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Three-Dimensional Neural Spheroid Culture:
An In Vitro Model for Cortical Studies
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There is a high demand for in vitro models of the central nervous system (CNS) to study neurological disorders,
injuries, toxicity, and drug efficacy. Three-dimensional (3D) in vitro models can bridge the gap between
traditional two-dimensional culture and animal models because they present an in vivo-like microenvironment
in a tailorable experimental platform. Within the expanding variety of sophisticated 3D cultures, scaffold-free,
self-assembled spheroid culture avoids the introduction of foreign materials and preserves the native cell
populations and extracellular matrix types. In this study, we generated 3D spheroids with primary postnatal rat
cortical cells using an accessible, size-controlled, reproducible, and cost-effective method. Neurons and glia
formed laminin-containing 3D networks within the spheroids. The neurons were electrically active and formed
circuitry through both excitatory and inhibitory synapses. The mechanical properties of the spheroids were in
the range of brain tissue. These in vivo-like features of 3D cortical spheroids provide the potential for relevant
and translatable investigations of the CNS in vitro.

Introduction

D isease and injury in the central nervous system (CNS)
have tremendous impacts on quality of life, and there is

a high demand for models to study CNS pathologies and
therapeutic strategies. Neurons and glial cells in the brain
form a complex three-dimensional (3D), intertwined system
and, therefore, engineering the microenvironment for in vitro
investigations presents many inherent challenges.1 Micro-
environmental cues, such as cellular, biochemical, mechani-
cal, and topographical cues, can influence cell behaviors,
including viability, proliferation, differentiation, migration,
and protein and gene expressions.2–6 Notably, many na-
tive microenvironmental cues are lost in traditional two-
dimensional (2D) cultures, in which cells spread on substrates
that are often several orders of magnitudes stiffer than brain
tissue and lack the brain’s extracellular matrix (ECM) orga-
nization.7 Cells in 2D are forced to adapt a planar morphology
and can form intercellular connections only in the lateral di-
rection. These deficiencies have led to the development of 3D
in vitro models of the nervous system.

Three-dimensional in vitro neural models have exciting
potential to bridge the gap between traditional 2D cultures and
in vivo models.1,8 For example, 3D culture of human induced
pluripotent stem cells has enabled the study of microcephaly,9

and the hallmarks of Alzheimer’s disease, amyloid-b plaques,
and neurofibrillary tangles, have been more effectively mod-
eled in 3D cultures than in 2D.10 Historically, 3D neural cul-
tures were developed using scaffolds,3,11–14 and complex cell
compartmentalization and organization have been achieved
through scaffold design.15–17 Recently, neural cells have been
cultured through self-assembly into spheroid structures in
which they can produce their own matrix;18,19 these spheroids
have been suggested to approximate in vivo-like cell behavior
better than scaffold-based cultures.20,21

Several studies of the nervous system function or disease
have incorporated high levels of technological requirements
in their cell cultures.9,16,17,22,23 Combinations of advances,
including multicomponent scaffold design, progenitor cells,
and long-term culture, have given rise to sophisticated
in vitro models of the nervous system. However, complex
neural cultures may be unattainable to many labs due to the
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resources and expertise needed to assemble and maintain
them. In this study we have characterized a relatively simple
3D neural culture approach that provides access to labora-
tory groups that wish to address the myriad of interesting
questions in neurobiology and neuroengineering.

This reproducible method to generate 3D neural spheroids
utilizes culture materials that are commercially available, or
alternatively can be fabricated by a laboratory through stan-
dard biomaterial techniques. This approach requires no pro-
genitor or embryonic cell isolation; only postnatal cultures are
needed. We show that in the relatively short time frame of 2
weeks, the 3D postnatal cortical neural spheroid contains
neurons, glia, and cell-synthesized matrix, is mechanically
similar to in vivo cortex, and is electrically active. This ap-
proach can provide relatively large numbers of 3D micro-
tissues for the study of CNS function, disease, and therapeutics.

