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ABSTRACT The herpesvirus human cytomegalovirus (HCMV) is a leading cause of con-
genital birth defects. Infection can result in infants born with a variety of symptoms, in-
cluding hepatosplenomegaly, microcephaly, and developmental disabilities. Microceph-
aly is associated with disruptions in the neural progenitor cell (NPC) population. Here,
we defined the impact of HCMV infection on neural tissue development and calcium
regulation, a critical activity in neural development. Regulation of intracellular calcium in-
volves purinergic receptors and voltage-gated calcium channels (VGCC). HCMV infection
compromised the ability of both pathways in NPCs as well as fibroblasts to respond to
stimulation. We observed significant drops in basal calcium levels in infected NPCs
which were accompanied by loss in VGCC activity and purinergic receptor responses.
However, uninfected cells in the population retained responsiveness. Addition of the
HCMV inhibitor maribavir reduced viral spread but failed to restore activity in infected
cells. To study neural development, we infected three-dimensional cortical organoids
with HCMV. Infection spread to a subset of cells over time and disrupted organoid struc-
ture, with alterations in developmental and neural layering markers. Organoid-derived
infected neurons and astrocytes were unable to respond to stimulation whereas unin-
fected cells retained nearly normal responses. Maribavir partially restored structural fea-
tures, including neural rosette formation, and dampened the impact of infection on neu-
ral cellular function. Using a tissue model system, we have demonstrated that HCMV
alters cortical neural layering and disrupts calcium regulation in infected cells.

IMPORTANCE Human cytomegalovirus (HCMV) replicates in several cell types through-
out the body, causing disease in the absence of an effective immune response. Studies
on HCMV require cultured human cells and tissues due to species specificity. In these
studies, we investigated the impact of infection on developing three-dimensional corti-
cal organoid tissues, with specific emphasis on cell-type-dependent calcium signaling.
Calcium signaling is an essential function during neural differentiation and cortical devel-
opment. We observed that HCMV infects and spreads within these tissues, ultimately
disrupting cortical structure. Infected cells exhibited depleted calcium stores and loss of
ATP- and KCl-stimulated calcium signaling while uninfected cells in the population main-
tained nearly normal responses. Some protection was provided by the viral inhibitor
maribavir. Overall, our studies provide new insights into the impact of HCMV on cortical
tissue development and function.

KEYWORDS astrocytes, calcium signaling, cytomegalovirus, maribavir, microcephaly,
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Infection by the human herpesvirus cytomegalovirus (HCMV) is lifelong and causes a
range of illnesses. Infection has the potential to cause life-threatening disease in

immunosuppressed individuals, with the greatest concern for patients undergoing
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organ transplant (reviewed in reference 1). Vertical transmission may also occur,
resulting in congenital CMV (cCMV) infection. A fraction of babies born with cCMV
infection will have long-term health issues. HCMV is the largest human viral pathogen
and is composed of a 235-kbp double-stranded DNA (dsDNA) genome with the
potential to express greater than 700 proteins (2–4). The virus infects most of the world
population, with the highest percentages observed in low socioeconomic communities.
HCMV replicates in diverse human cell types, including fibroblasts, monocytes, endo-
thelial cells, placental cytotrophoblasts, and neural progenitor cells. Infection can result
in lytic replication, or the virus can establish a latent state which depends on the cell
type. For symptomatic children and adults, HCMV is managed using (val)ganciclovir,
cidofovir, and/or foscarnet, all of which inhibit viral DNA synthesis, or letermovir, which
targets viral DNA packaging into nucleocapsids (5). However, antiviral resistance occurs
for each of these compounds, and there is no FDA-approved therapy for treating
expecting mothers with confirmed cCMV infection, making antiviral and vaccine de-
velopment a major public health priority.

A newborn symptomatic for cCMV infection may exhibit hepatosplenomegaly, small
birth weight, petechial lesions, and/or microcephaly (reviewed in reference 6). Forma-
tion of microcephaly is likely the result of infection of neural progenitor cells (NPCs) (7).
NPCs derived from induced pluripotent stem cells (iPSCs) and fetal stem cells are fully
permissive for HCMV infection (8–11), with susceptibility influenced by the degree of
differentiation (12, 13). Expression of viral genes has been shown to alter signaling
pathways and expression of key development factors, including Notch and Sox2
(14–16), and infection results in abnormal proliferation and differentiation (13, 17, 18).
For the pluripotency factor Sox2, expression of HCMV IE1 causes downregulation of
Sox2, involving IE1 sequestration of unphosphorylated STAT3 to the nucleus (15, 19).
HCMV-infected iPSC-derived neurons also exhibit increased cell death and reduced
glutamate-induced calcium (Ca2�) influx due to altered expression of the N-methyl-D-
aspartate (NMDA) ion channel (20).

NPCs are a unique cell population that give rise to the main cell types of the central
nervous system (CNS). These progenitor cells are crucial for cortical layer development
and the formation of functional synapses. A critical mechanism in CNS development is
Ca2� signaling, which modulates NPC differentiation, proliferation, and communication
with neighboring cells (21–23). The propagation and generation of these signals rely on
ionotropic and metabotropic purinergic receptors as well as voltage-gated calcium and
potassium channels. Expression and functionality of these specific receptors and chan-
nels have been linked to development and maintenance of the NPC population (21, 24,
25). In the fetal brain, NPCs are in the bilateral subventricular zone aligned with the
developing ventricle and express a number of key transcription factors, including Sox2
and Pax6, that are required for maintenance of the progenitor cell pool and subsequent
differentiation into the multiple neuronal and glial lineages found in the CNS. Through
the process of interkinetic nuclear migration, NPCs migrate from the basal to the apical
side to undergo division. Dividing symmetrically produces more progenitors whereas
asymmetric division generates a newborn neuron or glial daughter cell. The neurons
born by asymmetric division then migrate outward, following radial glia tracts to form
cortical layers (26). The developing brain is three-dimensional, consisting of multicel-
lular structures, and development of the human brain can be studied in vitro using
iPSC-derived cortical organoids (7). Cortical organoids represent an integrated neural
circuit and contain progenitors, neurons, and glia. This model system allows for global
assessment of signaling changes, thus improving our understanding of findings in
dissociated NPCs. Cortical organoids have been shown to have important similarities to
human neural development, including a subventricular zone region, neural differenti-
ation, cortical layering, and transcriptome expression reminiscent of the developing
human brain beyond what is achievable in monolayer cell culture methods (7).

