seven days post-differentiation day (PDD7).
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Figure 3-4 Cellular cytokine responses to HHV®6 infection in differentiated neural stem cells via RT-qgPCR. (A)
TLR9 gene expression levels (i.e., mRNA) are elevated in HHV-6A infected cultures, while there is no significant
increase in TLR9 gene expression in HHV-6B infected dHNSCs when compared to uninfected controls (dark grey).
Likewise, a significant increase in IL-10 is observed in HHV-6A infected cultures, while no significant increase in
IL-10 gene expression is observed in HHV-6B infected dHNSCs (light grey). (B) Gene expression levels of IL-6
are slightly elevated in HHV-6 infected cultures (light grey), while no significant difference in IL-6 expression in
HHV-6B infected dHNSCs is observed as compared to uninfected controls. TNFa expression is elevated in HHV-
6B infected dHNSCs. No significant difference is observed in HHV-6A infected cells when compared to uninfected

controls (medium grey). No change in IL-1 is noted for either HHV-6A or HHV-6B infected cells (dark grey).
There are multiple steps in the immunological response between activation of TLR9 and IL-10
suppression of inflammatory cytokines. RT-qPCR was also used to explore the regulation of

other pathway intermediates in HHV-6A versus HHV-6B infections compared to uninfected

controls.
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3.3.3 Regulation of other immunological factors during HHV-6 infection as detected by

gPCR

Given a significant upregulation in the anti-inflammatory cytokine, IL-10, during HHV-6A
infection, it was prudent to examine the expression of pro-inflammatory cytokine levels (e.g.,
IL1B, TNFa). Again, RT-qPCR was performed to determine the impact of HHV-6A versus
HHV-6B infection on the expression pro-inflammatory cytokines (Fig. 4B). When compared to
uninfected controls, there was no appreciable difference in IL-1B expression levels between
HHV-6A or HHV-6B infected cultures (Fig. 4B, dark grey). HHV-6B infected cells exhibited a
marked increase in TNFa expression, while HHV-6A infected cells showed no significant
difference in TNFa over control (Fig. 4B, medium grey). Neither HHV-6A nor HHV-6B

infected cell cultures exhibited notable increases in IL-6 expression (Fig. 4B, light grey).

3.3.4 Regulation of cellular growth factors detected by gPCR during HHV-6 infection

In addition to evoking cytokine responses, viruses are known to upregulate the expression of
select cellular growth factors, including insulin-like growth factor binding protein 6 (IGFBP6),
which has been shown to be upregulated during HHV-6A infection (Meeuwsen et al., 2005), and
vascular endothelial growth factor-C (VEGF-C), which was shown to be upregulated in HHV-1
(a.k.a., HSV-1) infection (Alkharsah, 2018). To determine if these two growth factors are
upregulated in response to HHV-6A or HHV-6B infection in differentiated human neural stem
cells, RT-gPCR was used to measure transcript levels in infected versus uninfected controls (Fig.
5). For IGFBPS, results from HHV-6B infected cells compared to control were inconclusive;
however, IGFBP6 expression was significantly upregulated (N=3, p<0.05) in HHV-6A infected
cell cultures (Fig. 14, light grey). Both HHV-6A (N=3, p<0.05) and HHV-6B (N=3, p<0.05)

infected cells exhibited increased VEGF levels over uninfected control. However, there was no
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significant difference between VEGF levels in HHV-6A versus HHV-6B infected cultures (Fig.

5, dark grey).
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Figure 3-5 Growth factor responses to HHV6 infection in differentiated neural stem cells via RT-gPCR. Expression
levels of vascular endothelial growth factor C (VEGF-C) and insulin-like growth factor binding protein 6 (IGFBP6)
were measured via RT-qPCR during infection with HHV-6A and HHV-6B. Both HHV-6A and HHV-6B infected
dHNSCs show elevated expression of VEGF-C compared to uninfected controls (dark grey). HHV-6A infection of
dHNSCs also results in increased expression of IGFBP6, while HHV-6B infection does not (light grey).

