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FOCUS: NEUROSCIENCE

Over a Century of Neuron Culture: From the
Hanging Drop to Microfluidic Devices

Larry J. Millet and Martha U. Gillette*
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Nanotechnology Laboratory, University of lllinois at Urbana-Champaign, lllinois

The brain is the most intricate, energetically active, and plastic organ in the body. These
features extend to its cellular elements, the neurons and glia. Understanding neurons, or
nerve cells, at the cellular and molecular levels is the cornerstone of modern neuroscience.
The complexities of neuron structure and function require unusual methods of culture to de-
termine how aberrations in or between cells give rise to brain dysfunction and disease. Here
we review the methods that have emerged over the past century for culturing neurons in
vitro, from the landmark finding by Harrison (1910) — that neurons can be cultured outside
the body — to studies utilizing culture vessels, micro-islands, Campenot and brain slice
chambers, and microfluidic technologies. We conclude with future prospects for neuronal
culture and considerations for advancement. We anticipate that continued innovation in cul-
ture methods will enhance design capabilities for temporal control of media and reagents
(chemotemporal control) within sub-cellular environments of three-dimensional fluidic
spaces (microfluidic devices) and materials (e.g., hydrogels). They will enable new insights
into the complexities of neuronal development and pathology.

INTRODUCTION
These cells are destined to become either

Early in embryogenesis, neuron pre-
cursor cells, the neuroblasts, divide and dif-
ferentiate into the cellular components of
the brain and peripheral nervous system.
They develop specific cellular fates while
migrating to pre-determined destinations.

neurons or glial cells. Nascent neurons ex-
tend multiple protrusions that can become
highly elaborate with many tree-like
branches, or arborizations. They become
highly polarized structurally and are spe-
cialized for electrical and chemical com-
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Figure 1. Timeline of emergence of methods for culturing neurons. After the success-
ful culture of vertebrate cells and tissues by Ross Granville Harrison at Yale in 1910, suc-
cessive refinements for culturing neurons emerged. The timeline shows the approximate

date of publications introducing the use of each method.

munication. The most highly branched pro-
trusions are the dendrites, which act as an-
tennae that receive incoming signals and
transmit them to the cell body. A single
axon, a neuronal extension specialized for
signal transmission downstream to other
cells, communicates with neurons, organs,
muscles, and skin. As the brain forms, neu-
rons participate in increasingly extensive
networks. These multiple extensions exist in
many complex extracellular microenviron-
ments. Communication between neurons
and their downstream targets is typically
achieved via synaptic specializations, where
chemical or electrical signals are transmit-
ted between neuronal circuit elements.
Unlike other types of cells, neurons are
elongate. The soma extends processes that
become highly branched and whose length
is often many times the soma’s diameter.
Terminal points of these branches reside in
different spatial domains from the soma and
other processes with distinct chemical, phys-
ical, and fluidic features. Consequently,
studying neuronal cytoarchitecture is chal-
lenging and complex [1,2]. Nevertheless,
understanding how the structure of the neu-
ron influences its function is critical [3]. Dis-
covering how local signals direct neuronal
development has been impeded by the in-
ability to access and control local microen-
vironments of the complex neuronal
cytoarchitecture. Since in vitro studies in
many cases require simulating the in vivo
microenvironment of cells, convenient and
viable in vitro techniques are critical prereq-
uisites for studying neuron cells. The chal-
lenge has been to make them accessible for
in vitro laboratory manipulation. New ways

of interrogating sub-regions and their mi-
croenvironments are being developed that
enable differential control of sub-regions of
individual dendrites and axons [4].

The emergence and implementation of
traditional, in vitro-based cell culture meth-
ods have advanced understanding of neu-
ronal development in highly significant
ways. The first notable thrust occurred more
than a century ago. While conducting em-
bryological research at Yale University, Ross
Granville Harrison published findings on the
developing neuron that quickly transformed
biological sciences by seeding new direc-
tions for developmental investigations, sub-
stantially changing neuroscience [5]. By
applying the bacteriologists’ tools to verte-
brate embryology, Harrison developed a
method that demonstrated — for the first
time — that living tissues from vertebrates
could be cultivated and studied outside the
body. His studies also answered important
questions relating to the growth and devel-
opment of nerve cells into nerve fibers.

Borrowed or invented, techniques for
culturing neurons in vitro have evolved to
answer uniquely neurobiological questions.
These techniques have been applied in stud-
ies on the development and function of cells,
tissues, and organs. As newly developed
methods are refined, further insights into cell
function can be obtained; new ideas and
questions emerge to further propel the field
of study toward answering more weighty
and complex conundrums. In this way,
methodological developments in basic sci-
entific research advance our understanding
of the nervous system, improving access to
specific cellular relationships and elucidat-
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Figure 2. The hanging drop. (a) Schematic diagram of the hanging drop technique. (b)
Photograph of a hanging drop replica assembled as previously described [5]. Scale bar =
7.5 mm. (c) Ross Harrison’s 1909 camera lucida drawings of a growing nerve fiber in the
hanging drop culture. The fiber shown was cultured from the brachial region of a Rana syl-
vatica embryo; prior to tracing, the fiber extended 800 um over 4 days. The stationary sil-
houetted red blood corpuscle gives perspective to the dynamic growth of the nerve fiber
over 47 minutes. Modified from [5] and used with permission.

ing both the mechanistic and integrative
bases of diseases and disorders of the nerv-
ous system.

By reviewing the origins and progress of
neuron culture methods, beginning with Har-
rison’s pivotal publication, we can appreciate
how acquiring, improving, and interjecting
new methodologies into conventional prac-
tices enhances our ability to advance under-
standing of neuronal structure and function.
Harrison’s contributions changed the way we
view and investigate cells of the body and
brain. Here, we address fundamental techno-
logical shifts in the ability to culture neurons
over the past century since Harrison proved
the neuron doctrine, that the nervous system
is composed of discrete cells. We first address
methods to culture nervous tissue and neu-
rons and then focus on approaches to manip-
ulate neuron growth and differentiation in
vitro using micro-islands, Campenot cham-
bers, and microfluidic devices. These ap-
proaches have enhanced understanding of
how neuronal development and function are
shaped by the local chemical, physical, and
fluidic environments of its intricate morphol-
ogy. They are enabling new insights into how
signaling mechanisms change in neuronal

pathologies. Finally, we discuss future direc-
tions, looking toward prospects for neuron
culture over the coming years.

