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Abstract

Sustained enhancement of axonal signaling and increased neurotransmitter release by the activation of pre-synaptic nicotinic acetylcholine
receptors (nAChRs) is an important mechanism for neuromodulation by acetylcholine (ACh). The difficulty with access to probing the signaling
mechanisms within intact axons and at nerve terminals both in vitro and in vivo has limited progress in the study of the pre-synaptic components
of synaptic plasticity. Here we introduce a gene-chimeric preparation of ventral hippocampal (vHipp)–accumbens (nAcc) circuit in vitro that
allows direct live imaging to analyze both the pre- and post-synaptic components of transmission while selectively varying the genetic profile
of the pre- vs post-synaptic neurons. We demonstrate that projections from vHipp microslices, as pre-synaptic axonal input, form multiple,
reliable glutamatergic synapses with post-synaptic targets, the dispersed neurons from nAcc. The pre-synaptic localization of various subtypes of
nAChRs are detected and the pre-synaptic nicotinic signaling mediated synaptic transmission are monitored by concurrent electrophysiological
recording and live cell imaging. This preparation also provides an informative approach to study the pre- and post-synaptic mechanisms of
glutamatergic synaptic plasticity in vitro.

Video Link

The video component of this article can be found at http://www.jove.com/video/52730/

Introduction

Cholinergic modulation of circuit excitability contributes to fundamental aspects of cognition, and altered cholinergic modulation is a feature
of neurodegenerative and neuropsychiatric disorders including Alzheimer’s disease, Parkinson’s disease, schizophrenia and addiction1-4.
An established mechanism of cholinergic facilitation of synaptic transmission in the CNS is via direct activation of nAChRs localized at
pre-synaptic sites. Activation of these pre-synaptic receptors leads to increased intracellular Ca2+ ([Ca2+]i) in pre-synaptic terminals – both
directly, due to the relatively high calcium conductance of certain nAChR subtypes, and indirectly, via intracellular signaling cascades5,
thereby enhancing neurotransmitter release. In fact, the activation of pre-synaptic nAChRs has been linked with changes in release of a wide
variety of neurotransmitters including glutamate, GABA, ACh, and dopamine6-10. Although this process has been studied indirectly using
electrophysiological methods at various synapses, optical reporters of [Ca2+]i and synaptic vesicle recycling allow more direct and temporally
precise measurement of pre-synaptic phenomena.

Pre-synaptic localization of nAChRs has been demonstrated convincingly with direct immuno-gold labeling of nAChRs at the electron
microscopic (EM) level11,12. Several other techniques have also been used to address the nAChR localization indirectly, including detecting
locations of nAChRs subunit- fluorescent protein chimeras in cultured neurons13,14, electrophysiological recording of nAChR currents in synaptic
terminals15,16, monitoring nicotine induced changes in [Ca2+]i in synaptic nerve terminals by live cell imaging17, and indirect monitoring of
neurotransmitter release at the synaptic terminal by live cell imaging techniques with fluorescent indicators, including exocytosis of synaptic
vesicles viewed by styryl amphipathic FM dyes (FM1-43 and FM4-64) and/or synapto-pHluorin and by specific fluorescent neurotransmitter
reporters, such as CNiFERs for ACh and iGluSnFr for glutamate18-20. Overall, these current approaches for identifying pre-synaptic localization of
nAChRs are complicated, and require special systems and techniques to allow reliable identification and physiological monitoring of pre-synaptic
activity.

Here we describe protocols and equipment for an in vitro co-culture system of a ventral hippocampal (vHipp) – nucleus accumbens (nAcc) circuit
that provides direct access to identify and analyze both pre- and post-synaptic components of synaptic transmission. We show examples of pre-
synaptic localization of nAChRs and the live cell imaging of nAChR mediated Ca2+ signaling and neurotransmitter release along vHipp axons. A
natural (and straightforward) extension of the protocol presented here is the preparation of pre- and post-synaptic contacts comprised of neurons
from different genotypes. In this manner the contribution of a particular gene product to the pre- and/or post-synaptic mechanisms of modulation
can be assessed directly.
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Protocol

All animal experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals
(NIH Publications No. 80-23, revised 2012) and studies were approved by Institutional Animal Care and Use for Research Committees at Stony
Brook University (#1618 and #1792).

1. vHipp-nAcc Synaptic Co-cultures

1. Sacrifice mice (postnatal day 0 - 3, from wild-type (WT) or α7 nAChRs transgenic mouse line) with CO2. Decapitate each pup and save the
tail in a 1.5 ml centrifuge tube for post facto genotyping. Perform the following steps in a sterilized hood.

2. Remove the top of the skull with scissors and forceps to expose the whole brain. Starting at the juncture where the cerebral cortices part from
each other caudally, obtain a coronal section that contains the posterior cortices including the vHipp5,21 under a dissecting microscope.

3. Dissect vHipp tissue strips containing the CA1-subiculum region out according to a developing mouse brain atlas22 (Figure 1A). Transfer to a
35 mm culture dish containing cold culture media (4 °C), cut into small thin slices (around 100 µm × 100 µm microslices).

