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Background: Herpes simplex virus, type 1 (HSV-1) com-
monly produces lytic mucosal lesions. It invariably initi-
ates latent infection in sensory ganglia enabling persistent, 
lifelong infection. Acute HSV-1 encephalitis is rare and 
definitive evidence of latent infection in the brain is lack-
ing. However, exposure untraceable to encephalitis has 
been repeatedly associated with impaired working memory 
and executive functions, particularly among schizophre-
nia patients. Methods: Patterns of HSV-1 infection and 
gene expression changes were examined in human induced 
pluripotent stem cell (iPSC)-derived neurons. Separately, 
differences in blood oxygenation level-dependent (BOLD) 
responses to working memory challenges using letter 
n-back tests were investigated using functional magnetic 
resonance imaging (fMRI) among schizophrenia cases/
controls. Results: HSV-1 induced lytic changes in iPSC-
derived glutamatergic neurons and neuroprogenitor cells. 
In neurons, HSV-1 also entered a quiescent state following 
coincubation with antiviral drugs, with distinctive changes 
in gene expression related to functions such as glutamater-
gic signaling. In the fMRI studies, main effects of schizo-
phrenia (P = .001) and HSV-1 exposure (1-back, P = 1.76 
× 10−4; 2-back, P = 1.39 × 10−5) on BOLD responses were 
observed. We also noted increased BOLD responses in 
the frontoparietal, thalamus, and midbrain regions among 
HSV-1 exposed schizophrenia cases and controls, compared 

with unexposed persons. Conclusions: The lytic/quiescent 
cycles in iPSC-derived neurons indicate that persistent neu-
ronal infection can occur, altering cellular function. The 
fMRI studies affirm the associations between nonencepha-
litic HSV-1 infection and functional brain changes linked 
with working memory impairment. The fMRI and iPSC 
studies together provide putative mechanisms for the cogni-
tive impairments linked to HSV-1 exposure.
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Introduction

Herpes simplex virus, type 1 (HSV-1) causes human 
specific infections in the majority of US adults (http://
www.cdc.gov/nchs/nhanes.htm) and increasing numbers 
of neonates (http://www.cdc.gov/nchs/nhanes.htm).1,2 
Mucosal lesions such as cold sores occur after primary 
infection, and recurrent infections can induce blinding 
stromal keratitis. HSV-1 causes fulminant lytic infection 
in all human cells except sensory ganglia, where latent 
infection can be established in neurons that serve as reser-
voirs for lifelong recurrent infections. Persistent infection 
is thus marked by sporadic productive, lytic infections 
alternating with latency, when gene expression is largely 

D
ow

nloaded from
 https://academ

ic.oup.com
/schizophreniabulletin/article-abstract/41/1/123/2526453 by U

niversità di Bari Aldo M
oro user on 22 July 2019

mailto:vishwajitnl@upmc.edu?subject=
http://www.cdc.gov/nchs/nhanes.htm
http://www.cdc.gov/nchs/nhanes.htm
http://www.cdc.gov/nchs/nhanes.htm


124

L. D’Aiuto et al

silenced and only the untranslated latency-associated 
transcripts (LAT) are abundantly expressed.3

Periodic reactivation can cause HSV-1 encephalitis, 
with extensive cognitive impairment, and postencephalitic 
sequelae.3 Its rarity (~0.04%) suggests that HSV-1 infec-
tion does not ordinarily affect the brain, but viral DNA 
has been detected in 35% of nonencephalitic postmortem 
brain tissues,4,5 suggesting spread to the brain during per-
sistent infection. Mild/moderate impairments in atten-
tion, working, and verbal memory untraceable to prior 
encephalitis or socioeconomic status (SES)4 were reported 
repeatedly among HSV-1 exposed schizophrenia patients 
and even healthy individuals,6–14 with only one discrep-
ant report.15 The estimated ORs for cognitive dysfunction 
among HSV-1–exposed young adults are 1.25–3.2,12,13 
indicating population attributable risks between 15.2%–
59.3%. Reduced prefrontal cortical gray matter volume 
was also reported among HSV-1–exposed schizophrenia 
patients,16,17 with progressive cognitive impairments and 
gray matter loss.17 The cognitive impairments were allevi-
ated with an antiviral agent in a randomized placebo-con-
trolled trial.18 These studies together affirm the majority 
of Bradford-Hill criteria, suggesting causal links.14