THE DEVELOPMENT OF CELL
CULTURE METHODS

Over the past century, diverse methods
to enable the culture, observation, and de-
velopment of neurons in vitro have emerged.
Figure 1 provides a timeline overview of the
development of culture techniques, each re-
viewed here in greater detail. Table 1 pres-
ents the benefits and limitations of tissue and
neuron culture methodologies.

The Hanging Drop

In the early 20th century, the develop-
ment of the capability to culture living cells
enabled observations that were a marked
change from conventional fixed-tissue his-
tology of the 19th century. To answer the
contentious questions surrounding the un-
usual morphology of neurons, Ross Harrison
sought “... to obtain a method by which the
end of a growing nerve could be brought
under direct observation while alive” [6].
While working at Yale in 1910, Harrison
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Table 1. Benefits and limitations of tissue and neuron culture methodologies.

Hanging Drop [5-7]
Benefits

Simple design: Easy to assemble and requires no special equipment.
Culture integrity: Contamination isolated to individual cultures.
Convenience: Convenient closed-system assembly for handling tissue cultures.
Histology: Compatible with histological preparations.
Visualization: Acceptable for microscopic imaging.

Limitations
Device handling: Hermetically sealed device is cumbersome for extending culture duration.
Fluidic control: Uncontrollable fluidic environment.
Longevity: Low media-to-cell ratio causes nutrient depletion and waste accumulation.
Culture uniformity: Ranging from individual cells to tissue fragments.
Necrosis: Tissue chunks in culture are prone to necrosis.
Visualization: Challenging for cell and morphological identification.

Carrel Flask [13,21]

Benefits

Longevity: Extends viable cultures months beyond the hanging drop method.
Fluidic control: Increases culture media to cell ratio.
Gas exchange: Improves gas exchange for pH control by introducing known gas mixtures.
Large capacity: Increased capacity for cell and tissue cultures.
Biochemistry: Useful for biochemical studies, e.g., cell/tissue extraction.

Limitations
Fluid control: Difficult to control lateral spread and size of the plasma coagulum.
Variability: Plasma coagulum variability influences cell spread, growth rates.
Sample control: Cultures prone to plasma clot dissolution, reducing culture longevity.
Media stagnation: Impacts culture uniformity.
Histology: Cumbersome for histological preparations and sample preservation.
Contamination: Contamination can affect numerous cultures in a single flask.

Roller Tube [22,32]

Benefits

Utility: Broad, for suspended tissue cultures, organotypic slice cultures, or combined for coverslip
cultures ("flying coverslips").
Gas exchange: Improves media and gas circulation for improved uniformity.
Longevity: Reduces tissue necrosis and enables culture durations for months.
Convenience: A low-maintenance method.

Limitations
Visualization: Challenging and cumbersome for cell imaging, especially microscopic cinematography.

Slide Chamber [22,43]

Benefits
Utility: Different chamber designs confer a range of benefits.
Longevity: Continuously supplies new media to cultured tissues.
Biochemistry: Amenable for testing effects of pharmacological agents on cultures.
Visualization: Improves imaging of cultured cells and tissue.
Limitations
Low throughput: Costly chambers prohibit many parallel cultures.

Campenot Chamber [63,68,69]

Benefits
Utility: Permits compartmentalization of peripheral neurons in vitro for sympathetic neuron growth
and signaling studies in an easily accessible cell culture Petri dish.
Visualization: Neurons easily visualized using conventional microscopic methods.
Fluid control: Media exchange and fluid control not complicated or cumbersome.
Low cost: Simple, cost-effective constructs for cell culture.
High throughput: Many samples can be analyzed in parallel within the same chamber device.
Limitations
Assembly: Requires silicone grease and prone to leakage.
Versatility: Due to the size, the Campenot chamber is limited to large peripheral neurons that grow
very long processes; is not compatible with many neurons of the brain and spine.
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Table 1 cont. Benefits and limitations of tissue and neuron culture methodologies.

Brain Slice Chamber [38,39]

Benefits

Utility: Permits slices of brain tissue to be maintained in vitro with neural circuitry and integrative
functions intact. Highly controlled access to subcellular regions, single cells, and neuron networks.
Design pattern produces nearly identical replicates with chemotemporal, spatial control. High repro-
ducibility.
Experimental feasibility: Brain slice chambers can be made or purchased with many designs that
permit controlled fluid exchange, optical transparency for imaging studies, exposure to moist gas, low
water evaporation; thermally stabile; physically confine neurons to tissue.
Visualization: Cells, tissues, and nerves easily visualized using conventional microscopic methods.
Electrophysiology: Direct access to the neurons, axonal tracts and nerves by extracellular, sharp
and patch electrodes, as well as multi-electrode arrays (MEAS).
Fluidic control: Temporal and spatial fluidic control permits numerous possibilities for stimulation, in-
hibition, and perturbations.
Low cost: Simple, cost-effective constructs for tissue culture.
Versatility: Highly versatile in materials and design; can be tailored to experimental design needs.
Shear stress: Laminar flow fields can be kept low for experiments with sensitive tissues.

Limitations
Assembly: Requires purchase or machine-shop fabrication of designer environments.
Throughput: Low, although several brain slices can be co-cultured within the same chamber device.
Evaporation: Inevitable if the access port is left open more than briefly; drying can cause a surface
scab to form, which is a barrier to oxygen and leads to tissue death; changes in media osmolarity can
confound results, killing cells if not controlled.

Microfluidic Device [4,91,118,139,140]

Benefits

Utility: Compartmentalization of single or co-cultured neurons, glia in PDMS device with flexible de-
sign. Highly controlled access to subcellular regions, single cells, and neuron networks. Template pro-
duces many, nearly identical replicates, with chemotemporal, spatial control. High reproducibility.
Experimental feasibility: PDMS-based devices permit controlled fluid exchange, optical trans-
parency for imaging studies, gas permeation; low in water evaporation; thermally stabile; physically
confine neurons to control connectivity.
Visualization: Cells easily visualized using conventional microscopic methods.
Fluidic control: Temporal and spatial fluidic control permits numerous possibilities for fluidic isolation,
stimulation, and perturbations; valves can be built-in.
Low cost: Simple, cost-effective constructs for cell culture.
Throughput: Many samples can be analyzed in parallel within the same chamber/device.
Versatility: Highly versatile in materials and design; can be fabricated for specific cell and process
sizes and geometries. Designs highly flexible, tailored to experimental design needs.