HCMV infection of human fibroblasts alters intracellular Ca2� homeostasis to sup-
port viral replication (27–31), and there are several points in the HCMV infection process
that induce changes in Ca2� levels and downstream regulation. For example, early
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during infection an increase in Ca2� levels occurs, which has been attributed to the
expression of multiple viral proteins. The immediate early gene product pUL37x1
mobilizes Ca2� from the endoplasmic reticulum (ER), impacting mitochondrial biology
and apoptosis (31, 32), with further influences on intracellular Ca2� homeostasis and
apoptosis by a vesicle-associated ion channel, pUS21 (33). Additionally, virion particle
binding to the epidermal growth factor (EGF) receptor during the entry process
stimulates intracellular Ca2� release (34). Finally, HCMV-encoded chemokines and
chemokine receptors, such as CXCL1-like pUL146 (35) and the G-protein coupled
receptor pUS28 (36), influence Ca2� regulation within the infected cell.

Although it is established that HCMV infection modulates intracellular Ca2� in
fibroblasts and other cell types, the impact of infection on such Ca2�-dependent
processes as tissue development, neurogenesis, and cellular response to external
stimuli remain unknown. In this work, we evaluate the impact of HCMV on iPSC-derived
cortical organoid development and Ca2� signaling in neurons and astrocytes and find
that HCMV infection induces dramatic reductions in tissue organization and terminal
differentiation.

RESULTS
Loss of purinergic and voltage-gated Ca2� channel signaling in HCMV-infected

neural progenitor cells. Calcium (Ca2�) signaling plays a central role in CNS devel-
opment and NPC biology. Cell surface purinergic receptors and voltage-gated calcium
channels (VGCCs) contribute to regulating intracellular Ca2� levels. We aimed to
determine the functional consequence of infection on neurons and astrocytes gener-
ated from iPSC-derived human NPCs. NPCs were dissociated from nonadherent neu-
rospheres (37) and plated onto Matrigel-coated coverslips. At 7 days postplating, NPCs
were mock infected (Fig. 1A) or infected with HCMV TB40/E expressing enhanced green
fluorescent protein (eGFP) at a multiplicity of infection (MOI) of 0.5 infectious units per
cell (Fig. 1B) and evaluated at 14 and 28 days postinfection (dpi). Both conditions
included a 10 �M concentration of the HCMV inhibitor maribavir (MBV) or dimethyl
sulfoxide (DMSO) vehicle control (Fig. 1A and B) that was added at the time of infection
and persisted through the duration of the experiment. No fluorescence was seen under
mock infection conditions at either time point (Fig. 1A), whereas HCMV-infected NPCs
exhibited robust GFP fluorescence at 14 dpi that was sustained through 28 dpi (Fig. 1B).
Infected samples treated with MBV showed considerably less fluorescence (Fig. 1B). This
is consistent with our previous studies using NPCs derived from H9 human embryonic
stem cells (18). Interestingly, HCMV-infected NPCs exhibited large, multinucleated
syncytium-like structures (Fig. 1B and C), and inclusion of MBV largely prevented this
outcome (Fig. 1B).

HCMV infection of fibroblasts alters intracellular Ca2� homeostasis to support viral
replication, and evidence indicates that Ca2� levels temporally increase within the
initial hours of infection (27, 28). As early as 12 hpi, a 3-fold increase in Ca2� levels has
been observed in fibroblasts, a process that is influenced by the multiplicity of infection
and contributes to the cell-rounding phenotype (28, 31). However, the longer-term
effects of HCMV infection on Ca2� function have not been well established. Therefore,
we began by evaluating Ca2� responses to ATP and KCl stimulation in HCMV-infected
lung fibroblasts using live-cell calcium imaging. At 2 and 5 dpi, fibroblasts were treated
with the ratiometric Ca2�-sensitive dye Fura-2-acetoxymethyl ester (Fura-2AM) that
excites at 340 nm in the Ca2�-bound state and at 380 nm in the Ca2�-unbound state
and is measured as a 340 nm/380 nm ratio. To measure intracellular Ca2� responses to
receptor stimulation, we preloaded cells with Fura-2AM and then stimulated them with
either ATP for purinergic receptors or KCl for VGCCs. Cells were washed between
conditions, and we measured baseline intracellular Ca2� levels 30 s prior to each
stimulation. Cells were considered to be responding if they exhibited a greater than
20% increase in the 340/380 ratio over baseline values (38). A representative imaging
trace of mock-treated fibroblasts is shown in Fig. 2A. At 2 dpi, there was no difference
in baseline Ca2� levels across the groups prior to ATP stimulation (Fig. 2C, left panel)
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or KCl stimulation (Fig. 2D, left panel). At 2 dpi there was no difference in the numbers
of cells that responded to ATP stimulation across the groups (Fig. 2C, middle panel), nor
was there a difference in the percent change in Ca2� responses above baseline in the
ATP-responding cells across the groups (Fig. 2D, right panel). In contrast, there was a
significant reduction in the number of HCMV-infected cells responding to KCl com-
pared to the number of uninfected cells receiving MBV (Fig. 2D, middle panel).
However, the cells that did respond to KCl stimulation exhibited a similar percent
increase over baseline levels across all of the groups. At 5 dpi we observed robust
alterations in Ca2� signaling, the most striking of which was a significant reduction in
baseline Ca2� levels before ATP stimulation in GFP-positive cells under the infected
conditions compared to that of the GFP-negative cells under the same conditions (Fig.
2E, left panel). There was also a significant reduction in the number of HCMV-infected

FIG 1 HCMV induces syncytium-like formation during infection of human neural progenitor cells. NPC-derived neurons and astrocytes
were mock infected (A) or infected using HCMV TB40/E-eGFP at 0.5 IU/cell (B) and treated with DMSO vehicle control (�vehicle) or 10 �M
maribavir (�MBV). Bright-field and fluorescent images were taken at 14 dpi and 26 dpi from separate experiments. Arrows identify
potential syncytium-like formation. (C) Enlarged images from panel B (arrows) identify examples of GFP-positive multinucleated
syncytium-like formation. Scale bar, 100 �m.
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FIG 2 Live-cell Ca2� imaging is disrupted in HCMV-infected fibroblasts. (A) MRC-5 fibroblasts were mock
treated and analyzed using live-cell Ca2� imaging. Each line represents an individual cell. Cell traces
from a representative experiment are shown. (B) MRC-5 cells were infected using HCMV TB40/E-eGFP
at a multiplicity of 0.5 IU/cell, and recorded traces of a representative experiment were separated
into GFP-positive and -negative populations. (C) At 2 dpi, intracellular Ca2� levels were measured
prior to ATP stimulation (left panel). The total number of cells responding to 10 �M ATP stimulation
(middle panel) and the percent Ca2� response over baseline (right panel) are shown. V, vehicle. (D)
Impact of 50 �M KCl stimulation on Ca2� levels as described in panel C. (E) Intracellular Ca2� levels
were measured at 5 dpi prior to ATP stimulation (left panel), and the total number of cells
responding to ATP (middle panel) and the percent Ca2� response over baseline are shown (right
panel). Data collected at 5 dpi were separated into GFP-positive (G�) and -negative (G�) popula-