Materials and Methods

Cell isolation and culture

Primary cortical tissues were isolated from postnatal day
1–2 CD rats (Charles River), and primary rat hippocampus
tissues (embryonic day 18) were purchased from BrainBits,
LLC. Cell isolation protocol was modified from BrainBits.
The following buffer solutions and media were used: Hi-
bernate A buffer solution—Hibernate A (BrainBits, LLC)
supplemented with 1· B27 supplement (Invitrogen) and
0.5 mM GlutaMAX (Invitrogen); Papain solution -2 mg/mL
papain dissolved in Hibernate A without Calcium (BrainBits,
LLC); Neurobasal A/B27 medium—Neurobasal A medium
(Invitrogen) supplemented with 1· B27, 0.5 mM GlutaMAX,
and 1· Penicillin–Streptomycin (Invitrogen). Briefly, the
tissues were cut into small pieces and placed in papain so-
lution for 30 min at 30�C. Papain solution was removed, and
the tissues were triturated with fire-polished Pasteur pipettes
20 times in Hibernate A buffer solution. The cell solution was
centrifuged at 150 g for 5 min, and the supernatant was re-
moved. The cell pellet was resuspended in Neurobasal A/B27
medium, and debris was removed by passing the solution
through a 40mm cell strainer. The cell solution was washed
once more by centrifuging at 150 g for 5 min, resuspending in
Neurobasal A/B27 medium, and filtering with a cell strainer.
Cell viability at the time of isolation was determined by a
Trypan Blue Exclusion Assay (Invitrogen). Cortical cells were
seeded at densities of 1000, 2000, 4000, and 8000 (1k, 2k, 4k,
8k) cells/spheroid (see Three-dimensional self-assembled
cortical spheroid fabrication). All results are from at least three
independent experiments. Hippocampal cells were seeded at
densities of 125, 1000, and 3300 cells/spheroid.

Three-dimensional self-assembled cortical
spheroid fabrication

Molten 2% agarose (Invitrogen) solution was poured onto
the spheroid micromold with 400-mm diameter round pegs
(#24–96-Small, MicroTissues, Inc.) to obtain agarose hy-
drogels with round-bottomed recesses, termed microwells.
Agarose gels were equilibrated in a culture medium with three
medium exchanges over a 48-h period. Cell solution con-
taining the appropriate number of cells was centrifuged and
resuspended in Neurobasal A/B27 medium. Medium was
aspirated from the gels, and the cell solution (75mL/gel) was

seeded in the agarose gels. Cells were allowed to settle into
the microwells for 30 min, and 1 mL Neurobasal A/B27 me-
dium was added. Cell medium was exchanged 48 h after
seeding and subsequently every 3–4 days.

Whole spheroid immunostaining and optical clearing

Whole spheroid immunostaining and ClearT2 clearing
protocols were adopted.24,25 Briefly, spheroids were fixed in
4% v/v paraformaldehyde and 8% w/v sucrose in phosphate-
buffered saline (PBS) overnight, followed by three 1-h PBS
washes. All of the following steps were performed on a shaker
at room temperature. The following antibodies were used:
mouse anti-b-III-tubulin (Covance MMS-435P, 1:50), rabbit
anti-glial fibrillary acidic protein (GFAP, DAKO Z0334,
1:200), rabbit anti-laminin (BTI BT594, 1:100), mouse anti-
nestin (Millipore MAB353, 1:200), mouse anti-CD11b
(Millipore CBL1512, 1:25), mouse anti-O1 (Millipore
MAB344, 1:50), Cy3 goat anti-mouse ( Jackson 115-165-068,
1:500), and Alexa488 goat anti-rabbit ( Jackson 115-545-146,
1:500). Spheroids were permeabilized and blocked with 1%
Triton X-100 (TX), 10% normal goat serum (NGS), and 4%
bovine serum albumin (BSA) in PBS (B-PBT) for 2 h, and
subsequently incubated in primary antibodies diluted in
B-PBT overnight. Spheroids underwent two 2-h washes with
0.2% TX in PBS (PBT), followed by one 2-h B-PBT wash.
Spheroids were incubated with secondary antibodies in
B-PBT overnight. Spheroids underwent two 2-h PBT washes
and incubated in 1 mg/mL 4¢,6-diamidino-2-phenylindole
(DAPI) in PBT for 1 h and returned to PBS.