3.4 Discussion

3.4.1 Cytokine responses differ between cell cultures infected with HHV-6A versus HHV-

6B

Viral infections induce inflammatory responses in both immune cells and non-immune cells.
Determining the extent to which HHV-6A versus HHV-6B infections upregulates the expression
of pro-inflammatory factors (e.g., cytokines) could provide additional insights into relative
virulence. To quantify the immunological impacts of HHV-6A versus HHV-6B infection in
nerve cell cultures, experiments were performed to investigate potential changes in cytokine
expression levels during HHV-6 infections versus uninfected controls. In addition to CD46 (or

CD134) expression for virus entry, toll-like receptor 9 (TLR9) may be activated by roseolovirus
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infection (Bowman et al., 2003).TLR9 is a major pattern recognition receptor for bacteria and
DNA viruses (Slack et al., 2000). Prior work showed that HHV-6A infection in CD4+ T cells not
only activates TLR9 but also increases its expression (Chi et al., 2012). In cultures of dHNSCs,
our results show a more robust TLR9 fluorescence signal after HHV-6A infection compared to

HHV-6B infected cultures (Fig. 3).

This is more evidence of the differential impact of HHV-6A versus HHV-6B on susceptible

nerve cells.

These results are consistent with prior work that show an increase in TLR9 expression in
microglia and astrocytes from both mice and humans upon infection with HHV-6A(Bowman et
al., 2003). TLR9 activation is known to coincide with the activation (and upregulated expression)
of cytokines, including interleukin-1p (IL-1B), tumor necrosis factor a (TNFa), and IL-6(Akira
& Sato, 2003). In response to the activation of pro-inflammatory factors (e.g., TLR9, IL-B
TNFa), IL-10 may be upregulated as an anti-inflammatory reaction, especially in
neurons(Shintani et al., 2013). Interestingly, our data show a remarkable increase in IL-10
expression concomitant with the upregulation of TLR9 gene expression in cultures infected with
HHV-6A. IL-10 upregulation may serve to inhibit a robust IL-1p pro-inflammatory response in
HHV-6A infected cells (see Fig. 4A). This IL-10 increase may account for the negligible change
in IL-1B after HHV-6A infection (Fig. 13B). Upon examination of pro-inflammatory cytokine
expression (i.e., IL1B and TNFa), IL-1p3 was not elevated under any condition; however, HHV-
6B infection appears to increase TNFa (Fig. 4B). It would be anticipated that in addition to
attenuating IL-1B, IL-10 would also temper TNFa levels(Denys et al., 2002). However, our
results do not support this in dHNSCs infected with HHV-6B. More detailed time-course of

infection studies will be needed to relate IL-10 activation/expression with changes in other
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cytokine levels (e.g., IL-1pB and TNFa). Interestingly IL-6 may act as either a pro-inflammatory
cytokine (like IL1B and TNFa) under conditions of chronic inflammation or as an anti-
inflammatory cytokine (like IL-10) during acute inflammatory responses(Xing et al., 1998).
Results from our in vitro HHV6 infection assays yield mixed results with regards to IL-6 (Fig.
4). Specifically, IL-6 is upregulated in HHV-6A infection but shows no significant change in
HHV-6B infected cells. Cumulatively, these results demonstrate a differential effect in cytokine
regulation between HHV-6A versus HHV-6B infections in differentiated human neural stem

cells.

3.4.2 Growth factor levels differ between cell cultures infected with HHV-6A versus

HHV-6B

In addition to cytokine responses, it is known that select cellular growth factors can be activated
or upregulated during viral infection(Leigh et al., 2008; Vrancken, Vervaeke, Balzarini, &
Liekens, 2011). Both vascular endothelial growth factor-C (VEGF-C) and insulin-like growth
factor binding protein-6 (IGFBP-6) have been shown to be upregulated during herpesvirus
infections(Meeuwsen et al., 2005). VEGFs are responsible for activating endothelial cells by
attaching to vascular endothelial growth factor receptors on the cell surface(Ferrara et al., 2003).
VEGF appears to play a role in the pathogenesis of several viral diseases, including those

involving HHV nervous system infections.

For example, it was shown that HHV-1 (a.k.a., HSV1) infection can enhance VEGF
expression(Alkharsah, 2018). It was also shown that patients with virus-positive encephalitis
exhibit higher levels of VEGF-C in serum than patients with virus-negative encephalitis(Mori et
al., 2017). Specific to roseoloviruses, it has been reported that VEGF-C is continuously activated