(Continued on next page)
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GFP-positive cells responding to ATP compared to that of GFP-negative cells in the
absence of MBV coadministration (Fig. 2E, middle panel). There was a large increase in
the percent response above baseline for the GFP-negative cells in both the presence
and absence of MBV coadministration, but this did not reach significance (Fig. 2E,
middle panel). However, it is important to note that the responding GFP-negative cells
were not functioning entirely normally as there were several instances of spurious Ca2�

responses even in the absence of external stimulation (Fig. 2B). There was a similar
significant reduction in Ca2� baseline in HCMV GFP-positive fibroblasts prior to KCl
stimulation at 5 dpi, but, interestingly, neither HCMV GFP-positive nor HCMV GFP-
negative fibroblasts demonstrated any Ca2� response to KCl stimulation with or
without MBV administration (data not shown). This indicates that there was a dramatic
disruption of VGCC signaling properties post-HCMV infection. Mock-treated fibroblasts
were not examined at 5 dpi because the cultures were too confluent for imaging.
Together, these data demonstrate that HCMV infection over longer periods of time
leads to a reduction in intracellular Ca2� levels and disrupted stimulus-evoked Ca2�

signaling function.
As the functional impact of HCMV may vary between affected cell types, we next

aimed to determine how HCMV infection altered astrocyte and neuron Ca2� responses
to ATP and KCl stimulation, respectively. We dissociated and plated NPCs and allowed
them to differentiate into neurons and astrocytes as we have previously done (37). At
1 week postplating, NPC-derived cells were infected with 0.5 IU/cell HCMV and cultured
in the presence or absence of 10 �M MBV. Uninfected cultures were maintained as
mock controls. Using the same live-cell calcium imaging technique described above,
NPC-derived neural cells were analyzed at 14 and 26 dpi. At 14 dpi, HCMV-infected
GFP-positive cells were evident, and a reduction in fluorescence was observed with the
coadministration of MBV (Fig. 3A and B). Similar to infected fibroblasts, the GFP-positive
cells had significantly reduced Ca2� baseline levels prior to both ATP (Fig. 3C, left panel)
and KCl (Fig. 3D, left panel) stimulation compared to those of the GFP-negative
population. Additionally, we observed significantly fewer GFP-positive cells responding
to either ATP (Fig. 3D, middle panel) or KCl (Fig. 3D, middle panel) stimulation than
GFP-negative populations in the presence and absence of MBV coadministration.
Moreover, the GFP-positive cells that did respond exhibited blunted signaling ampli-
tude, regardless of the presence of MBV (Fig. 3C and D, right panels). These data
suggest that HCMV-infected neural cells no longer exhibit functional Ca2� responses to
external stimulation. In contrast, there were similar numbers of responding GFP-
negative cells under the infected conditions compared those under mock conditions
for both ATP (Fig. 3C, middle panel) and KCl (Fig. 3D, middle panel) treatment, and
those that responded maintained relatively normal Ca2� signaling amplitude to both
ATP (Fig. 3C, right panels) and KCl (Fig. 3D, right panels). In addition, the times to
respond to and recover from ATP and KCl stimulation, a measurement of depolarization
and repolarization, were not significantly different for mock-infected and GFP-negative
cells (Fig. 3E and F) except for a small decrease in time to respond to KCl in MBV-treated
mock-infected cells (Fig. 3F). Together, these data indicate that HCMV infection elimi-
nates normal neural Ca2� function and that although MBV reduced viral spread, MBV
failed to restore Ca2� function to HCMV GFP-positive infected cells.

Other investigators have previously shown that HCMV infection disrupts internal
Ca2� stores in fibroblasts, causing an early increase in intracellular Ca2� levels (30, 31).
Therefore, in order to test whether this disruption is responsible for the lack of response
to ATP and KCl stimulation in HCMV-infected GFP-positive fibroblasts and neural cells,
we treated fibroblasts and NPC-derived neural cells with thapsigargin, an inhibitor of
the ER calcium ATPase that blocks the reuptake of cytosolic Ca2� (Fig. 4). Uninfected

FIG 2 Legend (Continued)
tions. The data were collected from two biological replicate experiments with 50 cells analyzed in
each replicate and include standard deviations from the mean. (*, P � 0.05; **, P � 0.01; ***,
P � 0.001; ns, not significant, as determined by ANOVA or chi-Square test).
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FIG 3 Viral kinase inhibition reduces spread but does not improve Ca2� function in infected cells. (A) NPC-derived
neurons and astrocytes were mock infected or infected using HCMV TB40/E-eGFP at 0.5 IU/cell and treated with
DMSO vehicle control (�vehicle) or 10 �M maribavir (�MBV). Representative bright-field and fluorescent images
were taken at 14 dpi. (B) The mean GFP fluorescence signal for infected samples treated with vehicle or MBV. (C)
Intracellular Ca2� levels were measured at 14 dpi with HCMV-infected cells separated into GFP-positive (G�) and
-negative (G�) populations. Intracellular Ca2� levels were measured prior to ATP stimulation (left panel), and the
total number of cells responding to 10 �M ATP stimulation (middle panel) and the percent Ca2� response over
baseline are shown (right panel). V, vehicle. (D) Stimulation using 50 �M KCl as described in panel C. (E) The time
to respond to ATP stimulation (left panel) or recover from ATP (right panel) across the treatment groups. (F) The
time to respond to KCl (left panel) or recover from KCl (right panel). These data were collected from four biological
replicate experiments with 100 cells analyzed in each replicate. (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not
significant, as determined by ANOVA or chi-square test).
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fibroblasts at 3 days postplating and differentiated NPCs at 14 days postplating were
treated with 1 �M thapsigargin or vehicle for 90 min, followed by live-cell Ca2� imaging
in the absence of infection (38). Thapsigargin treatment resulted in an increase in
baseline Ca2� levels prior to ATP and KCl stimulation in both fibroblasts and NPC-
derived neural cells (Fig. 4, left panels) consistent with increased cytosolic Ca2�

concentration. Thapsigargin significantly reduced the number of fibroblasts (Fig. 4A,
middle panel) and neural cells (Fig. 4B, middle panel) responding to ATP stimulation as
well as the amplitude of response (Fig. 4A and B, right panels). These results were
expected as ATP-induced Ca2� responses signal through purinergic receptors and

