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Abstract

Communication between different brain regions, and between local circuits in the same brain

region, is an important area of study for basic and translational neuroscience research. Selective

and chronic manipulation of one of the components in a given neural pathway is frequently

required for development and plasticity studies. We designed an in vitro platform that captures

some of the complexity of mammalian brain pathways but permits easy experimental

manipulation of their constituent parts. Organotypic cultures of brain slices were carried out in

compartments interconnected by microchannels. We show that cocultures from cortex and

hippocampus formed functional connections by extending axons through the microchannels. We

report synchronization of neural activity in cocultures, and demonstrate selective pharmacological

manipulation of activity in the constituent slices. Our platform enables chronic, spatially-restricted

experimental manipulation of pre- and post-synaptic neurons in organotypic cultures, and will be

useful to investigators seeking to understand development, plasticity, and pathologies of neural

pathways.

Introduction

The information processing circuits of the mammalian brain are formed by synaptic

connections between neurons. Understanding the processes that guide the development of

these synaptic circuits may provide new insights into the pathophysiology of important

disorders of the central nervous system. Examples include limbic system pathways between

prefrontal cortex, hippocampus, amygdala, and hypothalamus, important in the research into

causes of psychiatric disorders1, 2, and more local pathways linking sub-regions of the

hippocampus, which are of importance for understanding mechanisms of learning and

memory3 and pathophysiology of epilepsy4, 5.

A number of signaling cascades are known to be important in axon guidance and

targeting6–8. Activation of axonal pathways also plays an important role in the development

of brain circuitry9–12, and abnormal patterns of activity have been hypothesized to play a

role in the pathogenesis of neurological disorders2, 13–15. Understanding the relationships

between neural activity and synaptogenesis is thus important for gaining insight into the

normal development of the brain and its pathologies.

Research into circuit-to-circuit communication frequently requires chronic manipulation of

one or more components in a given neural pathway. A variety of in vivo approaches 16–24

have generated a wealth of information. However, there are methodological limitations to in

vivo experiments, primarily concerning selective and controlled manipulation of well-
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defined portions of the overall network. This limitation can be overcome through the use of

in vitro culture systems, in which exquisite chronic pharmacological control of the activity

of networks of neurons is possible. We have therefore focused on the design of an in vitro

platform that captures some of the complexity of mammalian brain pathways but permits

easy experimental manipulation of the pathway components. Our platform will complement

in vivo studies of circuit-to-circuit axonal pathways, their activity, and their role in

development.

We modified and combined a number of techniques – microfabrication, organotypic tissue

culture, and microfluidics – to create a platform that permits selective and chronic

pharmacological manipulation of interconnected local circuits. We have elected to use brain

slice cultures (organotypic cultures) because these organotypic cultures retain circuit

architecture and physiology specific for their source region, and come as close to the

complexity of the brain as is possible in an in vitro culture system 25–27. Extensive axon

sprouting and synaptogenesis occur in organotypic cultures of brain slices. This property of

slice cultures has been exploited to create co-culture models of thalamocortical28–30,

entorhinal cortex-hippocampal31, 32, and septo-hippocampal projections33. Unfortunately,

the pharmacological manipulations in these experiments were limited to bath applications of

drugs to the entire network34, 35. To achieve pharmacological selectivity, we adopted the

method of creating compartmented cultures, or ‘Campenot’ chambers36, to organotypic

brain slice cultures. In the original ‘Campenot’ chambers, neurons were placed in plastic

compartments, which were sealed against the culture substrate. Axons could extend from

one compartment to another while neural soma were restricted to their original

compartment; in this manner, the influence of growth factors and other compounds on axon

growth has been investigated. This method has been updated recently for use with central

nervous system (CNS) neurons with a soft lithography37, 38 based microfabrication

technique, and applied to the study of axonal injury and regeneration39.