To generate testable mechanisms for the associations, 
we investigated cellular models using human induced 
pluripotent stem cells (iPSCs), because existing HSV-1 
models utilize nonhuman tissues or transformed cell 
lines; such models may not recapitulate human specific 
infection.19–21 With functional magnetic resonance imag-
ing (fMRI), we separately evaluated brain activation 
patterns while participants performed the n-back task, 
a well-established working memory task that identifies 
consistent patterns of brain activation differences among 
schizophrenia cases.22,23

Methods

iPSC-Based Studies

iPSCs.  iPSCs were generated from human skin biop-
sies. Line 5404 from a schizophrenia patient was used for 
all experiments. Line HFF1-S, from neonatal foreskin of 
an anonymous donor was used for confirmatory studies. 
Neural progenitor cells (NPCs) and glutamatergic neu-
rons24 were derived from iPSCs24 (supplementary figures 
S1 and S2 and supplementary information).

HSV-1 Infection.  We used a genetically engineered 
HSV-1 construct incorporating enhanced green fluorescent 
protein (EGFP) and monomeric red fluorescent protein 
(RFP) as reporter genes whose expression is driven by the 
viral promoters ICP0 and Glycoprotein C, respectively.25 
EGFP expression in infected cells indicates that HSV-1 has 
entered lytic cycles, while RFP expression indicates com-
mitment to viral DNA replication. Cells were incubated 
with HSV-1 for 2 h at specified multiplicity of infection 
(MOI). To inhibit viral replication, cells were preincubated 

with antivirals used in animal models: acyclovir (50 μM), 
or (E)-5-(2-bromovinyl)-2′-deoxyuridine (5BVdU, 30 μM) 
along with interferon-alpha (IFN-α, 125 U/ml).22 The 
proportion of cells expressing EGFP and RFP was deter-
mined by flow cytometry (FC). Images were acquired using 
a Leica IL MD LED inverted fluorescence microscope and 
a Leica DM5500B fluorescence microscope.

Viral Gene Expression.  RNA was extracted using 
Qiagen kits. Complementary DNA was synthesized using 
total RNA with SuperScript III recommended protocol 
(Invitrogen) and quantitative PCR (qPCR) performed 
using the target and reference (beta actin) Taqman 
probes with Applied Biosystems-recommended protocols 
(ABI). All experiments were conducted in triplicate and 
the comparative Ct method used for quantification.26

Three-Dimensional Fluorescence In Situ Hybridization.   
Three-dimensional fluorescence in situ hybridization 
(3D-FISH) was performed using the HSV-1 genome as 
a probe.27 To visualize viral DNA in host cellular nuclei, 
iPSC-derived neurons were infected after 60 days of dif-
ferentiation in neurobasal medium on matrigel-coated 
chamber slides. Neurons were infected with HSV-1 in the 
presence or absence of 5BVdU+IFN-α at MOI 0.3. On 
average, 50 nuclei from each cellular preparation were 
scanned. Digital images were generated using Leica LAS 
AF, 3D Visualization Module. Hybridization signals 
were subjected to uniform thresholding to demarcate the 
signals.

Oligonucleotide Microarray Analyses.  Cy3-labeled 
cRNA was used for hybridization to Agilent Human 
GE 8x60K V2 Gene Expression microarrays (Agilent 
Technologies), the microarrays scanned using the Agilent 
Microarray Scanner and data analyzed with Agilent 
Feature Extraction software (A 9.1.3).24 Differentially 
expressed genes were determined using unpaired t tests 
and Benjamini-Hochberg correction with P ≤ .05 and the 
fold change of 2 as thresholds. The data were deposited in 
NCBI’s Gene Expression Omnibus database (http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE46043).

fMRI Studies

Clinical Evaluations.  Participants (schizophrenia = 19, 
controls = 23) completed the Structured Clinical Interview 
for DSM-IV28 followed by consensus diagnoses.16 SES 
was evaluated using the Hollingshead Index.29 Exclusion 
criteria included substance abuse in the past month or 
dependence in the last 6 months, history of medical/neu-
rological disorders, mental retardation (DSM-IV), illness 
duration over 8  years or participation in prior HSV-1 
studies. The controls were screened for absence of psy-
chosis and substance abuse.16 After complete description 
of the study, written informed consent was obtained.
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HSV-1 Exposure.  IgG antibodies to HSV-1 were 
assayed using solid-phase enzyme immunoassays.14