ClearT2 20% and 40% w/v polyethylene glycol (PEG) solu-
tions were made in water and 50% v/v formamide (Sigma)
solution was made in PBS. The following incubation steps were
used: (1) 25% formamide/10% PEG for 10 min, (2) 50%
formamide/20% PEG for 5 min, and (3) 50% formamide/20%
PEG for 60 min. Spheroids were kept in a final clearing solution
and transferred to glass-bottomed confocal dishes for imaging.

Spheroid cryosectioning and immunostaining

Spheroid embedding, cryosectioning, and immunostaining
protocols were adapted.24,25 Briefly, spheroids were fixed and
washed as described (see Three-dimensional self-assembled
cortical spheroid fabrication) and subjected to a sucrose gradient
of 15% and 30% w/v sucrose in PBS, for 3 h per step. Whole
agarose gels containing spheroids were embedded in O.C.T.
Compound (Tissue-Tek #4583) and stored at -80�C. Sections,
8mm thick, were cut using a Leica CM3050 S Cryostat and
placed on SuperFrost Plus slides (Fisher Scientific).

Spheroid sections were brought to room temperature, fixed
for 10 min in 4% v/v paraformaldehyde, and washed twice
with PBS. Cells were then permeabilized with 0.1% TX in
PBS for 15 min and washed twice with PBS. Samples were
blocked with a solution of 2% BSA, 10% NGS, and 0.1% TX
for 1 h. Sections were then incubated overnight at 4�C in a
humidified chamber with mouse anti-NeuN (Millipore
MAB377 1:50) in PBS. Following primary antibody incu-
bation, sections were washed twice for 30 min each in PBS,
followed by a 30 min wash with 0.1% TX in PBS. Secondary
antibody, Cy3 goat anti-mouse, was diluted in PBS and sec-
tions were incubated with secondary antibody solution for 1h
at room temperature. Subsequently, sections were washed for
10 min with 0.1% TX, and twice for 5 min each with PBS.
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Sections were incubated in DAPI solution for 7 min, followed
by two 5 min PBS washes. Sections were then mounted with
Fluoromount-G (SouthernBiotech 0100-01).

Imaging and image analysis

For spheroid top-view diameter measurements, phase
contrast images were taken by a Nikon CoolPix 995 camera
connected to a Nikon TS200 microscope with a 10· objec-
tive. Spheroid diameters were measured in Fiji software.
Cell densities at 1 day in vitro (DIV) were calculated by
dividing the number of cells seeded by the spheroid volumes
at 1 DIV. Three independent experiments were performed.
For each density and time point, 12–36 spheroids were
measured.

For immunofluorescence, confocal imaging of whole
spheroids and spheroid sections was performed on a Zeiss LSM
510 Meta Confocal Laser Scanning Microscope built on an
Axiovert 200M inverted microscope with ZEN 2009 software.
10·, 20·, and 40· objectives were used. For Z-stack images,
laser power was kept constant, and gain was adjusted using the
AutoZ Brightness Correction function. Three-dimensional
projections were reconstructed in ZEN.

Cell densities at 14 and 21 DIV were calculated by di-
viding the number of cells in a confocal slice by the slice
volume (Equation 1). DAPI-stained nuclei were automati-
cally counted in Fiji software using Watershed separation
algorithm and particle analysis tool. Cell number was found
by normalizing DAPI-stained nuclei counts (N) to take into
account the potential for a nucleus (diameter, d = 10.23mm)
to cross multiple slices (thickness, t = 2.01mm). Volume was
calculated by measuring the spheroid diameter (D) within
the confocal slice (t = 2.01 mm).

Cell density (cells/mm3)¼ N � (t=d)

p � (D=2)2 � t
¼ 124:46 � N

D2
(1)

To obtain the percentage of mature neurons in 21 DIV 8k
spheroids, 10· confocal images of central region spheroid
sections were acquired. Quantification was performed man-
ually in Fiji software using the Cell Counter plugin. DAPI-
stained nuclei were manually counted, excluding nuclei
with pyknotic appearances. The number of NeuN+ nuclei
were counted and divided by total nuclei counts. All results
were from three independent experiments, 20 sections per
experiment.