Limitations
Assembly: Requires purchase or training to fabricate designer environments.
Behavior of gas fluxes not optizimized vs. conventional cultures: Gas solubility, permeability,
and diffusion may be material- and/or dimension-dependent.
Evaporation: Inevitable at micro- and nano-scale volumes; changes in media osmolarity can con-
found results, kill cells if not controlled.
Shear stress: Laminar flow fields can potentially confound experiments with sensitive neurons.
Substrate uptake of media components/release of materials: Adsorption, absorption, and desorp-
tion have the potential to bias cell growth or response in microfluidics.

conducted one of the most significant studies
in the field of neuroscience, using the hang-
ing drop technique to establish culture con-
ditions that permitted direct observations of
living cells in vitro. He determined for the
first time that the nervous system is cellular.

The hanging drop is a culture technique
whereby cells or tissue fragments are at-
tached to a coverslip and bathed in a drop of
partially coagulated serum or lymph (Figure

2). The coverslip with the tissue-containing
coagulum is inverted so that the clot is hang-
ing, then the coverslip is attached and sealed
to a microscope slide with a glass impres-
sion in which the drop hangs. Through this
elegant approach, Harrison demonstrated
that nerve fibers form from cells. His results
provided incontrovertible proof that the
nervous system is composed of individual,
discrete cells: the neuron doctrine hypothe-
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sis. The neuron doctrine was in direct oppo-
sition to the reticular theory, which posited
that the nervous system was an acellular,
reticular network of fibrils. In settling this
debate, Harrison also reported the biologi-
cal significance of in vitro cultures, includ-
ing the normal cellular differentiation of
various cell types, the contraction of muscle
cells, and ciliary movement. For individual
nerve cells, he demonstrated differentiation,
migration, neurite elongation rate, interac-
tions, and anastomoses [5].

The simplicity of the experiment belies
the cumbersome logistics of developing suc-
cessful cultures. Neural tube fragments from
the embryonic frog were placed in a drop of
fresh frog lymph, on flame- or heat-steril-
ized coverslips, and bathed in moist envi-
ronments. Pioneering cell cultures was a
difficult task without bulk quantities of ster-
ile supplies, defined reagents, and antibi-
otics. Nevertheless, when addressing his
successes, Harrison credited the common
utility of the “hanging drop culture” to bac-
teriological studies and acknowledged the
amalgamation of ideas rather than taking
credit to himself [7,8].

By 1913, another significant application
of the hanging drop technique was achieved
when Levaditi used the hanging drop to in-
vestigate interactions of polio and rabies
viruses with cells and obtained the first cul-
ture of the poliomyelitis virus using neurons
from monkey spinal ganglia [9-12]. He con-
cluded that viruses are intracellular parasites
incapable of reproduction in nutrient media
alone. These studies substantiated his claim
against the prevailing dogma that viruses
were the product of degenerated lethal
genes. Furthermore, Levaditi’s cultures in
the hanging drop were early contributions to
the armamentarium used in understanding
the nature of the virus, producing a vaccine,
and eradicating disease.

Harrison’s methods of cell culture were
rapidly adopted and adapted by others and
applied to mammalian tissues. Also in 1910,
Burrows and Carrel used conditioned and
unconditioned plasma in hollow glass slides
for cultivating differentiated mammalian tis-
sues, including vascular tissues, cartilage, en-

dothelium, bone, epidermis, thyroid, spleen,
and kidney. This method enabled the first
culturing of adult mammalian tissues and or-
gans outside the body [13]. In the following
year, Lewis and Lewis, researchers at Johns
Hopkins, reported improvements on tissue
cultures of Carrel and Burrows, who used
body fluids as the culture media. Lewis and
Lewis used an artificial media consisting of
a simple salt solution and chicken bouillon
[14]. Artificial media rapidly replaced lym-
phatic fluids as the medium of choice for cul-
tivating cells and defined culture media
formulations, enabling more control of the
environment, improving reliability and re-
producibility [15-17]. Cell culture methods
expanded, enabling the observation of spon-
taneously contracting cardiac myocytes in
isolation [18], connective tissues in culture
[19], and mitochondria in cultured cells [20].
New methodologies for live cell investiga-
tions were exciting, for they added a new
level of observation and analysis well be-
yond the technical limitations of histopatho-
logical techniques.

These early experiments led to the emer-
gence during the 1920s of identifiable scien-
tific foci. The first was to resolve problems of
viability, longevity associated with cell
growth, nutrition, and multiplication. Experi-
mental criteria for defining and improving
culture requirements continued to follow the
assessments Harrison had applied, assaying
cell migration and culture duration. These cri-
teria proved valuable in determining the ef-
fectiveness of various formulations of salts,
osmolites, pH, temperature, glucose, and other
nutrients. Research for decades thereafter
would be concentrated primarily on develop-
ing precise conditions for culturing a broad
range of animal tissues, from insects to man.
A second focus was on defining the processes
of cellular differentiation and tissue organiza-
tion. Common to these developments was the
invention of culture-assisting devices devised
to answer specific questions, solve immediate
problems, or overcome technical limitations
or constraints of existing methods. The result
has been a developmental progression of op-
timizing culture conditions with new devices
for culturing neurons and brain tissue.
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Figure 3. Culture flasks. Replicas of two glass culture flasks introduced by Alexis Carrel
for long-term tissue culture. a) Culture flasks labeled 1 and 2 correspond to the cross-sec-
tional schematics of flasks 1 and 2 shown in b. b) Five types of culture flasks were devel-
oped by Carrel for cell and tissue culture [21]. The range of fabrication approaches were
modifications to permit easy access to the sample for placement and maintenance. Thin
mica sheets 3 to 5 (top and/or bottom) were used in place of glass for imaging cultures
with higher power microscope objectives [8,9]. Gaskets and ports were incorporated in the
flask designs to permit access to the culture and for media exchange.

Despite the effectiveness of the hanging
drop, its limitations proved obvious when
dealing with long-term cultures or its com-
patibility with different types of cells and
cultures. This drove the development of a
range of devices designed to meet the many
requirements for aseptic cultivation of cells
and tissues in vitro.