MRI Studies.  Structural MRI was acquired on a Siemens 
3T Tim Trio whole-body scanner using the MPRAGE 
sequence to co-register fMRI data, overlay the blood oxy-
genation level-dependent (BOLD) responses and identify 
regions-of-interest. Scanning parameters were: echo time 
(TE) = 3.52 ms, repetition time (TR) = 2300 ms, flip angle 
= 9°, thickness = 0.8 mm, and number of slices = 192.30 
In the same session, subjects performed a letter n-back 
task and whole-brain BOLD responses were collected 
using gradient-echo echo-planar imaging (EPI). Scanning 
parameters for the fMRI were: TE = 31 ms, TR = 2000 
ms, 36 axial/oblique slices of 4-mm thickness, field of view 
= 240 mm, flip angle = 80°, and matrix size = 64 × 64. The 
letter n-back task consisted of 6 blocks (2 blocks each of 
0-back, 1-back, and 2-back) of English upper case letters 
as stimuli. Each stimulus was presented for 500 ms. The 
interstimulus interval (ISI) was jittered randomly between 
1.5 and 5.5 s with an average ISI of 3.5 s. Each block was 
followed by 20 s rest. The first block presented was always 
0-back to acclimatize the subjects in the scanner, followed 
by a randomized order of presentation. Stimuli were pre-
sented using E-prime through back projection on a white 
screen. Subjects responded through a fiber-optic button 
system by pressing the assigned button every time they 
saw X on the screen for the 0-back, if  they saw the same 
letter preceding the one presented earlier for the 1-back 
and if  they saw a letter shown 2 letters before the one they 
were seeing for the 2-back. The responses were collected 
for both accuracy and response time.

Image Processing.  fMRI data were analyzed using 
SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). 
Images were realigned and normalized to a standard EPI 
template and smoothed with 8 × 8 × 8 Gaussian kernel. 
A full-factorial random effects model was implemented 
within SPM8 with age, sex, and SES as covariates. We 
preferred to compare groups across each task level since 
the behavioral data between-group showed significant dif-
ferences across each task level rather than between levels 
of performance. A priori combined intensity and spatial 
extent threshold significance was determined by running 
10 000 Monte Carlo simulations on AlphaSim31 for the 
whole brain. The simulation showed that the BOLD dif-
ferences within a cluster of 1385 contiguous voxels with a 
minimum voxel-wise difference of P < .05, would provide 
a P < .05 corrected for both the intensity and the spatial 
extent of the clusters. Task performance data were ana-
lyzed using generalized linear models for mean response 
time and the Mann-Whitney U tests for accuracy. Percent 
signal changes were extracted from the regional masks of 
Brodmann areas (BA) defined by the WFU PickAtlas32 
that contained the peak intensity voxel and were analyzed 
using ANOVA on SPSS 21.

Results

iPSC-Based Studies

HSV-1 Infection in NPCs and Neurons.  At 24 h post-
infection (p.i.), FC analysis showed ~30% and ~15% 
of EGFP-positive (EGFP+) cells in infected NPCs and 
neurons respectively, indicating lytic infection (figure 1). 
A  ~2-fold reduction of EGFP+ cells was observed in 
NPCs and ~3-fold reduction in neurons when HSV1-
infected cells were coincubated with acyclovir, compared 
with vehicle-treated controls. Separately, NPCs and 
neuronal cultures coincubated with 5BVdU and IFN-
α showed a greater reduction in EGFP+ cells (~8% and 
~2%, respectively), compared with untreated control cells 
or acyclovir-treated cells, suggesting that the antiviral 
agents suppressed viral gene expression.

Even in the presence of 5BVdU+IFN-α, the majority 
of infected NPCs detached from culture plates without 
a concomitant increase in the frequency of EGFP+ and 
RFP+ cells, suggesting that HSV-1 quiescent infection 
cannot be established consistently in NPCs (figure 2, top 
panel).

In contrast, when neuronal cultures were infected at 
MOI of  0.3 with 5BVdU+IFN-α and maintained from 
day −1 to day +7 p.i., only 9% of  cells expressed EGFP, 
suggesting that viral gene expression was suppressed in 
the majority of  cells and lytic infection was present in a 
minority (figure 2, middle panel). Infectious viral par-
ticles were undetectable in the supernatant for 7 days 
of  infected neuronal cultures treated with inhibitors, 
based on subsequent Vero cell plaque assays (figure 2, 
bottom panel, left). Culture supernatants from these 
neuronal cultures tested against new neuronal cultures 
(1/20 of  the volumes of  the culture supernatants were 
applied to neuronal cultures) failed to yield EGFP+ or 
EGFP+/RFP+ cells in all cultures up to 48 h p.i., con-
sistent with the plaque assays (figure 2, bottom panel, 
right). Though the green fluorescence in the initial 
neuronal cultures indicates activation of  the ICP0 pro-
moter, productive infection was thus fully suppressed 
and quiescent infection may be present (figure 2, mid-
dle panel).