Electrophysiology

Cortical spheroids were transferred from the hydrogels and
immobilized by allowing the bottom of the spheroids to ad-
here onto poly-d-lysine (50mg/mL)-coated coverslips for
2 days before clamp recordings. Spheroids were perfused
at*1 mL/min at room temperature with oxygenated artificial
cerebrospinal fluid (aCSF) containing 2.5 mM CaCl2, 1 mM
NaH2PO4, 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO4,
26 mM NaHCO3, 25 mM dextrose, and 1.3 mM Na ascorbate.
Whole-cell voltage clamp recordings at -70 mV were made
from neurons near the surface (<3 cell layers) on the spheroid
using patch pipettes filled with a KCl-based internal solution
containing 125 mM KCl, 2.8 mM NaCl, 2 mM MgCl2, 2 mM
ATP-Mg2+, 0.3 mM GTP-Na+, 0.6 mM EGTA, and 10 mM

HEPES. Current clamp recordings were made with no added
holding current. For spontaneous excitatory postsynaptic
currents (sEPSCs), aCSF contained bicuculline (10 mM) and
strychnine (10mM) to block GABAA and glycine receptors;
for spontaneous inhibitory postsynaptic currents (sIPSCs),
6,7-dinitroquinoxaline-2,3-dione (DNQX; 10mM) was added
to block AMPA receptors.

Mechanical characterization

Mechanical properties were tested with an MFP-3D-BIO
atomic force microscope (AFM, Asylum Research) con-
nected to a Nikon Eclipse Ti-U epifluorescence microscope.
Spheroids were harvested and immobilized (see Electro-
physiology). Neonatal cortex was manually sectioned and
immobilized on a glass coverslip with 2% low-melt SeaPrep
Agarose in water (Cambrex). A 40 · 40 mm2 measurement
area was selected on the top surface of each spheroid, and
4 · 4 measurement points were evenly placed in the area.
Indentation curves were measured using a spherically tipped
cantilever (5mm diameter, average k* 0.027 N/m, Novascan
Technologies, Inc.) with an approach velocity of 10 mm/s, and
force trigger of 1 nN, following previously established pro-
cedures.26 Between 11 and 19 spheroids were tested at each
time point from 2–3 independent experiments. Average in-
dentation depth was >2mm. Elastic modulus was calculated
from force (F) versus indentation curves (d) using a modified
Hertz model (Equation 2) previously described.27–29 In the
equation, R is the effective radius of the cantilever tip, and m is
the Poisson’s ratio, assumed to be 0.5 for incompressible
materials. Outliers, defined as >10 Pa and <2.5· standard
deviation, were removed. Geometric means of the moduli
were calculated. One-way ANOVA with post hoc multiple
comparisons using Bonferroni test was used to perform sta-
tistical analysis.

F(d)¼ 4R1=2Eelastic

3(1� t2)
d3=2 ð2Þ

Results

Cortical cells self-assembled into 3D spheroids

Monodispersed cortical cells were seeded in the micro-
molded hydrogels at seeding densities of 1k, 2k, 4k, and 8k
per microwell. The hydrogel microwells facilitated the as-
sembly of spheroids within 24 h. Spheroid diameters at 1
DIV ranged from 100–230 mm, with size dependent on the
initial seeding density (Fig. 1a, b). Cell density in 1 DIV
spheroids was estimated to be 2 · 106 cells/mm3, indepen-
dent of initial seeding density. Spheroid diameter increased
from 1 DIV to 7 DIV, and between 7 and 21 DIV, less diameter
growth was observed (Fig. 1b). Spheroid diameters were
reproducible within and across experiments (Supplementary
Fig. S1; Supplementary Data are available online at www
.liebertpub.com/tec). Cell densities in 14 and 21 DIV spheroids
(seeded at 8k cells/spheroid) were estimated to be 2–4 · 105

cells/mm3. DAPI staining of central cryosections showed that
spheroids contained healthy cells that were closely packed at 1
DIV (Fig. 1c). At 21 DIV, spheroids contained cells that were
more spread and included healthy cells as well as centrally
located cells with fragmented nuclei (Fig. 1c).
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Neurons and glia formed complex 3D structures
in the spheroids