Here, we applied a method to maintain organotypic slices in soft-lithography defined

chambers to create an in vitro platform where brain slices are cultured in compartments

interconnected by microchannels. Slices formed functional connections with each other by

extending axons through the microchannels, while pharmacological isolation was

maintained by varying the levels of fluid in the two compartments. We cultured pairs of

hippocampal slices to create a model of axon sprouting in a sub-region of the hippocampal

formation, CA1. Extensive sprouting of axon collaterals has been repeatedly observed in

area CA1 in epileptic tissue, and this sprouting is hypothesized to cause hyperexcitability in

epilepsy40–42. We also demonstrate that our platform can be used to study pathways

between other brain regions, by creating connected co-cultures of hippocampus and

entorhinal cortex. In principle, slices from any brain region that extend axons in vitro

(including thalamus and many cortical regions in addition to entorhinal cortex and the

hippocampus) can be used as building blocks to create interconnected, but

pharmacologically isolated co-cultures. We demonstrate selective, acute and chronic

pharmacological manipulation of activity in the hippocampal slices linked by sprouted CA1

axons. Our platform enables independent experimental manipulation of axonally-linked

circuits, and will be useful to investigators seeking to understand development, function, and

pathologies of axonal pathways in the brain.

Experimental

A. PDMS mini-wells

Cross-linked polydimethylsiloxane (PDMS, sold as Sylgard 184 by Dow Corning) was used

to fabricate slice culture wells patterned with microchannels via modified soft lithography.

As the first step in the fabrication sequence, silicon mold masters were prepared by defining
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a negative relief of microchannel pattern via SU-8 (5) (Microchem) photolithography on a

4″ diameter silicon wafer. SU-8 patterns of 3 μm height, 50 μm width, and 100 μm center-

to-center spacing (corresponding to microchannel depth, width, and spacing, respectively)

were fabricated. Liquid PDMS was spin-coated onto the silicon master at 500 rpm, and

cured (cross-linked) at 70°C for at least 4 hours. The resulting flexible 120 μm Sylgard

membrane bearing imprinted microchannels was removed from the silicon wafer. Two mini-

wells with dimensions of 1.8 × 1.6 mm, separated by 200–600 μm PDMS spacer containing

connecting microchannels were cut in the same PDMS membrane. The center region of 35

mm tissue-culture grade Petri dishes was coated with 200 μl of 1 mg/ml sterile solution of

poly-D-lysine (PDL, Sigma) in borate buffer at pH 8.5. The Petri dishes were incubated in

PDL in humidified atmosphere at 37 °C overnight, washed in three changes of sterile

deionized water, and dried. Pre-cut Sylgard mini-wells were sterilized in 100% ethanol,

dried, and sealed against the PDL-coated center region of 35 mm Petri dishes. The

watertight seal between Sylgard and polystyrene dish surface forms spontaneously on

contact, provided that both surfaces are thoroughly cleaned, and stays stable in aqueous

solutions for several weeks. The dishes were then filled with 1.5 ml of serum-free medium

(see below), and incubated at 37 °C overnight to allow medium to fill the microchannels and

remove any soluble impurities from PDMS.

B. Organotypic cultures

Slice cultures of rat hippocampus and entorhinal cortex were prepared as described in our

previous work43. Briefly, we cut 350 μm hippocampal or cortical slices using McIlwain

tissue chopper under sterile conditions, and placed the slices onto poly-D-lysine coated 35

mm Petri dishes with polydimethylsiloxane (PDMS) mini-wells and microchannels.

Cultures were kept in medium containing 25% horse serum, Basal Eagle Medium, and

Hank’s Balanced Salt Solution in a 1:2:1 proportion with 1mM glutaMAX (glutamine

substitute, Invitrogen) and 30 μg/ml gentamicin for 24 hours, and then swithched to serum-

free, chemically defined NeurobasalA/B27 medium (Invitrogen) containing 0.5 mM

glutaMAX and 30 μg/ml gentamicin for the rest of the culture period. Medium changes were

carried out every three days.

C. Chronic drug application

We included 2 mM kynurenic acid in the culture medium, and placed 100 μl of kynurenate-

containing medium per well on one side of the dish, and 150 μl of regular medium per well

on the other side, to maintain a pressure gradient-dependent flow for pharmacological

isolation. Kynurenate-containing and regular media were changed every 2 days.