Withdrawal of 5BVdU+IFN-α was followed by 
~3-fold increase of EGFP+ cells and ~5-fold increase of 
EGFP+/RFP+ cells (figure  2, middle panel). Infectious 
viral particles were undetected in most cultures, although 
a relatively low level of infectious virus (~3 log(10) pfu/
ml) was detected in 3 out of 9 cultures (data not shown). 
Culture supernatants were also tested for presence of viri-
ons by application to additional neuronal cultures. Only 
sporadic EGFP+ and EGFP+/RFP+ cells were observed 
when neuronal cultures were infected with up to 1/20 of 
the volume of the culture supernatants (figure 2, bottom 
panel, right). Thus, withdrawal of 5BVdU and IFN-α 
reactivates lytic cycle genes, but productive infection is 
still substantially suppressed.
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Reactivation of Quiescent Infection With Sodium 
Butyrate.  Neurons were cultured for 5 days with sodium 
butyrate (NaB) (5 mM), a histone deacetylase inhibi-
tor, after initial 7-day treatment with 5BVdU+IFN-α. 
FC showed ~2-fold increase of EGFP+ cells and ~6-fold 
increase of EGFP+/RFP+ cells, (figure 2, middle panel). 
Productive infection was confirmed by applying NaB-
treated culture supernatants to fresh neuronal cultures, 
yielding a high proportion of EGFP+ and EGFP+/RFP+ 
cells (figure 2, bottom panel, right). The viral titer of cul-
ture supernatant was ~4 log(10) pfu/ml (figure 2, bottom 
panel, left). Thus, HSV-1 can be recovered from quies-
cently infected neurons with NaB.

Nuclear Localization of the HSV-1 Genome During 
Neuronal Infection.  Lytic or quiescent infection was 
induced in iPSC-derived neurons as described and 
HSV-1 genomes visualized using 3D-FISH. In acutely 
infected cultures, numerous FISH signals correspond-
ing to HSV-1 genomes were found in the central region 
of  the nucleus, and the host chromatin showed displace-
ment toward the nuclear periphery (supplementary figure 
S3a). In neurons with quiescent infection, only a weak 
signal was detected at the nuclear periphery (supplemen-
tary figure S3b).

Viral and Neuronal Gene Expression.  Using qPCR 
assays, viral LAT, ICP4, and DNA polymerase genes 
were expressed at higher levels during lytic vs quies-
cent infection (fold-changes: LAT: 54, ICP4: 63, DNA 

polymerase: 51). Microarray analysis of host neuronal 
gene expression indicated that 10 087 genes were altered 
significantly during lytic infection (P < .05, corrected for 
multiple comparisons, mean fold changes <0.5 or >2), 
but during quiescent infection, only 1525 genes changed 
significantly; the latter included glutamate receptor and 
voltage-gated ion channel genes (figure 3). During lytic 
infection, Ingenuity Pathways Analysis indicated enrich-
ment of glutamate receptor signaling, mitochondrial 
dysfunction, axonal guidance signaling, chondroitin and 
dermatan sulfate degradation pathways; an overlapping 
set were altered in quiescently infected cells (figure 3).

fMRI Studies

Participants.  HSV-1 exposure was significantly more 
prevalent among schizophrenia cases (HSV1+ = 13, HSV1− 
= 6) than healthy controls (HC; HSV1+ = 6, HSV1− = 17; 
χ2 = 7.53, df = 3, P = .006), but the mean age (schizophre-
nia, 27.44 ± 9.87 years; HC, 26.38 ± 6.78 years, t = 0.41, 
P = .4) and gender (schizophrenia, M/F 10/9; HC, M/F 
8/15, χ2 = 1.35, df = 3, P = .25) distribution did not dif-
fer significantly across diagnostic groups or by serological 
status (all P > .4). Although the SES of schizophrenia 
patients (27.03 ± 8.76) was significantly lower than the 
HC (41.59 ± 9.01) (χ2 = 5.28, P < .001), it did not differ 
by HSV-1 status in the case/control groups.