Neurons and glia were present in the cortical spheroids
and included astrocytes, oligodendrocytes, and microglia, as
well as neural stem/progenitor cells (Fig. 2). At 1 DIV, 8k
spheroids exhibited globular patterns of b-III-tubulin neuro-
nal and O1 oligodendrocyte staining, with short extensions
from GFAP+ astrocytes, nestin+ neural stem/progenitor cells,
and CD11b+ microglia. Cells were highly packed at this
initial stage. From 1 to 7 DIV, the distance between nuclei
increased (Fig. 2, DAPI). Neurites and longer cellular ex-
tensions were visible by 7 DIV. From 7 to 21 DIV, neurites
elongated, formed bundles, and formed a complex network,
and other cells continued extending processes. Neurites and
cellular processes extended in all x, y, z directions (Supple-
mentary Fig. S2 and Supplementary Movie S1). Spheroid cell
composition at 21 DIV was reproducible and was split almost
evenly between NeuN+ neurons (46 – 7%) and other cells,

including NeuN- immature neurons and non-neuronal cells
(54%) (Supplementary Fig. S3). Laminin expression was
detected in spheroids at all time points, and was generally
diffuse, with some areas of localized brighter staining (Fig. 2,
laminin).

Neurons in spheroids were electrically active
and formed synaptic connections

Whole cell patch-clamp recordings were used to charac-
terize the neurons’ electrophysiological properties, including
resting membrane potential, evoked action potentials, spon-
taneous action potentials, and spontaneous postsynaptic cur-
rents (PSCs). Average resting membrane potential for 7 DIV
spheroids was -42.7 – 6.8 mV (n = 8 cells). In response to a
current injection, neurons in 7 DIV spheroids usually failed
to fire an action potential or fired rapidly, failing broad
small action potentials (Fig. 3a). Although sEPSCs (Fig. 3b,
+bicuculline +strychnine panel) and sIPSCs (Fig. 3c, +DNQX

FIG. 1. Size-controlled 3D cortical
spheroids. Monodispersed cortical
cells self-assembled into spheroids in
the micromolded hydrogels and con-
tained viable cells for 21 days. (a)
Phase contrast images of cortical
spheroids at 1 DIV and 7 DIV with
initial seeding densities of 1k, 2k, 4k,
and 8k cells/spheroid. (b) Graph of
spheroid diameter over time. Spheroid
sizes initially increased, then pla-
teaued. Each bar represents 70–86
spheroids that were measured from
three independent experiments.
Mean – SD. (c) Confocal images of
spheroid central cryosections stained
with DAPI at 1 DIV and 21 DIV. Cells
were initially closely packed and
became more spread over time. Ar-
row, fragmented nucleus. Scale bars:
(a) 200mm and (c) 100 mm. 3D, three-
dimensional; DAPI, 4¢,6-diamidino-2-
phenylindole; DIV, day in vitro.
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panel) could be detected, they were of low frequency and low
amplitude.

In 14 DIV spheroids, average resting membrane potential
was -56 – 5.7 mV (n = 7). Neurons fired both evoked action
potentials upon current injection (Fig. 4a) and spontaneous
action potentials (Fig. 4b), suggesting that the neurons in 14
DIV spheroids were more mature than in 7 DIV spheroids.
Among the neurons recorded, we detected repetitive spike,
single spike, and delayed evoked action potential firing
patterns (repetitive firing is illustrated in Fig. 4a). sEPSCs
(Fig. 4c, +bicuculline +strychnine panel) and sIPSCs (Fig.
4d, +DNQX panel) of both large and small amplitudes were
isolated using AMPA and GABAA receptor antagonists,
respectively. Inhibiting sodium channels with tetradotoxin

(TTX) blocks action potential-triggered PSCs. Quantal
events (miniature PSCs) caused by the spontaneous fusion
of neurotransmitter vesicles with the presynaptic membrane
were detectable under these conditions (Fig. 4d, +TTX
panel). These results demonstrate that both glutamatergic
and GABAergic neurons are present in the spheroids, and
the spontaneous PSCs demonstrate that both types of neu-
rons make active synaptic connections onto the recorded
neuron. Similarly to 14 DIV spheroids, evoked and spon-
taneous action potentials, as well as sEPSCs and sIPSCs,
were detected in 21 DIV spheroids (Supplementary Fig. S4),
showing that the neurons remained active. The average
resting membrane potential for 21 DIV spheroids was
-59 – 5.2 mV (n = 8).