D. Electrophysiology

Petri dishes with organotypic cultures were removed from the tissue culture incubator and

transferred to a recording chamber kept at 36°C, with a humidified atmosphere of 95% air/

5% CO2. Recordings were carried out in an interface configuration, with two separate

perfusion channels supplying ACSF and drugs to each slice of co-culture independently. We

used two tungsten microelectrodes placed into CA1 areas of respective slices in co-cultures.

Signals were detected with pre-amplifiers and a multi-channel amplifer (Dagan

Corporation), digitized, and recorded with custom-designed software dClamp (© Staley

Laboratory).

E. Immunohistochemistry

We placed a crystal of FluoroRuby (Invitrogen) on CA1 of one of the slices in the co-

culture, and placed the dishes back in the incubator overnight for retrograde transport of the

dye. We then washed cultures in ACSF, fixed in 4% paraformaldehyde for 2 hours at room
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temperature, and permeabilized for 4 hours in 0.3% Triton X-100. The slices were blocked

in 10% goat serum, and primary antibodies to NeuN (rabbit Alexa Fluor 488 conjugated

IgG, Microchem), and tetramethylrhodamine (mouse IgG, Microchem) were applied at

1:100 dilutions for 3 days at 4°C. Slices were then washed, and secondary goat anti-mouse

Alexa Fluor 546 conjugated antibody (Invitrogen) was applied at 1:200 dilution for 3 days at

4°C. Slices were then washed and mounted. We recorded epifluorescent images with Nikon

microscope at 4x magnification and confocal images at 20x magnification with Zeiss LSM 5

Pascal laser confocal microscope. Images were processed with ImageJ (NIH) software.

F. Data Analysis and Statistics

Burst initiation delays were determined manually in dClamp, by measuring the time

difference between points at which the signal exceeded two times the standard deviation of

baseline noise. For cross-correlation analysis, data were imported into Matlab, filtered with a

4th order high-pass Butterworth filter (cut-off frequency = 4 Hz), re-sampled at 1 kHz, and

cross-correlated using phase delays of +/− 1 second. The resulting coefficients were

normalized by dividing with the square root of the product of each channels’ auto-

correlation coefficient at delay of 0 to derive r values. Mean values and standard deviations

of maximum r values of recorded co-cultures were then calculated for each experimental

group (number of days in vitro). Significance of the differences between cross-correlation

coefficients was analyzed with Kruskal-Wallis non-parametric test, with Dunn’s post-hoc

analysis. Variance of burst timing was calculated with F-test, and statistical significance of

the burst timing differences was determined by t-test for equal variance.

Results and discussion

A. Compartmented co-cultures of organotypic slices

Organotypic co-cultures of entorhinal cortex and hippocampus form functional slice-to-slice

synapses via extended axons (Supplementary Fig. 1, Supplementary Methods). Neurons in

both hippocampal and entorhinal cortex slices, cultured in polydimethylsiloxane (PDMS)

mini-wells, readily extend axons on growth-permissive substrate such as polylysine-coated

tissue culture plastic within first few days in vitro (DIV) (Fig. 1a, Supplementary Fig. 2a, b),

sprouting 1 mm or more from the slice border within the first week of culture.

Microfabrication using “soft lithography” enabled us to fabricate slice compartments with a

fluid barrier containing microchannels for axon growth (Fig. 1b, Fig. 2a). The PDMS

compartments were then placed in a standard tissue culture dish that was pre-coated with

polylysine (Fig. 1e). PDMS, a very hydrophobic polymer, repels water-based culture

medium and causes it to bead on the hydrophilic polylysine-coated polystyrene. In our

design, hydrophobic medium-free PDMS surrounds the slice compartment, creating a

droplet of culture medium in which the slice is maintained at air-liquid interface. The slice

compartment is connected by inlet and outlet channels (cut through the PDMS, and 300 –

400 μm wide where they join the slice compartment) to larger medium reservoirs as shown

in Fig. 1c. Fluid isolation is maintained by adjusting fluid levels in the larger reservoirs. The

resulting pressure difference between two sides of the dish causes a slow fluid flow through

axon-containing microchannels. This counteracts diffusion, and permits us to confine drugs

or other molecules to the compartment with the lower fluid level for the duration of culture