Letter n-Back Task.  The overall sensitivity of perfor-
mance (d′) was 2.95, with no significant differences across 

Fig. 1.  Comparative efficiency of antiviral drugs to reduce acute infection in induced pluripotent stem-derived neural progenitor cells 
(NPCs) and neurons. Top panel: microphotographs of NPCs and neuronal cultures infected with herpes simplex virus, type 1 (HSV-1) 
(multiplicity of infection of 0.1 and 0.3, respectively) in the presence or absence of viral replication inhibitors acyclovir or 5-(E)-5-(2-
bromovinyl)-2′-deoxyuridine along with interferon-α. Bottom panel: fluorescence-activated cell sorting analysis of uninfected and HSV-1 
infected NPC and neuronal cultures. Scale bar is 50 μm. For a color version, see this figure online. 
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diagnostic or serostatus groups. The response time of 
0-back (schizophrenia, 676.94 ± 121.25 ms; HC, 627.38 
± 192.77 ms; Wald χ2 = 4.01, df = 1, P = .045) and 1-back 
(schizophrenia, 795.31 ± 181.15 ms; HC, 712.57 ± 275.82 
ms; Wald χ2 = 5.94, df = 1, P = .015) showed diagnosis 
effect but not HSV-1 status or diagnosis-by-serostatus 
interaction effects. The 2-back task response time showed 
a trend for the main effect of diagnosis (schizophrenia, 
895.29 ± 504.43 ms; HC, 825.64 ± 276.44 ms; Wald χ2 = 
2.9, df = 1, P = .088) and HSV-1 status (HSV1+ = 986.74 ± 

527.78 ms; HSV1− = 712.39 ± 438.30 ms, Wald χ2 = 3.45, 
df 1, P = 0.06) and diagnosis-by-HSV1 status interaction 
(Wald χ2 = 3.6, df = 1, P = .058). There were no signifi-
cant main effects of diagnosis, HSV-1 status or diagnosis-
by-HSV1 status interaction on accuracy of performance. 
Besides, we did not observe either diagnosis or HSV1 sta-
tus effect on mean response times or accuracy between 
each level of task across the groups. Therefore, the groups 
were contrasted at each level of task for BOLD response 
differences.

Fig. 2.  Quiescent infection established in neurons but not in neural progenitor cells (NPCs). Top panel: microphotographs of induced 
pluripotent stem-derived NPCs infected with herpes simplex virus, type 1 (HSV-1) in the presence of 5-(E)-5-(2-bromovinyl)-2′-
deoxyuridine (5BVdU) and interferon (IFN)-α (5BVdU+IFN-α). Middle and bottom panels: neuronal cultures were incubated under 
the following conditions: (1) uninfected, (2) infected with HSV-1 and 5BVdU + IFN-α for 7 days (“HSV-1+5BVdU+IFN-α”), (3) 
infected with HSV-1 and cultured with 5BVdU+IFN-α for 7 days, then drugs were removed from culture medium, and infected cells 
were further cultured for 5 days in neurobasal medium alone (“withdrawal of 5BVdU+IFN-α”), (4) infected with HSV-1 and cultured 
with 5BVdU+IFN-α for 7 days, then drugs were removed from culture medium, and infected cells were further cultured for 5 days in 
neurobasal medium with sodium butyrate (NaB) (“reactivation with NaB”). The relative fraction of enhanced green fluorescent protein+/
red fluorescent protein+ cells in each condition is shown (middle panel, right). Viral titer in the supernatants from the culture plates 
was measured using Vero plaque assays (bottom panel, left). Microphotographs in the bottom panel, right, show the effects of adding 
supernatants from the original cultures to fresh neuronal cultures (label to left of each microphotograph indicates the culture condition 
from which the supernatant was derived). Scale bar is 50 μm. For a color version, see this figure online.
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BOLD Response Differences (figure 4)

Main Effect of Task, Diagnostic Status, and HSV-1 
Status.  Task Main Effect  The task main effect was 
noted in the prefrontal (BA 10, 45 and anterior cingu-
late gyrus,), posterior parietal cortex (BA 40), occipital 
and insular cortices for the 1-back, and the prefrontal 
(BA 8 and 10), posterior parietal (BA 40), occipital and 
inferior temporal cortices for the 2-back, but not for the 
0-back task where only the occipital cortex (BA 17 and 
18) showed increased activations.