Carrel Flasks

A range of culture flasks were devel-
oped in 1923 by Alexis Carrel to “maintain
tissues in a condition of uninterrupted
growth in a medium which does not deteri-
orate spontaneously” [21]. The flat surfaces
and angled necks of these culture flasks en-
abled long-term cultivation by providing
easier access to the culture for exchanging
media and improving cell observation. Fea-
tures of the five different models include one
or two angular necks, flat bottoms that fa-
cilitate visualization, and removable mica or
glass plates for easy access to the inner flask
(Figure 3). These advances improved culture
techniques and prolonged viability through
accessibility for culture maintenance. This
enabled the biologist to approach research
questions with a control beyond that which
was achievable with the hanging drop. The
flask permitted greater media volumes, sup-
ported more cultures in the same device, en-

abled the introduction of select gas mixtures,
and extended culture durations. However,
the new apparatus did not circumvent vari-
abilities associated with the plasma coagu-
lum, particularly clot spread and proteolytic
clot dissolution. Because clot size influences
cell spread and growth rates, uniform cul-
tures could not be achieved [22]. At one
point, perforated cellophane was substituted
as a culture substrate for tissue attachment
and cell spread, including an effort to reduce
confounding effects of tissue fragments in
clots [23-26]. Notwithstanding these disad-
vantages, the improvements of the Carrel
flask proved useful for studies on mitosis
and cell migration, media/tissue extracts,
proteases, amino acids, and toxins [22]. The
efficacy and influence of the culture flask
extended far beyond Carrel’s initial studies,
and the essence of the culture vessel persists
today in studies throughout the biological
sciences, including neuroscience.

Roller Tubes

Cultures using the test tube, the prede-
cessor to the roller tube, pre-date the hang-
ing drop technique by at least a decade, in
reports as early as 1897 [27]. Throughout
the history of their usage, roller tubes of-
fered some advantages to the static culture
systems by providing a gently kinetic envi-
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ronment. Early tube cultures were particu-
larly useful in determining the effects of hy-
drogen and oxygen on cultures from various
organ tissues [27]. Then, in 1933, the test
tube was modified into the roller tube and
introduced as “an improved technique” for
large-scale tissue culture [28]. Aside from
the Carrel flask, the roller tube approach was
used in early studies to improve culture uni-
formity and media circulation for free-float-
ing and adherent tissues in a coagulum.
Mary Hogue's detailed report in 1947 de-
scribes both the ability to extend cultures for
3 to 4 months (up to 143 days) and the ben-
efits and challenges of using hanging drop
and roller tube cultures [29].

To improve visualization of flask-cul-
tured tissues, flattened portions were made
similar to the Carrel flask [22]. Additional
modifications included hexagonal tubes
[22], sponges [30], and the “flying cover-
slip,” where cultures of adult human cere-
brum and cerebellum were established on a
coverslip and maintained in a roller tube
through continuous rotation [31,32]. Over
the last decade, new methodological reports
employ the roller tube for sustaining organ-
otypic brain slice cultures (slices of living
brain tissue usually thinner than 500 um
thickness and sustained in culture) [33-37].
Notwithstanding the benefits conferred
through the roller tube, the most significant
factors limiting the utility of this device
were low compatibility with imaging and
poor access to the tissue.

Brain Slice Chambers

Studying individual neurons in dissoci-
ated cultures has been the method of choice
for decades owing to the ease with which
neurons can be isolated, maintained, and ob-
served. However, brain tissue can survive up
to 6 min of hypoxia, enabling it to be re-
moved from the skull and brain, sliced thinly
enough to permit oxygenation by diffusion,
and then transferred to a life-support envi-
ronment [38]. Conditions must approximate
those in vivo: a warm, moist, biocompatible
environment with high O tension and bathed
in minimal salts and glucose or enriched
media. Individual neurons and their processes

within the 100-500 pm-thick brain slice are
relatively undisturbed, compared with single
neurons isolated for dispersed culture. The
complex neural circuitry and spatial relation-
ships established during development are
maintained, and tissue level function is
largely preserved [39]. Furthermore, more
critical for brain slices than dissociated neu-
rons dispersed in culture, gas and nutrient ex-
change are vital for maintaining endogenous
tissue function ex vivo [40].

In addition to the roller tube method for
maintaining tissue slices, perfusion systems,
membrane inserts, and culture chambers have
been developed and refined to improve tissue
health and vitality. This enables significantly
greater access and control of the neurons and
circuits of selected brain regions than in vivo.
From dissociated cells to neurons in brain
slices, improvements in imaging methods are
increasing the resolution and ability to inter-
rogate neuron structure and function non-in-
vasively and dynamically [41]. For example,
through multi-photon confocal microscopy of
live organotypic brain slices, individual neu-
rons were simultaneously studied metaboli-
cally and electrophysiologically, enabling
discovery of novel mechanisms by which cel-
lular metabolism regulates neuronal ex-
citability of the mammalian -circadian
pacemaker, the suprachiasmatic nucleus [42].

Slide Culture Chambers

In an effort to improve visualization of
cells and exchange of media, a variety of
chambers were developed on microscope
slides. After working under the direction of
Ross Harrison, Montrose Burrows adapted
the tissue culture technique to continuously
supply fresh media. This method improves
viability of cells and tissues, extending the
life and health of the culture [18]. These at-
tributes would be realized only decades later
through methodological progression of de-
signs. From the 1940s through the 1960s,
more than 20 different designs for perfusion
systems appeared (e.g., Mackaness-type and
Pulvertaft-type chambers). They increased
culture longevity and permitted time-lapse
imaging (capturing images of dynamic events
at predefined intervals of time) and testing of
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Figure 4. Slide culture chambers. A replica of the Rose chamber developed according to
the prescribed specifications for sustaining cells in culture [43]. Numerous chamber types
and modifications have been developed and are used for culturing and imaging neurons in
vitro. a) Schematic representation of the Rose chamber in cross-section. Two microscope
coverslips spaced by a gasket to seal the culture chamber are sandwiched between two
metal frames. The bottom frame has a recessed surface to permit access of the micro-
scope objectives to the coverslip and four counter-holes for the bolts to hold the chamber
assembly. b) Photograph of two separate Rose chamber replicas. The top chamber is
completely assembled; the bottom chamber is partly disassembled to show the coverslip

on the gum rubber gasket.

pharmacological agents [22]. Among the var-
ious iterations are a two-gasket chamber de-
sign for improving fluidic circulation and
exchange, a one-coverslip design modeled on
the hanging drop apparatus, and the dual cov-
erslip device (the Rose Chamber, Figure 4)
[43]. During chamber assembly and sealing,
small bubbles can be intentionally trapped in-
side to stir the media with rotational planes.
Today, commercially available chambers
hold close to the original design of the Rose
Chamber, while other models have been de-
veloped that incorporate and make use of new
technologies, including indium tin oxide

glass coatings for thermal stability and the
glass-bottomed Petri dish for fluorescence
microscopy.