(Fig. 1c). We kept the channel height under 5 μm to increase fluid resistance and maintain a

fluid level difference between compartments over at least 3 days. We found that adding 150

μl of medium per reservoir on one side of the dish, and 100 μl of medium per reservoir on

the other side, for a total difference of 100 μl between left and right side, provides sufficient

pressure differential to counter diffusion through microchannels. For electrical recordings of

activity, we superfused the slices separately using two inlet and outlet channels (Fig. 1d).
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Fluid level adjustment was not necessary during recording, since the fluid flow rate was

significantly faster than the diffusion rate through microchannels.

Slices of rat hippocampus and entorhinal cortex were maintained in the compartmented

dishes for up to 4 weeks. The slices maintained the layered organization of their source

regions. We carried out anti-NeuN (specific for neural nuclei and soma)

immunohistochemistry on hippocampal slices shown in Fig. 2a, and found well-defined

areas CA1, CA3, and dentate gyrus (Fig. 2b). Axon outgrowth could be observed after three

days in vitro (Fig. 1a, Supplementary Fig. 2a,b), with multiple axons extending through the

channels and to the co-cultured slice by 10–14 DIV. To aid with the visualization of axons

in microchannels, we applied crystals of membrane tracer dye, DiI, to one of the slices (left

slice in Fig. 2a, axons are shown in Fig. 2b′). We have also used a retrograde tracer,

FluoroRuby, applied as a crystal to one of the slices in co-culture, to reveal the neurons with

slice-to-slice axons. Most of these neurons were found in the CA1 area (Fig. 2c-c″,
FluoroRuby (red) and anti-NeuN (green)) (n = 3 co-cultures).

B. Selective pharmacological control of neural activity

We tested whether we could control the neural activity in the co-cultured slices

independently, by varying the composition of recording or culture medium in fluidically

isolated compartments. We transiently superfused one of the slices in the co-culture with

artificial cerebrospinal fluid (ACSF) containing a high K+ concentration, while the other

slice in the co-culture was continuously superfused with regular ACSF (Fig. 3a). High K+

concentration in the recording solution depolarized neurons and caused epileptiform

discharges in slice 2. The slice activity returned to normal, including single unit activity and

small-magnitude bursts following a wash-out period with regular ACSF. The activity in slice

1 stayed constant throughout the recording. This experiment demonstrated that the fluidic

isolation imposed by the microchannel-containing barrier between the two slice

compartments was sufficient to isolate the slices pharmacologically during two-channel

perfusion. To test chronic fluid isolation (under static culture conditions), we added either

rhodamine (red fluorescent dye) or kynurenic acid (KYNA, a glutamate receptor antagonist

that prevents most excitatory neurotransmission) to the culture medium of one of the slices

in the co-cultured slice pairs. A higher volume (+ 100 μl) of unmodified culture medium

was added to the other slice to set up a pressure-driven flow to counteract the diffusion of

rhodamine or kynurenate. After two days, we verified fluidic isolation by checking

rhodamine diffusion between compartments, and finding no rhodamine fluorescence in the

compartment with higher medium volume (Fig. 3b). We recorded the levels of spontaneous

activity in the co-cultures to check for diffusion of kynurenic acid. The slice with KYNA in

the culture medium had no spontaneous activity requiring glutamatergic synapses, as

expected, while the slice in regular medium exhibited high levels of spontaneous activity

(Fig. 3c) characteristic of organotypic hippocampal cultures recorded in slightly elevated

potassium44, 45 (our culture medium, NeurobasalA/B27, contains 5.4 mM [K+]). We then

recorded spontaneous activity in two slices after replacing the original medium with fresh

culture medium. Spontaneous epileptiform discharges appeared in slice 1, while the activity

level in slice 2 was not significantly changed, signifying lack of kynurenate diffusion from

compartment 1 to compartment 2 under static culture conditions (n = 6 co-cultures).