FIG 4 Depletion of intracellular Ca2� stores disrupts purinergic receptor activity in fibroblasts and NPCs. (A)
Fibroblasts were treated with 1 �M thapsigargin and analyzed for baseline intracellular Ca2� levels prior to
stimulation (left panel), for the number of responding cells following 10 �M ATP stimulation (middle panel), and
for percent Ca2� response above baseline (right panel). (B) NPC-derived neurons and astrocytes were analyzed as
described for panel A. (C) Thapsigargin-treated fibroblasts were analyzed for baseline intracellular Ca2� levels prior
to stimulation (left panel), for the number of responding cells following 50 �M KCl stimulation (middle panel), and
for percent Ca2� response above baseline (right panel). (D) NPC-derived neurons and astrocytes were analyzed as
described for panel C. Data are from three biological replicate experiments with 50 (fibroblasts) or 100 (neural) cells
analyzed in each replicate. (**, P � 0.01; ***, P � 0.001; ****, P � 0.0001; ns, not significant, as determined by ANOVA
or chi-square test).
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inositol triphosphate and rely on abundant internal Ca2� stores. In contrast, there was
no significant impact on KCl-mediated Ca2� responsiveness in either fibroblasts (Fig.
4C) or neural cells (Fig. 4D), suggesting that membrane voltage-gated channels were
still functioning and allowing extracellular Ca2� to enter the cell. These data demon-
strate that release of internal Ca2� stores following thapsigargin treatment is consistent
with an increase in cytosolic Ca2� levels that other investigators have found in
fibroblasts early after HCMV infection (31). However, the release of intracellular Ca2�

stores does not explain the dramatic decrease in baseline Ca2� levels nor the disruption
of VGCC-mediated Ca2� signaling observed days after HCMV infection in both fibro-
blasts and neural cells (Fig. 2 and 3), suggesting that other mechanisms are likely
involved.

Infection disrupts cortical organoid organization and layering. Since the human
brain develops in a multicellular three-dimensional structure, we next employed the
stem cell organoid system (7) to test the effect of HCMV infection in a more complex
model. Organoids were derived from iPSCs and patterned toward forebrain develop-
ment with defined neural induction medium (7) (Fig. 5A). We found that iPSC-derived
organoids were produced to similar sizes (Fig. 5B) and could be infected with HCMV at
different times of development (Fig. 5C) with similar degrees of susceptibility (Fig. 5D).
To approximate equal MOIs between organoids, the amount of input virus was based
on the two-dimensional area for each organoid determined prior to infection. Mock-
and HCMV-infected organoids were cultured in the presence or absence of 10 �M MBV
throughout the duration of infection. We infected organoids at day 30 (Fig. 6A and B,
D30) or day 60 (Fig. 6D and E, D60) of development, and we observed low levels of GFP
by 2 dpi, robust expression by 6 dpi, and continued GFP spread to 13 dpi in infected
organoids grown in the absence (Fig. 6A and D) or presence (Fig. 6B and E) of MBV. No
GFP expression was detected under mock-infected conditions (Fig. 6C and F).

We first assessed the impact of infection on cellular markers involved in NPC biology.
Our initial assessment was on transcript levels for Sox2, a transcription factor necessary

FIG 5 Three-dimensional cortical organoid generation and infection by HCMV. (A) Multicellular organoids were
generated over a time course of 30 to 60 days, with the developmental steps and culture conditions indicated
during each phase of the differentiation process. Representative bright-field images of early stage organoids are
shown. (B) Image of day 40 organoids prepared in a 10-cm culture dish and later moved to individual wells of a
multiwell plate showing uniformity of size. Scale bar, 0.2 mm. (C) Day 15, 29, and 60 organoids were infected using
HCMV TB40/E-eGFP based on an approximated area at 1 IU/�m2 in individual culture wells, and bright-field and
fluorescent images obtained at 120 hpi. (D) Organoids prepared separately from those used in the experiment
shown in panel B were infected and evaluated for GFP fluorescence at 120 hpi. D, day; ROCK, rho-associated
coiled-coil protein kinase; hiPSC, human iPSC.
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for the maintenance of neural progenitor cell identity, and Pax6, a transcription factor
key to neuroectodermal specification, using RNA isolated from whole organoids. We
observed no significant expression differences between conditions (Fig. 7A and B),
suggesting that infection does not substantially alter early NPC development at the
level of the whole organoid. Using immunohistochemistry of cryosectioned organoids,

FIG 6 HCMV infection spread in cortical organoids regardless of MBV cotreatment. (A to C) Representative
bright-field and fluorescent images of day 30 (D30) organoids infected with HCMV TB40/E-eGFP at a multiplicity of
1 IU/�m2 between 2 and 13 dpi and treated with vehicle or 10 �M MBV or mock infected and treated as indicated.
(D to F) Representative bright-field and fluorescent images of day 60 organoids infected with HCMV TB40/E-eGFP
at a multiplicity of 1 IU/�m2 between 2 and 13 dpi and treated with vehicle or 10 �M MBV or mock infected and
treated as indicated. Images were obtained using a 1� objective at the indicated times.
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we next stained for Sox2 and Pax6. We observed that Sox2 was highly expressed in day
30 organoids under all conditions (Fig. 8). However, we detected differences in the
organization and distribution of Sox2-positive cells. Specifically, under the mock infec-
tion and MBV-only conditions (Fig. 8A and B), Sox2-expressing cells were routinely
organized in a radial neural rosette pattern, reminiscent of neural tube formation (39).
During infection, however, Sox2-positive cells in infected tissues were widely distrib-
uted in an unorganized pattern with sparse rosette formation (Fig. 8C). Treatment with
MBV appeared to restore some of the radial Sox2 neural rosette organization (Fig. 8D),
suggesting that MBV cotreatment exerts a partial recovery of structural development.
Similarly, intense and more radially organized Pax6 staining was observed under both
mock conditions (Fig. 9A and B). Pax6 staining in the infected organoids was less
intense and less organized, with some staining appearing cytoplasmic rather than
nuclear (Fig. 9C); MBV treatment appeared to normalize some of the staining intensity
and expression pattern (Fig. 9D).