Dispersed neurons are most often cul-
tivated in static baths on hard planar sub-
strates of glass or polystyrene. Vessels
range from macroscopic culture flasks to
microscopic chambers. When removed
from the supporting structure and perfus-
ing vascularization of the brain and main-
tained in vitro, organotypic slices become
very soft and fragile. More advanced cul-
ture methods that integrate neurons or spe-
cialized substrates for controlling neuronal
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Figure 5. Micro-islands and the Campenot chamber. (a-d) Effects of isolation on neu-
ronal development using micro-island cultures. Modified from [50], reproduced with per-
mission from The Journal of Neuroscience. a-b) A pyramidal cell in a micro-island and
stained with antibodies to MAP2 (a) and de-phospho-tau (b), labeling dendrites and
axons, respectively. The axon grows profusely over the soma and dendrites, resulting in
many contact sites where synapses could form. ¢) Pyramidal cell in contiguous culture la-
beled with an antibody to synaptophysin to show the density of synaptic vesicle clusters.
d) Pyramidal island labeled with an antibody to synaptophysin showing a large number of
puncta, presumptive autaptic sites. Scale bar, 10 um [50]. e) The Campenot chamber was
introduced as a Teflon divider that compartmentalizes the neuronal soma from the growing

processes. In this setup, the Teflon divider is attached to a glass-bottomed, collagen-
coated dish with silicon grease. Parallel scratches in the substrate guide the elongating
neurites into adjacent chambers for investigating how the selective exposure of neu-
rotrophic compounds influences local neuron development [63]. Reproduced with permis-
sion from Robert B. Campenot. f) Schematic of a Campenot chamber (L) and enlargement
(R) of the inset (L) depicting how neurons (blue) grow and become compartmentalized

within the device.

development and function are being devel-
oped.

CONTROLLING NEURON
DEVELOPMENT

In the remainder of this review, we ad-
dress these advanced methodologies (e.g.,
microchips of silicon-based substrates, mor-
phologically and chemically defined mate-
rial substrates and/or biochemically relevant
agents, and microfluidic devices). With the
ability to investigate neurons in culture, nu-
merous discoveries relevant to the develop-
ment of neuronal morphology and function
were achieved in the 60 years following the

inception of in vitro culture methods. Scien-
tific advances often parallel the technical re-
finement of the investigation. To access the
biology with greater resolution, scientists
began moving beyond merely culturing neu-
rons to controlling neurons, driving interac-
tions, or challenging cells with greater
precision than could be accomplished
through conventional methods. The micro-
island culture and Campenot chamber pro-
vided the means to accomplish such
investigations and pioneered the era in
which neurons could be probed, controlled,
and cultured under greater constraints.
Through lithography, microtechnology, en-
gineering, and chemistry, exquisite mi-
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croenvironments can be produced that pres-
ent microenvironmental cues that reproduce,
in fundamental form, those experienced in
vivo (e.g., diffusible chemical gradients,
pulses of stimulants, micro- and nano-scale
topography, and compartmentalized mi-
crodomains). The evolution of these meth-
ods for controlling neuron subregions
locally provides insights on the develop-
mental, functional, and regenerative proper-
ties of neurons [4].

The Micro-Island Culture

In 1976, Furshpan and colleges devised
a micro-culture method (cultures confined to
smaller spatial dimensions) to better under-
stand the cell-to-cell interactions of sympa-
thetic neurons with cardiac myocytes in
co-culture [44]. In comparison to the meth-
ods addressed above, micro-island cultures
consist of small islands (300-500 pm diam-
eter) of cell-adhesion permissive substrates
situated against a background substrate that
precludes cell attachment and growth. On
these micro-island substrates, cells can be
cultured in physical isolation through con-
finement of a few (< 5) cells in co-cultures
that embody cells of the same or different tis-
sue origins. On a macro-scale, the Petri dish
can have numerous micro-islands and sup-
port cell populations housed within the same
dish to provide beneficial trophic support and
reduce media evaporation. By restricting cell
contact between solitary rat sympathetic neu-
rons to a micro-island of cultured cardiac
myocytes, the first access to neuromuscular
connections was achieved. In contrast, co-
cultures in the Petri dish without substrate
patterns or guidance cues developed neuron-
myocyte connections at random, so they
were challenging to find and study.

The logical and practical advantages of
micro-island cultures are evident when com-
paring the ability to locate and identify the
high-density neuromuscular connections with
the conventional approach in the Petri dish.
With this self-innervating (autaptic) micro-is-
land preparation (Figure 5a-d), significant
changes in neurite arborizations and mem-
brane properties are evident compared with
neurons in mass cultures [45,46].

Micro-island cultures have revealed nu-
merous molecular and cellular mechanisms
of neuron development and synaptic trans-
mission [47-49], mechanisms that govern
synapse formation and mismatch [50], and
synaptic modulation [51-53], depression
[54], and potentiation [55]. Further, insights
have been discovered on the cellular basis
of epilepsy [56-58], neurotransmitter pro-
duction and release [59,60], and activity-de-
pendent autapse maturation [61].

Due to the broad impact of the micro-
island culture approach in elucidating sub-
strates of synaptic activity, contemporary
detailed protocols are available that enable
the researcher to implement this simple, yet
elegant approach [62]. Within a year of the
first micro-island culture publication, the
Campenot chamber emerged for subcellular
fluidic control in vitro.