C. Synchronization of activity in co-cultures

We then examined whether the axons connecting the slices through a microchannel-

perforated barrier could synchronize the two-slice network. We recorded the cultures in the

ACSF containing GABAA and GABAB antagonists, picrotoxin (Sigma) and CGP 55845

(Tocris Bioscience) (Fig. 4b, inset schematic), and observed no synchronization prior to 14

DIV (Fig. 4a, upper trace, n = 7 co-cultures). However, after 16 DIV, bursts in two
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connected slices became highly synchronized (Fig. 4a, lower trace, n = 7 hippocampal-

hippocampal co-cultures, also Supplementary Figure 2c, n = 2 entorhinal-hippocampal co-

cultures). Slices recorded between 14 and 16 DIV exhibited a mixture of synchronized and

unsynchronized activity (n = 5 co-cultures). We calculated cross-correlation coefficients for

activity in slice pairs at different culture ages, and plotted the results in Fig. 4b. We also

measured delays in burst onset between co-cultured slices (Fig. 4c) to determine whether

one, or both, of the slices were the sites of burst initiation. The results for three of the co-

cultures are plotted in Fig. 4d. The presence of positive and negative delays in each co-

culture signifies that the initiating site alternated between the two slices during the

recording.

During the past two decades, co-cultures of organotypic slices have been used to create

realistic in vitro models of the development of thalamocortical and perforant path axonal

projections28–32. However, these models do not allow separate experimental manipulation of

the individual slices in co-cultures, something that would be of great use in addressing a

number of important questions in the study of normal and pathological neural development.

We have found that we did not need to place slices in physical contact with each other in

order to establish axonal interconnections. This enabled us to construct, via microfabrication

of fluidically isolated compartments, a co-culture platform where slices could be

individually manipulated. The number of long (> 1 mm) axons that extended through

microchannels in the fluid barrier was high enough to synchronize network activity in two

slices, when recorded in the presence of GABA receptor antagonists. We observed a delay

of 4 to 6 days between the time that axons have extended from one slice to another, and the

onset of synchronization. This was likely the time required for axon elaboration within the

slice and the formation of synapses. Axonal connections in our cultures were bidirectional;

each slice was capable of initiating synchronized bursts as evidenced by positive and

negative delays in Fig. 4d.

The level of activity synchronization between the two slices, measured with extracellular

electrodes, represents a feasible assay of the physiological significance of sprouted axons

and newly formed synapses. Our platform enables a number of experimental manipulations,

including long-term incubation of one of the slices with various pharmaceuticals to

determine the effects on formation of new connections, and acute applications of drugs to

one or both slices to test the effect on activity synchronization. We have demonstrated an

example of long term application of kynurenic acid (Fig. 3b), effectively achieving

suppression of spontaneous activity in one of the slices, but permitting spontaneous bursting

in the other, throughout the time of culture. This makes possible experiments that test the

role of spontaneous activity and formation of connections between neurons during normal

development.

In our platform, neurons that extend axons and their post-synaptic targets are

pharmacologically isolated from each other; therefore, the activity of pre- and post- synaptic

neurons can be modulated independently, which is of great interest to investigation of

various forms of long-term synaptic plasticity46. Finally, pathological axonal sprouting and

formation of excessive connections in epilepsy are hypothesized to be influenced by

epileptiform activity47. Chronic pharmacological isolation of a portion of connected

network, achieved in our platform, will permit studies of the relative role of synaptic activity

in inducing sprouting versus strengthening and stabilizing excessive connections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Compartmented organotypic slice culture platform. (a) Organotypic hippocampal culture at

5 DIV (bottom), scale bar is 200 μm; axons and dendrites are extended by neurons within

the slice beyond the slice border (top), arrows point to axons, scale bar is 100 μm, (b)

Schematic of the hippocampus-hippocampus co-culture in compartments cut in a thick (150

μm) PDMS film. Microchannels (5 μm high, 50 μm wide) are imprinted into PDMS barrier

separating the two slices via soft lithography. (c) PDMS compartments in a 35 mm Petri

dish. The culture dish is separated into four quadrants with PDMS barriers, isolating

solutions on the left and the right sides of the dish. During incubation, higher fluid level on

the left side of the dish creates a pressure-driven flow from left to right, preventing diffusion

of pharmaceuticals in the opposite direction. (d) During recording, extracellular electrodes

are placed into both slices, which are superfused through separate fluid inlets and outlets. (e)

Photograph of the culture platform (without the slices), consisting of microchannel-linked

PDMS compartments and medium reservoirs built into a 35 mm Petri dish. The dish is filled

with culture medium. Arrows point to the slice compartments. Scale bar is 10 mm.
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Fig. 2.