in HHV-6 infected astrocytes at twice the level compared to uninfected controls(Meeuwsen et
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al., 2005). Our results show that both HHV-6A and HHV-6B infection can elevate VEGF-C
levels in dHNSCs. This is notable since VEGF-C protein levels were found to be elevated in the
temporal neocortex of patients with temporal lobe epilepsy(Castafieda-Cabral et al., 2019). It is
notable for our results that both HHV-6A and HHV-6B elevate VEGF mRNA to comparable
levels over uninfected controls (Fig. 5, dark grey). Likewise, it has been shown that IGFBPs are
overexpressed in response to viral infection as a result of inflammatory cytokine
activation(Alzaid et al., 2016). For example, HHV-6A has been shown to increase IGFBP-6
expression in astrocytes (Meeuwsen et al., 2005). Our results indicate that IGFBP-6 is also
overexpressed in HHV-6A infected dHNSCs but not in cultures infected with HHV-6B (Fig. 5,
light grey). Cumulatively, these results add growth factor regulation to the list of differential

impacts on HHV-6A versus HHV-6B infected nerve cell cultures.

3.5 Conclusion

The research presented in this chapter demonstrated that: (1) HHV6-A and HHV6-B receptors
(CD46 and Cd 134) express in both GABAergic and Glutamatergic neuron cells; (2) toll-like
receptor 9 (TLR9) express in neuron cells and that its expression is higher on HHV6-A infected
cells than on uninfected control cells and HHV6-B infected cells; (3) Differentiated human
neuron stem cells infected with HHV6-A and HHV6-B can exhibit variable cytokine responses;
(4) growth factor levels in dHNSCs infected with HHV6-A and HHV6-B vary. The
electrophysiological reactions of differentiated human neural stem cells to HHV6-A and HHV6-

B will be studied to some level in the next chapter.
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3.6 Materials and methods

Cell culturing and immunofluorescent staining were performed as described in chapter 1.

3.6.1 mRNA profiling

RNA extraction kit was used to analyze the mRNA profile of HNSCs (Qiagen, Hilden,
Germany). Total cellular RNA was collected from uninfected cells at PDD7 and cells infected
with HHV6-A and HHV6-B. (PIh24). DNase treatment was conducted to the best of our ability
to eliminate DNA contamination using a kit (Ambion™ DNase I). cDNA was synthesized using
(iScript Advanced cDNA Synthesis Kit for RT-gPCR, BIORAD, US). H9 cell genomic DNA
was utilized (Qiagen DNA extraction kit), and PCR was performed using a particular primer for
each cytokine and growth factor (Table.1). Primer for each gene was designed through NCBI and
ordered on IDT website. The PCR product concentration was determined using nanodrop, and
the PCR product was used as known concentrations to generate a standard curve for calculating
each individual cytokine’s gene expression levels. Serial dilutions for each cytokine were
performed in triplicate. The standard is intended for calculating transcript levels of the same gene
in unknown samples using a linear series (log scale). Because both standard and unknown
samples were used in the same run, experimental errors are minimized. gPCR primer sequence
sets (both forward and reverse) for each target (e.g., IL-1p, IL-6, IL-10, TLR9, TNFa) are
provided (see Supplementary Table 1). The following formula was used to determine the

transcript copy number:

X ng (6.0221 x 10” molecules/mole)
number of copies (molecules) =

N (660 g/mole) (1 x10° ng/g)
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Such that X represents the amount of amplicon in nanograms, N is the length of the dsDNA

amplicon, and 660 g/mole is the average mass of 1 bp dsDNA.
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4  Chapter IV

4.1 Abstract

Human induced pluripotent stem (iPS) cell-derived Neurons and multi-electrode array (MEA)
devices are often employed to analyze the electrophysiological response to cell stress. We began
investigating the impact of HHV6-A and HHV6-B on neuron electrophysiology by recording
extracellular voltage changes generated by action potentials in human neuron stem cells

(HNSCs).

Membrane proteins, which allow ion transit and transport across the cell membrane, are
responsible for electrical impulses traveling down the length of the axon in neurons. A multi
electrode array (MEA) can detect this voltage shift generated by extracellular ion flow. Because
the electrodes do not hurt the cells, extracellular monitoring has the advantage of never
penetrating the cell membrane, allowing for multiple recordings of voltage changes over a more

extended period of time.