The Campenot Chamber

Whereas the hanging drop afforded a
limited-volume culture environment and the
micro-island confined cell development on
micro-substrates, the Campenot chamber, in-
troduced in 1977, offered the ability to com-
partmentalize sympathetic neurons of the rat
superior cervical ganglia for selective chem-
ical manipulation of neurotrophic factors lo-
cally, at neurites of the developing neurons
(Figure 5e-f) [63]. Prior to the development
of the Campenot chamber, investigations into
the responses of cultured neurons to differen-
tial chemical environments were achieved
through explant co-cultures [64-66]. Robert
Campenot’s three-chamber design enabled
subcellular control of manipulations, across
ranges from hundreds of microns to millime-
ters, and led to the discovery that nerve
growth factor (NGF) enhances local neurite
growth. This simple and effective technique
has been improved and utilized beyond the
initial study [67-69], facilitating local fluidic
control, spatial access to distinct regions of
the compartmentalized neuron, and micro-
electrode-based assessments of local signal
transduction events [70-77]. Modifications to
the device have included glass cloning cylin-
ders sealed onto a scratched collagen sub-
strate [77], microfluidic devices [4,74,75],
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and even aluminum foil [78]. In these two-
chambered variants of the initial design, neu-
rons are introduced into one compartment
and axons grow into and become compart-
mentalized within the second. This design ex-
tended study of cultured neurons beyond the
spinal ganglionic neurons to central and pe-
ripheral neurons of any type. The two-com-
partment chamber has the advantages: 1) as a
simplified, user-friendly version of the origi-
nal three-compartment device [77]; 2) in per-
mitting alternative fabrication methods that
refined the micro-environment for axonal iso-
lation [78]; and 3) for enabling recording of
electrical signals from fluidically isolated
axons via embedded micro-electrode arrays
[74].

While the practice of compartmentaliz-
ing neurons remains advantageous, further
spatiotemporal control has been integrated
and advanced through microfluidic devices.
By merging microtechnologies of the physi-
cal sciences and engineering with Camp-
enot’s original concept, designs are rapidly
evolving to produce complex, integrated, and
highly controllable devices for investigating
cell and tissue development.

Microelectrode Arrays

Microelectrode arrays (also termed
multi-electrode arrays, MEAT) have been
utilized in cellular neuroscience and engi-
neering for over nearly 30 years. MEAs have
been developed as an on-chip approach to
probe and record neuronal communication
[79]. These devices consist of multiple mi-
crofabricated electrodes, usually with only
conductive nodes exposed, often arranged in
patterns designed by the user. MEAs range
in size from ~50 to >80,000 electrodes on
planar surfaces. This flexibility of design of-
fers a range of electrophysiological capabil-
ities, from sub-cellular resolution of single
cells to field potentials [80-83]. Primary neu-
rons seeded at a range of densities, stem cell-
derived neuronal networks, and slices of
brain tissue have been integrated with MEAs
[80,84,85]. The drive to understand the
emergence of neuronal networks, the organ-
ization within them, and information flow
and integration in signaling between neurons

and neuron clusters is being advanced
through present-day applications of MEA
with devices of a range of designs.

Microfluidic Devices

While techniques of molecular biology
enable dynamic molecular imaging and ma-
nipulations for dissecting intracellular signal-
ing mechanisms, the goal of achieving
high-resolution spatiotemporal control of the
extracellular environment is presently ad-
vancing through applications of microfluidic
devices. Development of new microfluidic
devices permits the control of fluidic mi-
crodomains surrounding discrete neurites of
an individual neuron and portions of neuronal
microcircuits [86]. New ways of assessing the
microenvironment and subregions are critical
for neuroscience, because the neuron extends
its fine processes into spatially dispersed re-
gions distant (millimeters in vitro) from the
cell body.

Photolithography and replicate molding
enable the fabrication of inexpensive, dispos-
able microfluidic devices made of moldable
gels and polymers. Polydimethylsiloxane
(PDMS) is the most widely used material in
the fabrication of microfluidic devices, yet
other materials can be used, including
poly(silazane) and gelatin [87,88]. Microflu-
idic devices further refine the ability to culture
neurons by offering a number of advantages
(Table 1). They retain many of the attributes of
the aforementioned culture devices, namely
fluid exchange (used in flasks, dishes, and
chambers), density control and cellular con-
finement (used in micro-islands), and com-
patibility with optical imaging (dishes,
chambers, and the hanging drop). After gen-
erating a “master” mold, microfluidic devices
can be easily and reproducibly manufactured
with inexpensive reagents in a hood or on a
bench top in almost any laboratory setting.
Microfluidic devices can be reversibly, or ir-
reversibly, sealed to glass, polystyrene, silicon
wafers, or other microfabricated microdevices
to render a 3-D microenvironment (fluid-filled
domain with growth surfaces in x, y, and z
planes) capable of chemotemporal control.
PDMS microfluidic devices have intrinsic
properties amenable for cell culture [89], in-
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cluding optical transparency with high gas
permeation [90,91], low water permeability,
practical scalability, thermal stability, and bio-
compatibility [92].

By understanding these advantages, pre-
determined designs for the microfluidic envi-
ronment can be developed to address specific
applications and research questions. Analo-
gous to the hanging drop technique of the
bacteriologist, microfluidic devices enable a
direct approach to study neurons in highly
controllable ways, from subcellular regions
of an individual cell to neuron pairs and net-
works of neurons [93]. Unlike the Carrel
flask or Petri dish, these fluidically controlled
microdevices enable sub-cellular environ-
ments and manipulations beyond traditional
cultures; moreover, they offer defined mi-
crodomains that can be used to mimic, at a
fundamental level, aspects of brain microen-
vironments, such as focal dendritic stimula-
tion [93], glial mylenation of axons [94], and
the development of cortico-striatal synaptic
connections [95]. In this way, spatiotemporal
fluidic control can be imposed on neurons in
nanoliter cultures with 3-D topography for
precise manipulations.

The tremendous flexibility of design
control enables the neuroscientist to address
new questions with tailored culture methods
offering exquisite precision. Here, we briefly
summarize progress on the fundamental uses
of microfluidic devices in neurobiology. Con-
trolled substrates are addressed first, as they
are products of microfluidic device applica-
tions for neurobiology. This is followed by
3D microdomain cultures and co-cultures in
microchannels, and biocompatibility. Finally,
we address progress on chemotemporal flu-
idic control using microfluidic devices. Due
to the multifunctional nature of microfluidic
devices, these topics are not mutually exclu-
sive; rather, they are individual applications
of a device that provides a range of possibil-
ities.

Controlled substrates

Dissociated neurons in culture polarize
and undergo a characteristic developmental
sequence, as in vivo. Initial neurites undergo
specification wherein one primary neurite

becomes an axon and the remaining neurites
develop into dendrites [96]. Axon guidance
during development is regulated in part by
external signals, both long-range diffusive
cues and short-range contact cues. Both at-
tractive and repulsive cues fine-tune axonal
pathfinding and cellular associations.