FIG. 2. Cortical spheroids contained
CNS cell types, and cells formed
laminin-containing 3D networks.
Confocal projections of 1, 7, 14, and
21 DIV 8k spheroids revealed the
presence of CNS cell types in the
cortical spheroids, including neurons
(b-III-tubulin, red), astrocytes (GFAP,
green), oligodendrocytes (O1, yellow),
neural stem/progenitor cells (nestin,
cyan), and microglia (CD11b, ma-
genta). Nuclei were counterstained
with DAPI (blue). Cell processes
formed 3D networks within the corti-
cal spheroids. Confocal projections
showed laminin expression (gray) in
the cortical spheroids. Scale bar:
100 mm. CNS, central nervous system.
GFAP, glial fibrillary acidic protein.
Color images available online at
www.liebertpub.com/tec
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Cortical spheroids had similar elastic moduli
to cortical tissue

Elastic moduli of spheroids at 1, 7, 14, and 21 DIV and
neonatal rat (P0-2) cortex tissues were assessed using AFM.
As shown in Figure 5, there was a trend of increasing elastic
moduli over time. The modulus for 7 DIV spheroids
(160 – 80 Pa) was twice that of 1 DIV spheroids (80 – 30 Pa,
p < 0.05), and 14 DIV spheroids (190 – 70 Pa) and 21 DIV
spheroids (240 – 60 Pa) were 2.4- to 3-fold stiffer than 1
DIV spheroids ( p < 0.001). The elastic modulus of neonatal
cortex tissue (110 – 70 Pa) was similar to the moduli of 1
DIV and 7 DIV spheroids, but lower than the moduli of 14
and 21 DIV spheroids ( p < 0.05).

Discussion

In scaffold-free, self-assembled spheroid culture, cells
form microtissues that contain a physiologically relevant
microenvironment. In this study, we report a versatile and
controllable 3D spheroid culture using postnatal, region-
specific neural cells. These spheroids present many key
features of the CNS microenvironment, including neuronal
subtypes, glia, neural stem/progenitor cells, 3D structure,

electrical activity, synapse formation, ECM protein pro-
duction, and in vivo-like stiffness.

Versatile culture

The method we described herein provides several
strengths. It uses commercially available materials, is cost-
effective, and is reproducible in spheroid size and cellular
composition. Specifically, it does not require lithography-
based or other microelectronic approaches. It also avoids the
variability associated with approaches such as hanging drop,
spinner flask, and rotary systems.21 Further, neither progen-
itor cell culture nor multistep differentiation is required here.
This approach generates on the order of 1000 spheroids per
neonate rat cortex, depending on the requisite spheroid cell
density, thus demonstrating its potential for high-throughput
assays and for reducing animal use. Spheroid sizes were
controlled by initial seeding densities, with spheroids of all
four seeding densities in this study reaching a stable size by 14
DIV. The spheroids in the micromolded hydrogels are easy to
maintain, contain viable cells for at least 3 weeks, and are not
allowed to fuse due to the micromold’s physical barrier, thus
providing researchers with a stable culture tool.