Voltage measurements in hNSCs could be taken before and after infection with HHV6-A and
HHV6-B. Using the MEA system, we can thoroughly examine data from each individual
electrode to confirm that the waveforms being collected are not unpredictable, like in the case of
a damaged electrode. Following that, uninfected HNSCs and HHV6-A and HHV6-B infected
cells were seen and recorded. Preliminary recordings show that neurons' activity decreases the

following infection with HHV-6A and HHV-6B.
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4.1.1 Introduction

The effect of HHV6-A and HHV6-B on uninfected and infected human neural stem cells
(HNSCs) is studied using microelectrode arrays (MEAs). Using the MEA2100 multielectrode
plate technology, we can monitor both uninfected (control) and HHV6-infected in vitro neural
networks. For example, total firing activity and action potential firing frequency can be measured
in a neural culture. Because MEAs are noninvasive, their use with neuronal cultures benefits
neurobiology. The system does not require cell penetration to collect extracellular signals; as a
result, differences in the behavior of neuronal cultures may be more precisely correlated to
external stimuli. lons pass across the membrane of neurons via proteins ranging from ion
channels to ATP-driven pumps. Because there are extracellular alterations, the movement of ions
does not require a break-in membrane integrity to be recognized. This is one of the reasons
MEAs do not harm the cells they watch; MEAs can detect changes produced by the movement of
ions extracellularly(Spira & Hai, 2013). These cells have varied waveforms as well. Different
shapes generated by MEA data can be utilized to identify cell types or to distinguish between
cells(Fee, Mitra, & Kleinfeld, 1996). This method has also been used to study the propagation of
APs in cultured cardiomyocyte sheets or clusters from chicks, mice, or rats by detecting acute
spike signals produced from the quick influx of sodium ions (Ina) during the AP's upstroke

phase(Egert, Banach, & Meyer, 2006; Egert & Meyer, 2005; Meiry et al., 2001).

These microelectrodes help research naturally electrically excitable cells. These electrodes are
often implanted in silicon or glass, which is particularly popular for enabling high-resolution
imaging(Minerbi et al., 2009; Zitzmann et al., 2017). MEA is frequently utilized to examine
cardiac or neural cells. Systems are not employed to analyze cells that do not respond to an

action potential with rapid depolarization and repolarization. These specific electrical cells have
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potential surface fluctuations that may be viewed and provide information about the changes.
MEAs could detect electrical events such as ions rushing into and out of the cell. Even though
neurotransmitters are the primary way which neurons connect, the cell propagates a signal before
it reaches another cell via changes in membrane voltage and ion currents(Burke, Kiernan, &
Bostock, 2001). The information obtained from the MEA system is frequently changed in how
cells fire. Temperature variations, viral infections, exposure to drugs, cell growth stages, etc., are
just a few examples of environmental changes that might affect cells surviving and can be
modeled by the in vitro culture environment on a MEA. MEA systems may work with a variety
of technologies to maintain the stability of the environment. It is feasible to specify appropriate
boundaries for describing the key components of cell firing (spikes, bursts, and network bursts).
MEASs using in vivo and in vitro procedures can rapidly collect large amounts of data(Asakura et
al., 2015; Fee et al., 1996; Kapucu et al., 2012). One of the most beneficial aspects of MEA
systems is the ability of single electrodes to be as small as one cell in a culture; electrodes may
be as small as 40 um, and electrodes on a plate often lie only ~200 um from other electrodes on
the plate(Minerbi et al., 2009)(Fig.1). MEA systems can detect and record spontaneous network
activity generated by neuronal cultures. The spikes seen by the MEA are actual neurons firing
action potentials. Bursts are spikes that rapidly follow each other. One of the challenges with
these electrodes is that the neuron-to-electrode ratio is not always one-to-one. While this problem
can be handled analytically, the trapped neuron MEA keeps the cell body close to an electrode.
Neurites can still protrude and connect to form a neural network. This allows for a more in-depth
analysis of some aspects of neurophysiology, such as how neural networks grow and alter over
time in diverse contexts(Erickson, Tooker, Tai, & Pine, 2008). Analysis requires the separation

of spikes from noise since several neurons may affect a single electrode, potentially interfering
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with field potentials(Gross, Rhoades, Azzazy, & Wu, 1995). Data from the MEA can be
recorded for extensive periods of time while processing it; however, the lengths typically range
from a few seconds to a few minutes. Filters are used to pass through the massive quantity of
data produced by each individual electrode in order to get relevant findings. A high pass filter is
one of those filters. High pass filters can be used to record only data that exceeds a specified
threshold. Variables such as voltage and frequency can be adjusted here. If a voltage high pass
filter is employed, only fluctuations in the field potential that surpass a certain magnitude will be
exhibited or recorded. High pass filters can aid or impair data depending on their
magnitude(Asakura et al., 2015). Filters can also be applied to neuronal bursts. A neural burst
occurs when a neuron fires many action potentials in quick sequence. It's critical to set the
correct limitations for the experiment, as with the high pass filter. This can be accomplished, for
example, by requiring a certain number of spikes per unit of time during bursts(Kapucu et al.,
2012). Additionally, frequency filters are utilized, and they have the ability to set a length

restriction on the recorded spikes.