Defining and regulating extrinsic cues
can be accomplished by improved environ-
mental control. The ability to control the pat-
tern and chemical composition of substrates
has been used for a broad spectrum of bio-
logical applications to control surface con-
tacts and signals. While microfluidics can be
used for patterning substrates to guide neu-
ronal populations [97], other non-microflu-
idic-based methods exist [98-102] and are
used alternatively due to the different fabri-
cation advantages they provide. Here we
consider the emerging area of studying neu-
rons in micro-engineered environments with
nano-scale volumes and complex substrate
patterns.

Patterning techniques produce defined
geometrical substrate in monolayers of adhe-
sive, attractive, and/or repulsive compounds.
Substrate molecules can be laid down singly,
adjacently, or combined with or within other
substrates and are compatible for culturing dis-
sociated neurons [3,102-111]. To investigate
how extrinsic signals influence axo-dendritic
polarity, Banker and colleagues presented em-
bryonic hippocampal neurons with adjacent
stripes of molecules known to influence cell
adhesion to determine whether these ligands
could preferentially induce one of the several
primary neurites to become an axon [112,113].
Through further extensions of this approach,
intersecting lines of different recombinant or
purified cell-adhesion molecules further re-
fined the analysis of neurite navigation in vitro
[104,114,115]. These patterned substrates
demonstrated that various immobilized sub-
strates predictably guide neuron polarization,
axon formation, and growth cone navigation.

In addition to adhesion molecules, neu-
ronal differentiation is influenced by trophic
factors, diffusible extrinsic molecules that
provide critical signals during nervous sys-
tem development. Trophic factors influence
the outgrowth and trajectory axons and den-
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Figure 6. Substrate patterns and microfluidic devices for neuronal cultures. a)
Laminin substrate gradients guide axonal navigation on glass (step 1, blue field of image)
followed by a rinse with FITC-PLL (step 2, fluorescent green field of image). The microflu-
idic channels for patterning were removed and discarded. Neurons were cultured on the
surface cues to determine the direction of axonal growth, as shown by individual neuron
traces. b) Graphical summary of axonal navigation direction (W, N/S, E, Other) shows a
statistically significant preference for laminin (mean + standard deviation, p < 0.0001, un-
paired t-test). (a-b) Modified from [97], reproduced with permission from The Royal Soci-
ety of Chemistry (RSC). ¢) Neurons (pink in central connecting microchannels) can be
cultured in compartmentalized microfluidic channels to segregate subregions of neurons in
different microdomains. The dual-chamber microfluidic device is the most widely used for
neuronal analysis [131-132,137]. Modified from [137] and reproduced with permission
from RSC. d) Converging parallel channels enable the optimization of culture conditions
and investigation of neuronal cultures at low-densities in PDMS. The single-outlet channel
can be cut to customized channel lengths to control media-flow velocity to sustain perfu-
sion for days. Modified from [92] and reproduced with permission from RSC. e) Microflu-
idic devices can be used to collect neuropeptides for post-hoc detection via mass
spectrometry. The microfluidic channel is positioned across glass surfaces that have been
functionalized to prevent peptide adherence (OEG-functionalization), then collect (OTS-
functionalization) neuropeptides from Aplysia neurons. Peptides are retained on the OTS-
coated glass of the serpentine microfluidic channel, then subjected to analysis. Modified
from [129] and reproduced with permission from RSC. f) Multi-well microfluidic devices en-
able the simultaneous screening of over 20,000 single olfactory sensory neuron cells. A
portion of the microfluidic well array (273 wells) is shown that contains individual cells re-
tained within the array. A pictographic representation of a few odorants used to test sensi-
tivity of the neurons, using Ca?* imaging, are shown superimposed on the cell array. As a
result, individual cells can be categorized into populations based on odorant responsive-
ness. Modified from [138] and reproduced with permission from RSC.

drites and confer neuroprotection from en-
vironmental insults. Due to their beneficial
role in development, trophic factors have
been used as substrates to expose neurons to
activated surfaces and gradients for regulat-
ing development [116].

Establishing neuronal circuits in vivo
relies upon cues present during the develop-
mental period that may not be sustained. The
ability to understand how developmentally
instructive gradients encourage neurite ex-
tension is facilitated by flow- and diffusion-
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controlled devices [117]. Fluidically stable
and tunable biomolecular gradients have
been well characterized, and numerous
means exist for producing the desired results
[118]. However, some require special equip-
ment, are cumbersome, and are not compat-
ible with neuronal cultures due to shear
stresses and/or device designs. Through mi-
crofluidic devices, laminar flow can be used
to generate defined diffusive or substrate-
bound gradients to investigate the context-
dependent response of a neuron and its
sub-cellular extensions to the local environ-
ment (Figure 6a-b) [97].

3-D microenvironments

Planar two-dimensional substrate sur-
faces provide the means for culturing dis-
persed neurons on a uniform substrate, which
offers valuable insights into nerve cell growth
behavior and function in an easily viewable
plane. However, the brain is a 3-D structure.
Microfluidic techniques enable the fabrica-
tion of defined topographical structures and
facilitate chemotemporal manipulation (tem-
poral control of media and reagents in a given
fluidic space) that better approximates the mi-
croenvironmental dynamics of the brain. In
the context of controlling substrate-bound
cues and topography, there is a need to un-
derstand how structural changes of select re-
gions of the neuron occur in response to
precise input from the ambient biological,
chemical, and physical environment. With the
combination of substrate cues and material
devices, Gomez and colleagues investigated
neuronal responses to competitive chemical
stimuli and contact cues. As a result, they
found that topographical cues are stronger in-
ducers of neuronal polarity than immobilized
chemical cues [119,120].