Next, we aimed to determine whether HCMV infection disrupted terminal differen-
tiation. We stained for the glial cell marker S100� and found that HCMV infection did
not dramatically impact the overall expression or distribution of S100�-positive cells
(Fig. 10A and B). However, when we stained for the neural marker �III tubulin (Tuj1), we

FIG 7 Whole-organoid expression of early NPC markers is not significantly changed with HCMV infection.
(A) Whole-organoid RNA was isolated at 14 dpi from mock- and HCMV TB40/E-eGFP-infected day 30
organoids treated with vehicle (V) or 10 �M MBV. Three separate organoids were analyzed for each
condition. Expression of Sox2 and Pax6 was assessed using RT-PCR relative to results with the GAPDH
control. (B) Average signal intensity of Sox2 and Pax6 relative to that of GAPDH from three separate
organoids is shown. ns, not significant.
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found an overall reduction in Tuj1 expression and lack of radial organization in
HCMV-infected organoids (Fig. 11C) compared to levels under mock conditions (Fig.
11A and B). We observed a modest effect of MBV on restoring Tuj1 expression and
organization during infection (Fig. 11D). When we stained for Ctip2, a layer V cortical
neuron marker, we found that HCMV-infected organoids exhibited few Ctip2-positive
cells (Fig. 12C), whereas under mock infection and MBV-only conditions Ctip2-positive
nuclei were readily observed near the outer layers of the organoid (Fig. 12A and B).
Interestingly, Ctip2-positive cells were observed in HCMV-infected organoids treated
with MBV (Fig. 12D), suggesting that MBV may restore the ability of NPCs to progress
to more differentiated neurons. These data demonstrate that HCMV infects a small
fraction of cells within the organoids, spreads over time, and disrupts the development
of more layer-specific neuron subpopulations. The addition of MBV appeared to have
limited impact on overall viral spread in whole three-dimensional organoids (Fig. 6) yet
provided some modest benefit for early NPC differentiation.

Loss of Ca2� activity in HCMV-infected cortical organoid-derived cells. Finally,
we aimed to test the functional consequences of infection on organoid-derived neu-
rons and astrocytes. In order to investigate Ca2� channel activities, it was necessary to
dissociate the treated day 30 and day 60 organoids and plate the resulting cells onto
Matrigel-coated coverslips. Organoid-derived neurons and astrocytes reestablished
extensions by 2 weeks postplating. We observed clear GFP expression in the HCMV-
infected cells from both day 30 (Fig. 13A) and day 60 organoids (data not shown), and
the overall number of GFP-positive cells was reduced by MBV coadministration (Fig.
13B). We next performed live-cell imaging on the dissociated organoids as described
above. The GFP-positive HCMV-infected cells from both day 30 and day 60 organoids
had significantly reduced calcium baseline levels prior to ATP stimulation (Fig. 13C and
E, left panels). We observed few ATP-responding cells in the dissociated organoids at

FIG 8 HCMV-infected organoids show disrupted rosette formation and Sox2 expression patterns. Representative
immunofluorescent images of cryosectioned day 30 organoids stained at 14 dpi for Sox2 expression (red) and with
4=,6=-diamidino-2-phenylindole (blue) following mock infection with vehicle (A), mock infection with 10 �M MBV
(B), HCMV TB40/E-eGFP infection (green) with vehicle (C), and HCMV TB40/E-eGFP infection with MBV (D). No GFP
fluorescence was observed under mock conditions. Scale bar, 100 �m.
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both day 30 (Fig. 13C, middle panel) and day 60 (Fig. 13E, middle panel) from any of the
treatment groups, which may be a function of the developmentally later generation of
astrocytes than of neurons (40). However, no GFP-positive cells under the HCMV-
infected conditions responded to ATP at either time point regardless of the presence
of MBV (Fig. 13C and E, right panel). Nevertheless, the few responding GFP-negative
cells under the infected conditions exhibited normal Ca2� responses to ATP stimulation
compared to those of the mock conditions (Fig. 13C and E, right panels), and under the
day 30 organoid condition, we found that MBV cotreatment significantly increased the
number of responding GFP-negative cells to ATP stimulation compared to that under
the HCMV condition alone (Fig. 13C, middle panel). There were no significant differ-
ences in time to respond to ATP or time to recover from stimulation in the day 30
organoids (Fig. 14A).

Based on the immunocytochemistry results, the organoid system generated early
layer-specific neurons. Therefore, we tested neuronal Ca2� function upon KCl stimula-
tion using dissociated cells from both day 30 and day 60 organoids. HCMV-infected
GFP-positive cells at both time points again demonstrated a significant reduction in
baseline Ca2� levels prior to KCl stimulation (Fig. 13D and F, left panels). In day 30
organoids, there were no HCMV-infected GFP-positive neurons that responded to KCl
stimulation, and coadministration of MBV did not increase the number of responding
GFP-positive cells (Fig. 13D, middle panel). However, MBV cotreatment significantly
increased the number of infected GFP-negative cells responding to KCl stimulation
compared to the that of HCMV infection conditions alone, restoring the number of
responding cells to levels observed under mock conditions (Fig. 13D, middle panel).
Surprisingly, the day 30 organoid-derived GFP-negative cells under the HCMV infection

FIG 9 HCMV-infected organoids show disrupted Pax6 expression patterns. Representative immunofluorescence images of
cryosectioned day 30 organoids stained at 14 dpi for Pax6 expression (red) and with 4=,6=-diamidino-2-phenylindole (blue)
following mock infection with vehicle (A), mock infection with 10 �M MBV (B), HCMV TB40/E-eGFP infection (green) with vehicle
(C), and HCMV TB40/E-eGFP infection with MBV (D). No GFP fluorescence was observed under mock conditions. Scale bar, 100 �m.
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condition exhibited significantly higher amplitudes following KCl stimulation than
under the mock conditions (Fig. 13D, right panel), suggesting hyperexcitability, whereas
MBV cotreatment normalized the response amplitude (Fig. 13D, right panel). We also
observed significant variations in the time to respond and time to recover from KCl
stimulation in the day 30 organoids across all conditions (Fig. 14B), further supporting
altered excitability properties in HCMV-infected neurons. Of note, MBV treatment alone
caused small but significant changes in the time to respond and recover from KCl
stimulation compared to that of the vehicle-alone condition (Fig. 14B), highlighting
potential off-target electrophysiological impacts of MBV administration. In day 60
organoids, again there were no HCMV-infected GFP-positive neurons that responded to
KCl stimulation (Fig. 13F, middle panel), and MBV cotreatment did not dramatically
improve this (Fig. 13F, middle panel). However, MBV cotreatment did significantly
increase and normalize the number of infected GFP-negative cells that responded to
KCl stimulation (Fig. 13F, middle panel). The Ca2� response amplitude of all responding
cells was consistent across the conditions (Fig. 13F, right panel), indicating that the
hyperexcitability noted in the day 30 organoids was not maintained in the day 60
organoid population. Overall, these data demonstrate that HCMV infection disrupts
ATP- and KCl-stimulated Ca2� function in cortical organoid-derived cells, which could

FIG 10 HCMV infection does not impact astrocyte labeling in cortical organoids. Representative immu-
nofluorescence images of cryosectioned day 30 organoids stained at 14 dpi for S100� expression (red)
and with 4=,6=-diamidino-2-phenylindole (blue) following mock infection with vehicle (A) and HCMV
TB40/E-eGFP infection (green) with vehicle (B). No GFP fluorescence was observed under mock condi-
tions. Scale bar, 100 �m.
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dramatically impact early brain development. The addition of the antiviral MBV may
offer some protective benefits in neural tissues by limiting the number of cells overtly
infected and allowing for the maintenance of relatively normal cellular Ca2� function
in this GFP-negative cell population. However, MBV has virtually no effect on Ca2�

function in the HCMV-infected GFP-positive cell population.