A neuron's voltage is the difference in charge between its extracellular and intracellular sides.
Current is the passage of charge that causes a voltage change. Changes in local field potentials
can be detected by MEASs. Transmembrane potentials and ion currents cause these potentials to
alter(Buzsaki, Anastassiou, & Koch, 2012). A single electrode may detect more than one neuron
activity. When this happens, a MEA system that works with a microscope comes in handy.
MEAs may be combined with microscopes to see neuronal firing while detecting voltage
changes(Simeonov & Schaffer, 2019). A neuron impacting an electrode is regularly observed
under a microscope. Looking at the waveforms during analysis is another possible method for

identifying neurons close to the same electrode. The varied patterns may indicate that an
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electrode is sensing electrical changes in two different cells, as shown by the patterns. When two
neurons are in contact with the same electrode, different voltages may be generated. In the event
that two cells are close enough to one electrode, waves may converge. The presence of another
cell might be indicated by this wave interference. This is another reminder of how tricky it may
be to choose the ideal action potential threshold. Action potential detection is dropped at
thresholds that are too high, while it is also removed at thresholds that are too low(Fee et al.,
1996; Miccoli et al., 2019). Since there is no one-size-fits-all strategy for determining which
neurons influence an electrode, most approaches for identifying spikes affecting the same

electrode fail in certain situations(Bar-Gad, Ritov, Vaadia, & Bergman, 2001).

Understanding the intact networks, spikes, and bursts as well as how they evolve over time, will
help us understand how in vitro neural cells respond to HHV-6. Our lab employs the MEA
system to cultivate differentiated neural cells in order to learn more about how certain low

virulence roseolaviruses (HHV-6A and HHV-6B) affect neuronal signaling.

Figure 4-1 A section of a MEA plat with differentiated human neuron stem cells cultured on it
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4.2 Results

We detected activity in our differentiated human neural stem cells, suggesting that our culture
method worked. Neurons can also be examined using a light microscope, as seen in Fig.1. The
ability to see neurons proved helpful in identifying when to infect cells with HHV6. When cells
formed long projections and crowded the plate, recordings were conducted to look for electrical
activity. After observing the electrical activity from the dHNSCs, we infected the cells with
HHVG6-A and HHV6-B (Fig. 2). Following the acquisition of raw data, the recordings were
analyzed, and the results shown in Fig.3. (All data analysis conducted by honor undergraduate

student, Walker Bartels).

Figure 4-2 A: This image shows the well corner of a MEA plate. An electrode can be seen in the upper left corner,
surrounded by several neurons. Long projections were utilized to recognize healthy cells. B: Voltage change
recorded in one of the 60 electrodes on our MEA plate with uninfected dHNScs. There are three initial spikes with
similar waveforms and voltage levels. These signals indicate that the cells being cultured are healthy and active.
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Figure 4-3 These graphs show activity measured in two different trails with dHNSCs uninfected and infected
dHNSCs with HHV-6A and HHV-6B at 0.5hPI,2hPland 24hPlI.

4.3 Discussion

Following infection with HHV-6A and HHV-6B, we were able to see a decreased activity in
infected dHNSCs. Even 30 minutes after infection, the cells' activity had decreased to less than
half of the spikes per minute that had previously been noted. Although there was often a drop in
activity after infection, there were times when spike activity appeared to rise. In comparison to
half an hour after infection, there was a recovery in the HHV-6A-infected culture in trial 2. In
Trial 2, the activity of infected HHV-6B increased from two hours to twenty-four hours post-
infection. Trial 2 also started with increased activity in the cultures. Infection in Trial 1 caused a
lot of cell death. Rebounding might signal that cells are healing or that a virus is going into

latency.
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4.4 Materials and Methods

4.4.1 Preparation of MEA plate

The MEA plates are cleaned with 70% ethanol before being used to culture neurons. To make
the plates hydrophilic, place them in a plasma cleaner with oxygen operating at 200 motors.
Plates were rinsed three times with 70% ethanol. Plates were coated with cellStart and incubated

for 45 minutes in the 37-degree incubator.

4.4.2 dHNSCs culturing

Cells were cultured in the plates as previously explained (chapter 2).