Morphology of organotypic slices and axonal connections. (a) Phase contrast micrograph of

two hippocampus slices in PDMS compartments at 18 DIV. Sidewalls of microchannels

imprinted into the PDMS appear as bright horizontal lines. The channels are 50 μm wide

with 50 μm channel-to-channel intervals, scale bar is 200 μm. (b, b″) The morphology of

slices maintained in this preparation is typical of hippocampal organotypic cultures,

including intact CA1, CA3, and DG, readily observed with anti-NeuN

immunohistochemistry. (b′) The axons in microchannels, poorly visible with phase contrast

optics, are brightly stained with DiI (red), crystals of DiI were placed on the left slice. Blue

arrows show the point where axons split and enter the right slice. Scale bar is 50 μm. (c)

FluoroRuby (red), a retrograde tracer dye, was applied to CA1 of one of the slices in the co-

culture. The dye was transported in the retrograde directions through axons in

microchannels, into the neurons (yellow arrows) in the other slice. Blue arrow shows axons

exiting the slice toward the microchannels. (c′) The slice was counterstained with anti-NeuN

(green) to reveal the position of the CA1 pyramidal layer. (c″) FluoroRuby-positive neurons

were located in the CA1 pyramidal layer. Scale bar is 50 μm.
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Fig. 3.

Acute and chronic fluidic isolation. (a) Slices in co-culture at 12 DIV were superfused

through separate fluid channels as indicated. Slice 1 activity level stayed constant, while

slice 2 developed epileptiform discharges when superfused with high [K+] containing

ACSF. Activity in slice 2 returned to normal after [K+] washout. Co-cultures at 12 DIV are

not yet functionally connected. (b) Phase contrast (top) and fluorescent (bottom)

micrographs of the co-culture 2 days after rhodamine application to the right compartment.

Rhodamine fluorescence (red) is contained in the right compartment, with no observed

diffusion through the microchannels. Scale bar is 200 μm, (c) Co-culture with regular

culture medium (including 5.4 mM [K+]) in compartment 2, and medium containing 2mM

kynurenic acid in compartment 1, recorded at 10 DIV. No spontaneous activity is observed

in slice 1, while slice 2 exhibits characteristic burst activity, indicating no diffusion of

kynurenic acid from compartment 1 to compartment 2. When fresh medium, with no

kynurenic acid, is placed on both slices, both exhibit spontaneous bursting.
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Fig. 4.

Synchronization of activity in co-cultures. (a) Activity is recorded with extracellular

electrodes in positions indicated by (1) and (2) while both slices are perfused with ACSF

containing GABAA and GABAB antagonists (b, inset). Top trace shows a typical example of

activity recorded in co-cultures at less than 14 DIV, with no synchronization of bursts

between the two slices. Bottom trace shows typical recording from co-cultures older than 16

DIV. Burst timing is synchronized in slice 1 and slice 2. (b) Mean values of the cross-

correlation coefficients between slice 1 and slice 2 are plotted for cultures at 6–12 DIV (n =

7 co-cultures), 13–15 DIV (n = 5 co-cultures), and 16–40 DIV (n = 7 co-cultures).

Difference between r is very significant between age groups (p = 0.0011, Kruskal-Wallis

test, values of r are very significantly different between 6–12 DIV and 16–40 DIV, p =

0.0006, Dunn’s post-hoc analysis). Error bars correspond to standard deviation from the

mean cross-correlation coefficient. (c) Burst initiation delay was measured as the difference

between the burst onset in slice 1 and slice 2. (d) Histogram of the burst initiation delays in 3

co-cultures. Negative delays indicate initiation in slice 1, while positive delays indicate

initiation in slice 2.
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