DISCUSSION

Congenital HCMV infection poses a serious health risk to the developing human
brain, and the advent of the three-dimensional cortical organoid system offers a
valuable view into the early stages of human brain development to allow for investi-
gation into the effects of HCMV infection. We show that although HCMV appears to
infect a small subset of cells (Fig. 6), infection alters both organoid structure and
developing neural function. With regard to overall organoid structure, HCMV-infected
organoids lacked robust rosette formation (Fig. 8 and 12) and the generation of more
terminally differentiated, layer-specific neurons (Fig. 12). Rosette formation in stem cell
culture systems is a hallmark of developing NPCs, and their organization and protein
expression suggest formation of neuroepithelial cells of the developing neural tube
(39, 41). The progenitor cells within the rosette are then capable of neurogenesis and
gliogenesis to populate the developing brain (37, 42). Although overall expression
levels of Sox2- and Pax6-positive NPC populations appear relatively unaffected by
HCMV infection (Fig. 7), their distribution and organization are altered (Fig. 8 and 9).
This could have important consequences and may hinder appropriate migration and
subsequent differentiation into the proper neuronal subpopulations. For example, Pax6
is required for neurogenesis and patterning of the mammalian cortex (43, 44). However,
as there is a close link between regionalization of Pax6 expression and the resulting cell
fate decisions (45, 46), mislocalized Pax6-expressing NPCs (Fig. 9C) could alter the

FIG 11 HCMV-infected organoids show disrupted neuron differentiation. Representative immunofluorescence
images of cryosectioned day 30 organoids stained at 14 dpi for Tuj1 (�III tubulin) expression (white) and with
4=,6=-diamidino-2-phenylindole (blue) following mock infection with vehicle (A), mock infection with 10 �M MBV
(B), HCMV TB40/E-eGFP infection (green) with vehicle (C), and HCMV TB40/E-eGFP infection with MBV (D). No GFP
fluorescence was observed under mock conditions. Scale bar, 100 �m.
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downstream differentiation profile, contributing to a generalized decrease in neuro-
genesis. This is evident in infected organoids with altered Tuj1 staining (Fig. 11C) and
a specific reduction in layer-specific Ctip2-positive neurons (Fig. 12C). Interestingly, loss
of Ctip2 expression in mouse brain disrupts corticospinal tract development (47), a
critical white matter cortical projection tract controlling movements of the limbs and
trunk, suggesting a potential contributor to motor delay in cCMV-infected infants.

Microcephaly is a severe clinical outcome associated with cCMV infection (6). The
smaller head size in infected babies is routinely associated with smaller and less
developed brains. This contributes to impaired neural function and cognitive delay.
How HCMV infection specifically causes the reduction in brain size is not well known,
but our data using human iPSC-derived cortical organoids suggest that HCMV disrupts
NPC organization and the transition to more terminally differentiated populations. This
is consistent with studies suggesting that microcephaly is associated with altered NPC
differentiation (7). Interestingly, our data are largely consistent with studies evaluating
the effect of Zika infection in stem cell-derived organoids (48). Zika infection in cortical
organoids has been shown to induce abnormal rosette formation, increased NPC cell
death, and abnormal terminal differentiation, resulting in smaller and more disorga-
nized organoids (7, 49–51).

We have demonstrated that HCMV-infected cells are no longer capable of generat-
ing normal ATP and KCl stimulation-evoked Ca2� responses (Fig. 3 and 13). This
observation correlates well with the altered neural differentiation and organization
within the organoid because Ca2� signaling is critical for nearly all essential compo-
nents of neural development, including NPC proliferation, migration, and differentia-
tion (52–56). Intracellular Ca2� levels regulate neurodevelopment through activating
downstream calcium modulators, transcription factors, and signaling cascades that
control such key processes as Sox2 gene expression (57). Interestingly, Ca2� signaling
also plays an important role in the rate of NPC migration, whereby lower levels are

FIG 12 HCMV-infected organoids lack terminal differentiation of layer-specific cortical neurons. Representative
immunofluorescence images of cryosectioned day 30 organoids stained at 14 dpi for Ctip2 expression (red) and
with 4=,6=-diamidino-2-phenylindole (blue) following mock infection with vehicle (A), mock infection with 10 �M
MBV (B), HCMV TB40/E-eGFP infection (green) with vehicle (C), and HCMV TB40/E-eGFP infection with MBV (D). No
GFP fluorescence was observed under mock conditions. Scale bar, 100 �m.

Sison et al. Journal of Virology

September 2019 Volume 93 Issue 17 e00954-19 jvi.asm.org 16

https://jvi.asm.org


FIG 13 HCMV infection reduces stimulus-evoked Ca2� responses in organoid-derived neural cells. (A) Day 30 organoids were mock
infected or infected using HCMV TB40/E-eGFP at 0.5 IU/cell and treated with DMSO vehicle control (�vehicle) or 10 �M maribavir (�MBV).
Representative bright-field and fluorescent images of dissociated neurons and astrocytes were taken at 14 days postplating. (B) The mean
GFP fluorescence decreased in HCMV-infected cells with MBV cotreatment. (C) Intracellular Ca2� levels were measured at 14 days
postplating with HCMV-infected cells separated into GFP-positive (G�) and -negative (G�) populations. Intracellular Ca2� levels were

(Continued on next page)
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needed initially to keep NPCs in a migratory state whereas increased Ca2� signaling
arrests migration when cells get to their appropriate positions (58–60). As such, the
diminished Ca2� signaling in the HCMV-infected organoids may have been sufficient to
allow early Sox2 and Pax6 expression to proceed and initiate cellular migration but was
not sufficient to allow for proper organization and terminal differentiation. NPCs use
several different channels and mechanisms to regulate intracellular Ca2� signaling,
including L-type Ca2� channels, transient receptor potential (TRP) channels, and gap
junctions, so future studies will be required to examine which processes are most
relevant to HCMV infection in human neural tissues.