4.4.3 Recording with the Multi-Electrode Array

The program Multi Channel Experimenter is used to collect data in combination with the MEA-
2100. To record spike data, MEA plates are put in the MEA 2100. Culture plates with dHNSCs
were recorded before HHV6-A and HHV6-B infection and at various points after infection.
Changes in field potential caused by neuron firing can be detected if the neuron is adjacent to
one of the MEA plate's 60 electrodes. This information can be gathered with minimum

disruption to the culture.

4.4.4 Filter and Threshold Settings

The recordings were made without filters so that the raw data could be analyzed visually. After
the recordings were made, a 1 Hz high pass filter and a 300 Hz low pass filter were added. The

spike detection threshold was set at -17.5 V.
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445 Network Spike Analysis

Each channel corresponding to individual electrodes was visually evaluated to see information
obtained from the MEA-2100. Channels with unusually high noise levels were filtered out and
deleted (figure. 6 for reference). MEAnalyzer software was used to examine the network of
spikes and how they interacted with one another. There are virtual instruments presented onto a
virtual workbench using the Multi-Channel Analyzer. Multi-Channel Systems provides extensive
instructions for their experimenter, analyzer, and data management software to help you better
understand and utilize it. Voltage movement outside of the noise range will be detected and
recorded. These voltages are frequently measured in microvolts. To avoid missing spikes when
detecting noise, the sensitivity can be increased. To prevent detecting the same event repeatedly,
dead times might be set. Filtered data may be used to calculate spikes per second or the average
interspike interval for a single cell. Multi-Channel Data Manager converts files to the format
required by third-party applications. MEAnalyzer made use of HDF5 files. MEA analyzer
contains applications that can assist you in determining the link between spikes. All of this data
can be compared to cells post infection, as well as uninfected control cells.
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Figure 4-4 This picture shows recordings from an artificial model cell on Multi Channel Analyzer where channels 44
and 64 were showing abnormal levels of noise. These channels would be disregarded for any type of analysis
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4.4.6 Individual Spike Analysis

One of the first issues is determining whether the signal is biological or noise. The shape,
duration, and size of a spike can all assist in identifying its source. Neurons around the electrode
can be seen using microscopes in combination with the MEA 2100. Neurons within the
electrode's range can be viewed as a possible source of an action potential(Bar-Gad et al., 2001;
Brown, Kass, & Mitra, 2004) if it is found that the change in field potential is due to an action
potential. The magnitude of the voltage shift may be measured. This might vary as a result of
closeness to the electrode or as a result of HHV-6 infection. The shape formed when cells fire
may alter both before and after infection. Examining individual cells provides further
information about what happens once the neuronal culture is infected with HHV-6. Using a
microscope and looking for patterns in the waveforms or interspike intervals can assist assess

how many neurons are touching an electrode.

4.4.7 Eliminating False Signals

To ensure that the MEA was not picking up on false signals, a complete medium was put to a
plate with no cells to examine whether any false signals were created. A clean and prepared plate
would be used, followed by the addition of a heated medium. We would immediately start
recording after inserting the MEA plate into the MEA 2100. Any electrodes that produced

electrical recordings that were outside the normal noise range might be discarded.
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Chapter V

5.1 Overall conclusion and future direction

Understanding differences in the susceptibility, as well as the immunological and
electrophysiology responses of distinct neuronal neurotransmitter phenotypes responses to HHV-
6A versus HHV-6B infection, will permit a more critical evaluation of models that seek to
explain HHV6-induced neurological disorders(Vezzani, Balosso, & Ravizza, 2019). Combining
results presented here from cytokine/growth factor regulation and physiological studies, there is
ample evidence to conclude that there are differential impacts of HHV-6A versus HHV-6B
infection on nerve cell viability, structure, and function in cultured cells. How this relates to
neuronal signaling and neural circuit behavior in other in vitro and in vivo models is the subject
of ongoing work in the lab. Furthermore, our lab is interested in examining the effect of
coinfection of HHV6-A with HHV6-B, HHV6-A with HHV7, and HHV6-B and HHV7 in
differentiated human neural stem cells. Another crucial study that other graduate students will do
in our lab is to use different cell types to determine the kinetics of infection. In the future, animal
models like mice will be utilized to repeat this experiment to obtain a better understanding of the

impact of human herpes virus 6 on the nervous system.

Along with prior reports that support our results, we suggest that each virus may exhibit different
levels of virulence on select cell types, with HHV-6A being more virulent despite the apparent
advantage of HHV-6B to infect cells more readily with high densities of CD46 and CD134

expression.
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