HSV-1 Main Effect  A significant effect of HSV-1 expo-
sure was noted in the prefrontal and subcortical regions 
for the 1-back (BA 8) and 2-back (BA 6, 8, left thalamus, 
substantia nigra, and red nucleus), but not for the 0-back.

Diagnosis Main Effect  0-back did not show diagnosis 
main effect. We observed diagnosis main effect for 1-back 
in the inferior parietal lobule (BA 40), and for the 2-back 
task in the superior temporal gyrus (STG, BA 42, 22), 
and the right cuneus, but not in the prefrontal regions at 
the combined intensity and spatial extent threshold used 
here.

Diagnosis-by-HSV-1 Interactions  A significant interac-
tion was noted in the left superior parietal lobule (BA 7, 
F = 16.30, P = 3.02 × 10−4) for the 0-back, but not for the 
1-back and 2-back tasks.

Associations With HSV-1 Status.  The t tests to inves-
tigate directionality of effects showed increased BOLD 

Fig. 3.  Gene expression analysis in acutely and quiescently infected neurons. The heat map represents statistically significant (P ≤ .05), 
differentially expressed genes after one-way ANOVA analysis and Benjamini-Hochberg correction applied. Columns represent individual 
samples (each group n = 3); selected genes are represented in rows. Upregulated genes are shown in yellow, and downregulated genes are shown 
in purple. Right: Ingenuity Pathways Analysis of acutely and quiescently infected neuronal cultures. For a color version, see this figure online.

D
ow

nloaded from
 https://academ

ic.oup.com
/schizophreniabulletin/article-abstract/41/1/123/2526453 by U

niversità di Bari Aldo M
oro user on 22 July 2019



129

Persistent HSV-1 Infection in iPSC-Derived Neurons and fMRI Studies

Table 1.  fMRI Results With Contrasts

Contrast x y z Region
Brodmann  
Area Statistic Corrected P

Main effect of task
1 back −30 22 4 Left inferior frontal gyrus, insula 45, 47, 13 40.16 3.59 × 10−7

2 56 2 Bilateral medial frontal, superior frontal, 
and anterior cingulate

10 37.12 7.34 × 10−7

40 −46 44 Right inferior parietal lobule and 
subgyral

40 19.85 9.10 × 10−5

2-back 56 −4 −30 Right fusiform, inferior temporal, and 
middle temporal gyri

20, 21 33.53 1.79 × 10−6

−36 −52 56 Left inferior parietal lobule 40 42.51 2.10 × 10−7

48 14 38 Right middle frontal gyrus 8, 10, 46 83.06 1.57 × 10−10

−2 56 4 Left medial frontal gyrus 10, 11, 32 44.19 1.45 × 10−7

Main effect of HSV1 serostatus
1-back −4 26 64 Left superior frontal gyrus 6 17.87 1.76 × 10−4

2-back −12 −22 −10 Left thalamus — 26.45 1.39 × 10−5

−22 −2 68 Left superior and middle frontal gyrus 6 25.97 1.21 × 10−5

Main effect of diagnosis
1-back −62 −36 34 Left inferior parietal lobule 40 13.92 .001
2-back −62 −18 8 Left transverse temporal and superior 

temporal gyrus
22, 41, 42 25.02 1.83 × 10−5

Pooled sample of SZ and HC (HSV1+ > HSV1−)
1-back −4 26 64 Left superior and medial frontal gyrus, 

anterior cingulate
6, 8, 32 4.23 8.79 × 10−5

−2 −26 8 Left thalamus — 2.89 .003
2-back −12 22 −10 Left thalamus, substantia nigra, and 

bilateral red nucleus
— 5.10 6.94 × 10−6

−22 −2 68 Left frontal lobe, superior frontal gyrus 6 5.14 6.06 × 10−6

Within SZ subjects (HSV1+ > HSV1−)
1-back 20 22 66 Right middle frontal gyrus and right 

superior frontal gyrus
6 4.61 2.90 × 10−5

2-back −2 −20 −12 Bilateral red nucleus, brainstem, and 
midbrain

— 4.17 1.02 × 10−4

Within HC subjects (HSV1+ > HSV1−)
1-back −2 4 38 Bilateral cingulate gyrus 24, 32 3.24 .001
2-back 62 −58 12 Right superior temporal gyrus, right 

middle temporal gyrus
21,22,39 4.51 3.86 × 10−5

−20 −4 70 Left superior frontal gyrus 6, 9, 32 3.73 3.32 × 10−4

6 −10 4 Left medial dorsal, ventral lateral, and 
anterior nuclei of thalamus

— 3.73 3.64 × 10−4

Between HSV1+ SZ and HSV1+ HC (HSV1+ SZ > HC)
1-back 4 −76 4 Right cuneus and lingual 17, 18, 23, 30 3.76 3.31 × 10−4