Co-cultures

Co-culturing cells of different types
within microfluidic devices has the power to
interrogate cell-to-cell contacts and interac-
tions while achieving differential fluidic ex-
posure, sample manipulation, and collection.
These co-cultures can be of different types of
neurons or of neurons and glial cells. Cells
with distinct functionalities and from differ-

ent brain regions can be maintained in adja-
cent culture domains while being permitted
to form cell-to-cell connections. Beyond en-
hancing neuronal survival [94], co-culturing
glia with neurons improves the transfection
efficiency of co-cultured neurons. Intercon-
necting large populations of neurons from tis-
sue preparations of different brain regions can
be achieved easily through microfluidic de-
vices, and multiple samples can be set up on
a single microfluidic device to produce mul-
tiple replicates through one process [121].
Further, isolated cells and organotypic slices
from different brain regions cross-innervate
via micro-channels fabricated within the de-
vice. This architecture enables functional
studies, while manipulating the chemical
composition of local compartments [122].
Tissue-level studies can be accomplished
through the ability to build and manipulate
neural pathways. These approaches can ad-
vance understanding brain tissue develop-
ment, plasticity, pathology of epileptiform
disorders, and circadian clock entrainment, to
name a few.

Extrinsic signals are altered during dis-
case states. Whether they are contributors to,
or products of, the disease is a matter of de-
bate. For example, B-amyloid is proposed to
affect axonal retrograde transport and the
downstream propagation of TrkB signaling
[123]. To test this hypothesis, embryonic cor-
tical neurons from wild-type mice and an
Alzheimer’s disease (AD) transgenic model
(Tg2576, over-expressing amyloid precursor
protein) were co-cultured in compartmental-
ized microfluidic devices. Cleavage products
of amyloid precursor protein impair TrkB pro-
cessing and retrograde transport of brain-de-
rived neurotrophic factor in diseased neurons.
Y-secretase inhibitors reverse a retrograde sig-
naling deficit in AD mouse neurons. This ele-
gant use of microfluidic devices reveals that
B-amyloid attenuates signaling via brain-de-
rived neurotrophic factor by impairing axonal
transport. This suggests a possible explanation
of synaptic dysfunction in AD. AD-like patho-
logical states can be generated in only a por-
tion of neuronal networks within microfluidic
devices [124]. Experiments manipulating co-
cultures with microfluidic devices to study in-
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teractions of neurons from different sources
are just appearing; this approach has tremen-
dous potential.

Biocompatibility

Neurons are highly sensitive to the sur-
rounding environment. Establishing cell cul-
tures of dispersed neurons and glia can
require reagents of high purity and refined
protocols [125]. Building microfluidic de-
vices with biocompatible materials im-
proves culture reliability and the likelihood
of success for integrating neurons within the
device. Gas permeability is a material prop-
erty of PDMS, enabling development of 3-D
closed systems [90,91]. Notwithstanding the
demonstrated biocompatibility of PDMS in
numerous microfluidic culture applications,
we recently demonstrated that by introduc-
ing a solvent-extraction step during fabrica-
tion that PDMS biocompatibility can be
enhanced for scaling down channel systems
to sustain low densities of primary postna-
tal hippocampal neurons within nanoliter-
scale microchannels [92]. Therefore, using
solvent-extracted PDMS with channels of
high surface-area-to-volume ratios improves
culture viability for cultivating neurons in
these engineered microdomains.

Chemotemporal control

Extrinsic signals establish and enrich
neuron-neuron interactions during develop-
ment. Micro-neural circuits may become al-
tered by damage or disease over the lifespan
and, thus, underlie mental health and neuro-
logical dysfunctions. Understanding the sig-
nals that shaped nervous system wiring
during development may enable us to iden-
tify and implement key effectors of repair and
restoration of function. Media and substrates
can be selectively directed through fabricated
microchannels by laminar flow for control-
ling the chemical environment and treatment
application (Figure 6¢c-d) [93,112,126,127].
Media processing and peptide extraction for
mass spectrometry can be applied directly,
with the knowledge that the signals originated
from a defined neuron population (Figure 6¢)
[128,129]. With these advantages, an in-
creasing number of reports are utilizing mi-

crofluidic devices as tools for direct physio-
logical or biochemical applications in neuro-
biology (Figure 6f) [130-133].

Precise temporal delivery of stimulatory
or inhibitory molecules to neurons in culture
could be greatly improved through integrat-
ing microfluidic channels into defined, flu-
idic networks, but this has yet to be tested
extensively. Recent reports demonstrate the
ability to perform focused chemotemporal
manipulations of neuronal subregions in mi-
crofluidics [93]. Furthermore, competitive
signals or confounding variables of sur-
rounding tissues can be removed to charac-
terize secreted signaling molecules in finite
volumes for neurochemical signaling studies
[128]. Neurochemicals released from living
neurons can be preserved and manipulated by
harnessing the spatiotemporal fluidic control
enabled by this technology.

FUTURE DIRECTIONS

No single device or method can yet fully
re-create the natural, unaltered environment
of the brain for studying neurons under the
range of contexts and dynamics in which
they function. However, the knowledge that
has been acquired from reduced neuronal
preparations is invaluable. From Ross Harri-
son’s first culture in the hanging drop to the
present, advancements in culture method-
ologies have emerged and advanced neuro-
science. As new techniques are developed,
they should be embraced for their ability to
address unanswered questions, strategic re-
search priorities, and provide insights into
the contextual cellular development and op-
eration of the brain. Examples include 1)
novel drug discovery for treatment of nerv-
ous system disorders; 2) resolving mecha-
nisms governing dendrite development and
guidance; 3) finding and treating brain reser-
voirs of HIV (human immunodeficiency
virus); and 4) discovering elements of the
synaptome (i.c., genes, proteins, biochemi-
cals, etc.).

Methodological approaches are estab-
lished for culturing brain tissues and control-
ling neurons in vitro, including the hanging
drop for stem cell, cell signaling, and embry-
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ological studies [134-136] and the roller tube
for organotypic cultures [33,35]. The degree
to which these techniques will be used in the
future will depend on many factors, includ-
ing ease of use, affordability, commercial
availability, and the range of scientific pro-
ductivity afforded by each. Flasks, dishes,
micro-chambers, and Campenot chambers
are readily available, and micro-islands can
be easily generated. Considering the newness
of applications of microfluidic devices in
neurobiology, their full potential has yet to be
realized. In part, this will depend on the avail-
ability of, or access to, facilities for the fabri-
cation of master devices to mold the
microfluidic channels. It will also depend on
the how well investigators can become adept
at exploiting the potential of the devices and
how microfluidics can be effectively incor-
porated with standard biological methods and
toolsets. Notwithstanding these considera-
tions, microfluidic devices are empowering
chemotemporal control at the sub-cellular
level and offer the opportunity to create reg-
ulated environments in three dimensions. Ap-
plications and insights in the second century
of neuron culture are likely only limited by
our imaginations.
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