50pA

100ms
10mV

bicuculline+
strychnine

-45mV

aCSFaCSF

50pA

500ms

50pA

500ms

aCSF +DNQX

a

b c

FIG. 3. Seven DIV spheroids contained neurons with immature properties. Neurons in 7 DIV 8k spheroids either failed to
fire an action potential upon current injection or fired low amplitude, failing action potentials. (a) Example of a recorded
neuron responding to somatic current injections by firing short, rapidly failing action potentials (current clamp recording).
Lower panel: current injection protocol. (b) Example traces of spontaneous synaptic activity (voltage clamp recording
holding the neuron at -70 mV). Left panel: spontaneous PSCs recorded in aCSF. Right panel: sEPSCs were isolated with
GABAA receptor antagonist bicuculline and the glycine receptor antagonist strychnine. (c) Left panel: traces of spontaneous
PSCs recorded in aCSF. Right panel: sIPSCs were isolated with the AMPA receptor antagonist DNQX. aCSF, artificial
cerebrospinal fluid; DNQX, 6,7-dinitroquinoxaline-2,3-dione; PSCs, postsynaptic currents; sEPSCs, spontaneous excitatory
postsynaptic currents; sIPSCs, spontaneous inhibitory postsynaptic currents.
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This culture method has the potential to be applied to a
wide range of neural cell types.24 Here we have characterized
rat postnatal cortical spheroids, and additionally, to demon-
strate that other types of neural cells can self-assemble, we
fabricated spheroids using rat hippocampal cells. Hippo-
campal cells from a commercially available tissue source
formed spheroids, and the spheroid sizes were dependent on
the seeding densities (Supplementary Fig. S5). We have
previously fabricated spheroids from rat adult hippocampal
neural stem cells and glioma cells.24 This method also allows
for coculture to study cell–cell interactions.30 Of note, the
seeding protocol allows for independent treatment of cell
groups before combining them in the spheroid.31

In vivo-like cell morphology and structure

Cell density in the brain (*1 · 105 cells/mm3 in mouse)
is higher than in most other organs.23,32 The spheroid culture
allows for high density, which can mimic in vivo intercel-

lular distance and communication better than scaffold cul-
tures.1 Cell density in spheroids at 1 DIV (2 · 106 cells/
mm3) was approximately one magnitude higher than in vivo
density. Cell aggregation in the spheroid can be described
as close packing of spheres,33 thus the initial cell density
within the spheroid is dependent on cell size rather than the
number of cells per spheroid. Densities in the spheroids
decreased as cells spread and extended processes over time,
so that densities in 14–21 DIV spheroids (2–4 · 105 cells/
mm3) approached the magnitude of in vivo density.

The 8k spheroids of this study provided microtissues that were
easy to visualize and manipulate; however, after 21 DIV we
observed the presence of centrally located pyknotic nuclei, as has
been seen in other models.9 We note that even in a microtissue
containing some unhealthy cells, the healthy cells, including
neurons, glia, and neural stem/progenitor cells, were able to ex-
tend robust networks of processes. Further, neurons in these
spheroids were electrically active and formed synaptic connec-
tions. For future studies in which higher viability is required (e.g.,

aCSF bicuculline +
strychnine 

bicuculline +
strychnine +
 DNQX

aCSF aCSF + 
DNQX + TTX

50pA
500ms

c d

50pA

-55mV

50pA

-60mV

a b

100ms
10mV

50pA
500ms

100ms
10mV

aCSF + DNQX

FIG. 4. Fourteen DIV spheroids contained mature neurons with synapses. Neurons in 14 DIV 8k spheroids fired both
evoked and spontaneous action potentials. Both sEPSCs and sIPSCs were detected. (a) Evoked action potential. Lower
panel: current injection step. (b) Example traces showing evoked action potentials followed by a spontaneous action
potential. (c) Left panel: traces of spontaneous PSCs recorded in aCSF (voltage clamp recording at -70 mV). Middle panel:
sEPSCs were isolated with GABAA receptor antagonist bicuculline and glycine receptor antagonist strychnine. Right panel:
spontaneous PSCs were completely blocked with glutamate receptor antagonist DNQX, confirming that they were mediated
by AMPA-type glutamate receptors. (d) Left panel: spontaneous PSCs recorded in aCSF (voltage clamp recording at
-70 mV). Middle panel: sIPSCs were then isolated using DNQX. Right panel: traces of miniature sIPSCs remaining after
addition of the sodium channel blocker tetradotoxin (TTX). These are individual quantal events.
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models of hypoxia, injury, or stroke), smaller spheroids could be
generated to optimize oxygen and nutrient diffusion.

Within the spheroids, neurites and cellular processes ex-
tended in all directions. Previous research showed that
neurites in spheroids can extend to millimeters in length.19

The period of increasing spheroid diameter correlated with
the internal structural changes of growing extensions and
increasing distance among nuclei.