2-back 26 −70 −10 Right fusiform gyrus and lingual gyrus 18, 19 4.24 8.55 × 10−5

Between HSV1+ SZ and HSV1+ HC (HSV1+ SZ < HC)
2-back −24 6 56 Left superior and middle frontal gyrus 6, 24, 32 3.26 .001
Between HSV1− SZ and HSV1− HC (HSV1− SZ > HC)
1-back 4 −4 30 Bilateral limbic lobe, bilateral cingulate 

gyrus
24 4.07 1.36 × 10−4

2-back −60 −26 4 Left superior temporal gyrus, left middle 
temporal gyrus

21, 22, 41, 42 3.63 4.71 × 10−4

34 54 30 Right superior frontal gyrus, right 
middle frontal gyrusa

9, 10 3.69 3.97 × 10−4

8 −12 60 Right medial frontal gyrus 6 3.53 .001
60 −58 10 Right superior temporal gyrus, right 

middle temporal gyrus
21, 22, 39 3.39 .001

Note: BA, Brodmann area; fMRI, functional magnetic resonance imaging; HC, healthy control; HSV1, herpes simplex virus, type 1;  
SZ, schizophrenia.
aBA 9 and 10 was significant when the cluster size was reduced to 1343 voxels that corresponded to corrected P < .06. All other regions 
were examined at cluster size of 1385 that corresponded to corrected P < .05.
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responses for all contrasts comparing HSV-1–exposed 
subjects with those not exposed.

Combined Schizophrenia and HC Controlling for 
Diagnostic Status  HSV-1 exposure was associated with 
increased BOLD responses in the prefrontal and sub-
cortical regions for the 1-back (BA 6, 8, 32, thalamus) 
and 2-back (BA 6, thalamus, substantia nigra, and red 
nucleus) tasks, but not for the 0-back task where BOLD 
responses were increased mainly in the bilateral supe-
rior temporal gyri (BA 42, 22, and 40) (table 1). BOLD 
responses for 1-back task was elevated nearly 2.5-fold in 

the thalamus (t = 2.5, P = .016) among HSV1+ compared 
with HSV1− subjects. For the 2-back task, HSV1+ sub-
jects showed 3-fold increase in BOLD responses com-
pared with HSV1− within the substantia nigra, thalamus, 
and red nucleus cluster (t = 3.9, P = .0003) (table 1). 

BOLD Responses Within and Across Schizophrenia/HC 
Groups, Grouped by Serological Status.  Within schizo-
phrenia subjects, HSV-1 exposure was associated with 
increased BOLD responses in the BA 6, and the red 
nucleus, the substantia nigra, the left parahippocampal 
regions for 1-back and 2-back tasks, respectively (sup-
plementary table 1). In contrast, HSV-1–exposed HC 
showed increased BOLD responses in the anterior cin-
gulate gyrus (BA 24 and 32), prefrontal (BA 6, 9), and 
temporal cortices compared with HSV1− HC. The BOLD 
responses were decreased in the anterior cingulate region 
(BA 24 and 32) and BA 6 among HSV1+ schizophrenia 
subjects compared with HSV1+ HCs for the 2-back task. 
schizophrenia-HC comparisons among HSV-1–negative 
individuals showed increased BOLD responses in schizo-
phrenia subjects in the anterior cingulate (BA 24) for the 
1-back and in BA 9, 10 and bilateral superior temporal 
gyri for the 2-back tasks.