We observed that coadministration with MBV, an antiviral against HCMV, decreased
GFP spread and fluorescence intensity following HCMV infection in two-dimensional
cultures derived from either NPCs (Fig. 1 and 3) or dissociated organoids (Fig. 13).
Therefore, we hypothesized that the number of GFP-negative cells in the MBV-treated
infection would be greater than under the HCMV infection condition alone and more
consistent with mock infection conditions. In dissociated NPCs, we did not observe an
overall increase in the number of GFP-negative cells responding to ATP or KCl with MBV
(Fig. 3). However, there was an increase in the number of responding GFP-negative cells
derived from the organoids (Fig. 13). These data highlight potential mechanistic
differences between two-dimensional and three-dimensional model systems. It has
been observed that neurons, astrocytes, and other cells change their signaling and
proteomic profiles upon infection (61–63). Therefore, it is possible that HCMV infection-
induced changes in the surrounding microenvironment may have hindered neural
maturation and Ca2� signaling properties under the two-dimensional NPC condition
but that the three-dimensional culturing conditions mitigated HCMV-mediated effects.

FIG 13 Legend (Continued)
measured prior to stimulation (left panel), and the total number of cells responding to 10 �M ATP stimulation (middle panel) and the
percent Ca2� response over baseline are shown (right panel). (D) Stimulation using 50 �M KCl as described for panel C. (E) Day 60
organoids were mock treated or infected as described for panel A. Intracellular Ca2� levels were measured at 14 days postplating prior
to stimulation (left panel), and the total number of cells responding to 10 �M ATP stimulation (middle panel) and the percent Ca2�

response over baseline are shown (right panel). (F) Stimulation using 50 �M KCl as described for panel E. Data were collected from four
biological replicate experiments with 100 cells analyzed in each replicate. (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant, as
determined by ANOVA or chi-square test).

FIG 14 HCMV infection altered organoid-derived neuronal response to KCl stimulation. (A) The time to
respond to ATP stimulation (left panel) or recover from ATP (right panel) across the treatment groups.
(B) The time to respond to KCl (left panel) or recover from KCl (right panel). Data were collected from four
biological replicate experiments with 100 cells analyzed in each replicate. (***, P � 0.001, determined by
ANOVA).
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During infection of the three-dimensional tissues, we observed similar degrees of GFP
spread between vehicle- and MBV-treated tissues (Fig. 6), yet infection in dissociated
NPCs showed a significant reduction in GFP spread with MBV cotreatment (Fig. 1). We
speculate that a higher concentration of MBV is required to penetrate the intact
organoid to reduce HCMV spread. Alternatively, it is conceivable that HCMV spread is
less dependent on the viral kinase target of MBV in a multicellular three-dimensional
tissue. This is consistent with observations that HCMV TB40/E cell-associated produc-
tion is less susceptible to MBV than cell-free virus production (64). Regardless, few
GFP-positive cells were responsive to stimulation, suggesting that once cells are
infected, MBV cannot protect or restore neuron and astrocyte functions. A recent study
used stem cell-derived NPCs and organoids to screen small-molecule inhibitors of Zika
infection and found that a combination of a neuroprotective agent and an antiviral
agent improved NPC survival (65). The modest benefit of MBV treatment on organoid
structure (Fig. 8 and 12), on terminal differentiation, as shown in our previous work (18),
and on neural function (Fig. 13) may indicate that MBV, either alone or in combination
with other neuroprotective agents, could help mitigate developmental defects in
congenital HCMV infection.

In summary, this report demonstrates severe functional and developmental conse-
quences to human neural development upon HCMV infection. The use of iPSC-derived
organoids offers a unique insight into the effects of HCMV infection in the human brain,
which may help identify species-specific mechanisms to target for future therapeutic
discovery.

MATERIALS AND METHODS
Cell culture and virus. Viral stocks were prepared by infecting MRC-5 fibroblasts (ATCC) with

HCMV strain TB40/E encoding GFP (66, 67). Cell culture medium was collected and pelleted through
a sorbitol cushion (20% sorbitol, 50 mM Tris-HCl, pH 7.2, 1 mM MgCl2) at 55,000 � g for 1 h in a
Sorvall WX-90 ultracentrifuge and SureSpin 630 rotor (ThermoFisher Scientific). Titers of viral stocks
were determined by a limited dilution assay with the 50% tissue culture infectious dose (TCID50) in
MRC-5 cells in a 96-well dish. At 2 weeks postinfection, HCMV IE1-positive cells were counted to
determine viral titers, reported as the number of infectious units (IU) per milliliter. IE1-positive cells
were determined using a mouse anti-HCMV IE1 antibody (clone 1B12; generously provided by Tom
Shenk, Princeton University, Princeton, NJ).

MRC-5 fibroblasts were cultured in Dulbecco’s modified Eagle medium (DMEM) (ThermoFisher
Scientific) containing 7% fetal bovine serum (FBS) (Atlanta Biologicals) and 1% penicillin-streptomycin
(ThermoFisher Scientific). Cells were plated at 1.0 � 104 cells per well of a 24-well plate onto Matrigel-
coated coverslips. Matrigel was diluted in DMEM, placed on coverslips for approximately 12 h, and
aspirated off prior to plating cells. For experiments involving plated cells, infections were completed
using a multiplicity of 0.5 IU per cell. Mock- or HCMV-infected cells were treated with 1 �M maribavir
(MBV) (provided by ViroPharma, now Shire Plc) or dimethyl sulfoxide (DMSO) as a vehicle control starting
at 2 hpi. Compounds were replaced every 24 h, and at 2 and 5 dpi, cells were used for calcium imaging
experiments.

Three independent iPSC cell lines derived from healthy individuals were used in this study (4.2, 21.5,
and hB53) (68–70). iPSCs were maintained in Essential 8 medium (ThermoFisher Scientific) and were
grown under feeder-free conditions on Matrigel (Corning). Neural progenitor cells (NPCs) were differen-
tiated and maintained as neurospheres (EZ spheres) in Stemline (Millipore Sigma) supplemented with
0.5% N-2 supplement (ThermoFisher Scientific), 100 ng/ml EGF (Miltenyi Biotech), 100 ng/ml fibroblast
growth factor (FGF; Stem Cell Technologies), and 5 �g/ml heparin (Millipore Sigma) as described
previously (37). EZ spheres were dissociated using TrypLE (ThermoFisher Scientific) and seeded at
3.0 � 104 cells per well onto Matrigel-coated coverslips. Plated NPCs were grown in Neurobasal medium
(ThermoFisher Scientific) supplemented with 2% B-27 (ThermoFisher Scientific) and 1% antibiotic-
antimycotic (ThermoFisher Scientific). At 7 days postplating, NPCs were infected with HCMV at 0.5 IU/cell.
At 2 hpi, viral medium was removed, and cells were treated with 1 �M MBV or DMSO as a vehicle control.
These compounds were replaced every 24 h, with treatments continuing for 14 days. NPCs were used for
calcium imaging experiments at 14 dpi.