Self-sorting of cell types has been seen in many hetero-
typic spheroid cultures.34–36 In our cortical spheroids, glia
were dispersed among the neurons, suggesting neuron–glia
interactions, which are important in vivo for neuron ho-
meostasis.37 In future experiments, to approximate other
cellular composition, such as that of adult brain, defined cell
media could be used to promote proliferation of specific
neural cells within the spheroid.

The importance of ECM has become increasingly rec-
ognized, especially since many neurological diseases are
hallmarked by a change in the ECM composition.38–40 In
many scaffold-based cultures, the scaffold introduces for-
eign ECM to the microenvironment, which can potentially
modify cell behavior and mask disease-related changes in
the culture model. In the spheroids of this work, the cells
produced all of the ECM. In the present study, we chose
laminin as a candidate ECM molecule because of its role in
neurogenesis, cell migration, axon guidance, oligodendro-
cyte maturation, and axon myelination.41,42 Laminin pro-
duction in the cortical spheroids demonstrated the culture’s
advantage of inherent production of ECM, as well as the
absence of introduced foreign materials.

Active circuitry in the spheroid

Electrical activity and network formation through syn-
apses are key functional features of neurons.12,17,43–45

Whole-cell patch-clamp recording, used to assess electro-
physiological properties of single neurons, has been difficult
in 3D because scaffold materials break or occlude the ul-
trathin glass pipette tips. Thus, 3D cultures have typically
been limited to extracellular field potential recordings of far
lower resolution and generally do not identify neurotrans-
mitter type.1,16 Here, spheroids can be removed from the
hydrogel mold and immobilized on coverslips, making this
3D culture compatible with patch-clamp recording. Whole-
cell recordings at 14 and 21 DIV showed that the neurons in
the spheroids had matured and were able to fire spontaneous
and evoked action potentials associated with mature neu-
rons. The difference in firing patterns among the neurons
recorded may result from different neuronal subtypes within
the spheroids. We note that resting membrane potentials
of neurons in spheroids were less negative than in vivo
(-64 mV).46 One possible explanation is the greater synaptic
connectivity in the spheroids. Spontaneous PSCs revealed
functional synapse formation and robust communication
among cells in the culture. Using specific pharmacological
tools to block AMPA receptors and GABAA receptors, re-
spectively, allowed us to characterize both excitatory and
inhibitory synapses in the circuitry.

Brain-like mechanical properties

Neural cell functions such as differentiation, migration,
neurite outgrowth, and response to toxins are affected by
substrate stiffness.2,7,47–49 In contrast to typical tissue cul-
ture materials—that is, polystyrene with an elastic modulus
on the order of gigapascals—these cortical spheroids had
elastic moduli in the range of neonatal brain tissue (110 Pa,
this study) and of adult brain tissue (<1000 Pa).50 The in-
crease in spheroid elastic modulus over time correlated with
changing cell morphology within the microtissues, as cells
in spheroids were round when spheroids first self-assembled
and spread in late-stage spheroids. These changes may re-
flect a previously demonstrated correlation between internal
tension and actin bundle formation within spread cells.27

Although the commonly used cell culture hydrogels,
collagen I gels (0.5–12 kPa)51 and Matrigel (450 Pa),52 also
have elastic moduli in the range of brain tissue, they contain
proteins that are not normally present in the brain. In the
present study, spheroids contained only cell-secreted pro-
teins. Taken together, spheroids’ physiological mechanical
properties may influence spheroid cellular behavior in
beneficial ways.

Conclusions

Studies of the formation, health, pathology, and repair of
the CNS have tremendous potential for advancement with
the use of 3D in vitro approaches. Neurodegenerative dis-
orders, brain injury, and neural connectivity are but a few of
the issues demanding rigorous investigation. We have re-
ported an efficient and effective method to culture primary
cortical cells in 3D spheroids. Without replicating either the
size or the organization of the cortex, we have generated a
robust microtissue. The spheroids recapitulate several key
features of the in vivo cortical tissue, including cell types,
cell morphology, circuitry formation, ECM production, and
mechanical properties. This 3D culture can serve as an at-
tractive tool to study neurological disease and injury, to
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screen therapeutic agents, and to gain insights into the or-
ganization and function of the CNS.
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