Discussion

The iPSC-derived neurons recapitulate lytic HSV-1 
infection and can be induced into a quiescent, persis-
tent, reactivable infection. Like established animal mod-
els, quiescent infection is accompanied by reduced viral 
replication, retention of  the viral genome in the nucleus, 
lack of  infectious virions, expression of  LATs19–21,33–38 in 
neurons. Quiescent infection was not observed in NPCs. 
During lytic infection, microarray analyses showed 
extensive changes in cognition-related pathways, such as 
glutamate and cAMP response element-binding protein 
(CREB) signaling. Fewer changes occurred in quiescent 
infection, but they too included cognition-relevant glu-
tamate receptor and ion channel genes. We therefore 
propose a model in which persistent infection occurs in 
brain neurons similar to that in sensory ganglia, and over 
time impairs neuronal function (suggested by altered 
gene expression) without producing florid encephalitis; 
the altered function may underlie observed cognitive 
deficits. The relatively high sensitivity of  NPCs to HSV-1 
infection also suggests that individuals infected in child-
hood can experience cognitive impairment secondary to 
altered NPC proliferation and differentiation39 suggest-
ing the neurodevelopmental implications of  HSV-1 expo-
sure. This model needs to be tested and immunological/
glial responses explored; simultaneous in vitro and MRI 
studies in the same persons may also be worthwhile.

The fMRI results suggest increased processing time 
for working memory performance associated with 
schizophrenia and HSV-1 exposure. The 2-back mean 

Fig. 4.  Blood oxygenation level dependent (BOLD) response 
differences in response to 2-back challenge. (A) Combined 
schizophrenia and healthy control sample. Herpes simplex virus, 
type 1 (HSV1)+ show greater activation compared with HSV-1− 
subjects in the substantia nigra, the red nucleus, and thalamus. 
(B) HSV1+ schizophrenia subjects show increased activation in 
bilateral red nucleus and substantia nigra compared with HSV1− 
schizophrenia subjects. (C) Increased activation in the prefrontal and 
parietal regions among HSV1+ in controls compared with HSV1− 
controls. (D) HSV1+ schizophrenia subjects showed decreased 
BOLD responses in the anterior cingulate regions compared with 
HSV1+ HC. (E) HSV1− schizophrenia subjects showing increased 
BOLD responses in bilateral superior temporal gyri. Increased 
activation in the prefrontal Brodmann areas 9 and 46 showed a 
trend (corrected P = .06). For a color version, see this figure online.
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response time showed a trend toward significance for 
the diagnosis, HSV-1 status, and diagnosis-by-HSV-1 
exposure interaction, with nonsignificant differences 
in accuracy of  performance. fMRI data mainly showed 
increased BOLD responses among both schizophre-
nia and HSV-1–exposed individuals suggesting that an 
increased neurobiological effort in the prefrontal cortex 
(PFC), posterior parietal cortex, hippocampus/para-
hippocampus, thalamus, substantia nigra, and superior 
temporal lobes is needed to achieve accuracy of  work-
ing memory performance comparable to unexposed 
participants. Notably, the HSV-1-exposed individuals 
showed BOLD responses in the midbrain regions and 
thalamus. The trigeminal nucleus that receives neuronal 
inputs from the trigeminal ganglion is situated close to 
the red nucleus and substantia nigra, and projects to the 
thalamus. Increased BOLD response in these regions 
raises the possibility of  altered dopamine transmission 
among HSV-1–exposed subjects. The increased activa-
tion in the STG is notable since this region is markedly 
affected during HSV-1 encephalitis.3 HSV-1–exposed 
HC showed activation differences in the classical work-
ing memory network that include prefrontal cortex 
and posterior parietal cortex, whereas HSV-1–exposed 
schizophrenia subjects recruited regions outside this 
network (substantia nigra where dopamine neurons are 
situated, red nucleus, thalamus, and superior tempo-
ral gyrus) to perform at the same level as HC. Besides, 
HSV-1-exposed schizophrenia subjects showed similar 
prefrontal activations compared to HSV-1 unexposed 
schizophrenia subjects while performing on par with 
them, possibly by recruiting other networks involving 
STG and subcortical structures.

Some shortcomings should be noted. Though func-
tional,24 the iPS-derived neurons cannot completely 
recapitulate the milieu interior of the human brain. The 
fMRI studies did not show diagnosis effects at the PFC; 
possibly reflecting inadequate power since lowering the 
statistical threshold to P < .06 corrected for intensity and 
spatial extent shows diagnosis effect. Because HSV-1 viri-
ons are usually undetectable in serum,3 HSV-1 exposure 
was indexed through serum antibody assays in the fMRI 
studies.

In conclusion, HSV-1 induces quiescent infection in 
human iPSC-derived neurons that resembles animal 
models of latent infection. The fMRI studies indicate 
increased hemodynamic responses during working mem-
ory challenge among HSV-1–exposed individuals without 
prior encephalitis. We propose specific testable cellular 
and other models for the published HSV-1–associated 
cognitive dysfunction.

Supplementary Material

Supplementary material is available at http:// 
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