Cortical organoids. Cortical organoid cultures were differentiated from iPSCs according to a
previously established protocol (7). Briefly, iPSCs were seeded at 9 � 103 cells per well onto 96-well
ultralow attachment plates for embryoid body (EB) formation and grown in Essential 8 medium for
5 days. At day 6, the induction of neural epithelium was initiated by growing EBs in 24-well ultralow
attachment plates and neural induction medium containing DMEM/F12 (Millipore Sigma) supple-
mented with 1% N-2, 1% GlutaMAX (ThermoFisher Scientific), 1% nonessential amino acids (NEAA)
(ThermoFisher Scientific), and 1 �g/ml heparin (Millipore Sigma). At day 11, neural tissues were
embedded in Matrigel droplets, transferred to 60- by 15-mm dishes, and grown in organoid medium
without vitamin A containing DMEM/F12 supplemented with 1% B-27 without vitamin A (Thermo-
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Fisher Scientific), 1% GlutaMAX, 1% antibiotic antimycotic, 0.5% N-2, 0.5% NEAA, 2.5 �g/ml insulin
(Millipore Sigma), and beta-mercaptoethanol (ThermoFisher Scientific). From this point on, or-
ganoids were maintained on a rocker which elicited the circulation of nutrients and prevented
organoids from sticking to the dish. On day 15 and after, organoids were grown in organoid medium
with vitamin A containing Neurobasal medium supplemented with 1% B-27 with vitamin A, 1%
GlutaMAX, 1% antibiotic antimycotic, 0.5% N-2, 0.5% NEAA, 2.5 �g/ml insulin, and beta-mercaptoethanol.
Organoids at day 30 and day 60 were infected with HCMV. Multiplicity was approximated by calculating the
two-dimensional area of each organoid and infecting each at 1 IU/�m2. At 2 hpi, viral medium was removed,
and organoids were treated with 10 �M MBV or DMSO. These compounds were replaced every 24 h, with
treatments continuing for 14 days. The organoids were continuously rocked on a rocking shaker in the
incubator during the course of the experiment. At 14 dpi, organoids were either dissociated and plated or
fixed for staining. For dissociation, organoids were incubated with Accutase (ThermoFisher Scientific) and
plated at a concentration of 3.0 � 104 cells per well of a 24-well dish onto Matrigel-coated coverslips. At 1 h
postplating, the cells were again treated with 1 �M MBV or DMSO. Treatments were replaced every 24 h for
14 days and then used for calcium imaging experiments.

Calcium imaging. Calcium imaging experiments were performed as described previously (38).
Briefly, live-cell calcium imaging was performed using the ratiometric dual-fluorescent calcium
indicator FURA-2AM (ThermoFisher Scientific). Coverslips were loaded with 2.5 �l of FURA-2AM in
2% bovine serum albumin (BSA) in extracellular normal HEPES (ENH) buffer (150 �M NaCl, 10 �M
HEPES, 8 �M glucose, 5.6 �M KCl, 2 �M CaCl2, 1 �M MgCl2) for 1 h, washed with ENH buffer for
20 min, and mounted onto a perfusion chamber. Bright-field and fluorescent images were taken
before recordings. Coverslips were superfused with ENH buffer at 6 ml/min for 1 min prior to
stimulation. To stimulate purinergic responses, coverslips were superfused with 10 �M ATP in ENH
buffer for 1 min starting at 100 s after the start of recording. To stimulate voltage-gated channels,
coverslips were superfused with 50 mM KCl in ENH buffer for 30 s at 175 s after the start of recording.
Cells were washed with buffer between stimulations, with average baseline levels determined 30 s
prior to each stimulation. NIS Elements (Nikon) was used for image acquisition and analysis. A region
of interest (ROI) selection tool was used to record calcium signals from cells. Fifty ROIs were analyzed
for fibroblasts, and 100 ROIs were used for both NPCs and dissociated organoids in each experiment.
Data are plotted as the ratio of bound (340 nm) to unbound (380 nm) intracellular Ca2� over time
in seconds.

RNA and immunofluorescence analysis. RNA was isolated from individual cortical organoids, and
reverse transcription-PCR (RT-PCR) analysis was performed as previously described (37). Briefly, total
RNA was isolated using an RNeasy Mini kit (Qiagen) with on-column DNase treatment, and cDNA was
generated from 1 �g of total RNA using random hexamers and SuperScript III (Invitrogen). PCR was
performed for Pax6 (5=-AACAGATGGGCGCAGACGGC-3=; 5=-GGGCTGTGTCTGTTCGGCCC-3=) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5=-GTGGACCTGACCTGCCGTCT-3=; 5=-GGAGG
AGTGGGTGTCGCTGT-3=) at 94°C for 10 min followed by 30 cycles of 94°C for 1 min, 60°C for 1 min,
and 72°C for 1.5 min. PCR was performed for Sox2 (5=-AGTCTCCAAGCGACGAAAAA-3= and 5=-GCAA
GAAGCCTCTCCTTG-3=) as described above using an annealing temperature of 55°C.

Cortical organoids were fixed with 4% paraformaldehyde (PFA) overnight at 4°C, washed with
phosphate-buffered saline (PBS), and placed in 30% sucrose in PBS. Fixed organoids were then embed-
ded in a cryosectioning mold using optimum cutting temperature (OCT) compound (Fisher Scientific)
and frozen on dry ice. Cryosectioning was performed using a cryostat, and 20-�m sections were
obtained. Sections were mounted directly after cryosectioning and allowed to dry before immunofluo-
rescence analysis was performed. For immunofluorescence, sections were blocked with 5% normal
donkey serum and 0.1% Triton in PBS for 30 min, incubated in primary antibodies overnight at 4°C, and
incubated in secondary antibodies for 1 h at room temperature. The nuclear stain Hoechst was used to
label nuclei. Primary antibodies used were Sox2 (rabbit, 09-0024; Stemgent), Pax6 (mouse; Developmen-
tal Studies Hybridoma Bank [DSHB]), Tuj1 (chicken, GTX85469; GeneTex), Tuj1 (mouse, T8660; Millipore
Sigma), S100� (mouse, S2532; Millipore Sigma), and Ctip2 (rat, ab18465; Abcam). Species-appropriate
fluorescent secondary antibodies were used. An upright TS100 Nikon fluorescence microscope and NIS
Elements were used for imaging and analysis.

Statistical analysis. At least three independent differentiations were performed for each experiment.
Calcium imaging results were analyzed by analysis of variance (ANOVA), a chi-square test, Fisher’s exact
test, and Student’s t test with multiple-comparison post hoc analysis as indicated in the figure legends.
Significance level was determined at a P value of �0.05.
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