4. Pre-incubate 12 mm poly-D-lysine/laminin-coated glass coverslips inside 24 well tissue culture plates with culture media (~ 500 μl) for at least
30 min in the incubator at 37 °C. Remove media before plating microslices.

5. Plate with a fire-polished Pasteur pipette at the center of the coverslip with minimal amount of media (~ 50 μl, containing ~ 20 pieces of
microslices) to facilitate attachment of the explants. Plate vHipp microslices originating from a single animal (either the +/+ or the -/- genotype
of the transgenic α7 line) on each coverslip.

6. After the explants settle onto the coverslip, gently add additional media (~ 100 μl) by the wall so that the level of the media is high enough to
completely cover the explants on the periphery, but not those at the center of the coverslip.

7. After an O/N incubation in 37 °C, 5% CO2 incubator, disperse nAcc neurons from embryonic days 18 to postnatal day 1 WT mice and add to
the explants.

1. Dissect out nAcc tissues according to a developing mouse brain atlas20 (Figure 1B).
2. Cut into small pieces (around 500 µm × 500 µm microslices) and transfer to a 15 ml tube.
3. Treat with 0.25% trypsin (2 ml) for 15 min at 37 °C. Wash tissue chunks three times with cold washing media (5 ml, 4 °C) followed

by one wash in cold culture media (5 ml, 4 °C). Allow suspension to rest for 5 min in each wash step, and then pour off supernatant
carefully.

4. Dissociate cells by gentle trituration in 2 ml of culture media with a lightly fire-polished Pasteur pipette.
5. Transfer cell suspension to another 15 ml tube and centrifuge at 2,000 x rpm for 5 min. Remove the supernatant and resuspend the

cells in culture media at 1 ml per 6 pups. Disperse cells by gently pipetting in media several times with a fire-polished Pasteur pipette.
6. Add 0.25 ml of dispersed nAcc cells to each coverslip with vHipp explants.
7. Maintain the cultures in a humidified 37 °C, 5% CO2 incubator. Place culture plates on dampened sterile gauze pads to mechanically

stabilize and maintain humidity, facilitating synapse formation.

2. Immunocytochemistry

1. Fix cultures (5 - 7 days in vitro) in 4% paraformaldehyde/4% sucrose/PBS (~500 μl per coverslip, 20 min, RT).
2. Permeabilize cultures with 0.25% Triton X-100/ PBS (~500 μl per coverslip, 5 min, RT).
3. Block cultures with 10% normal donkey serum in PBS (~500 μl per coverslip, 30 min, RT) prior to antibody staining. Incubate with primary

antibodies O/N at 4 °C. Use the following primary antibodies: anti- nAChRs (α4-ECD 1:500; anti-α5 subunits, 1:500), anti-vesicular glutamate
transporter 1 (1:250), anti-GAD65 (1:100).

4. Wash primary antibodies out with PBS (3 times/~500 μl per coverslip, 5 min) and then incubate cultures in secondary antibodies conjugated
to Alexa 488 (~500 μl per coverslip, 1:500) or Alexa 594 (~500 μl per coverslip, 1:500) for 1 hr at 37 °C.

5. Incubate cultures in αBgTx conjugated to Alexa 594 (~500 μl per coverslip, 1:1,000 in culture media) for 45 min at 37 °C prior to fixation for
labeling surface α7*nAChRs.

6. Mount and seal coverslips.
7. Capture images with a fluorescence microscope equipped with Plan-Apochromat objectives (20X with 0.8 NA or 63X oil with 1.4 NA) and a

CCD camera.

3. FM1-43 Based Vesicular Fusion

1. Maintain cultures (5 - 7 days in vitro) in an imaging chamber, mount the chamber on spinning disk confocal microscope. Continuously perfuse
(1 ml/min) with HBS cocktail at RT.

2. Stop perfusion and load cultures with 10 µM FM1-43 in 56 mM K+ ACSF (~500 μl) for 90 sec (staining), wash external dye away for 15 min
with Ca2+ free HBS containing ADVASEP-7 (0.1 mM) to scavenge membrane-bound FM1-43.

3. Stimulate the cultures with 56 mM K+ ACSF (~500 μl) without FM1-43 for 120 sec (destaining), reload cultures with FM1-43 using the same
conditions, and wash again with Ca2+ free HBS containing ADVASEP-7 for 15 min.

4. Acquire FM1-43 fluorescence images with spinning disk confocal microscope equipped with a Plan-Apochromat objective (60X water with 1.4
NA, excitation 488 nm, emission 530 nm) and capture images with a CCD camera.

5. Collect baseline FM1-43 fluorescence images (every 2 s for 1 min) as pre-nicotine control; apply nicotine (1 µM) by rapid perfusion (2 ml/min)
for 1 min, and then wash nicotine out with HBS cocktail. Keep capture time-lapse images before, during, and after nicotine application every 2
sec for 5 min.

6. Quantify FM1-43 fluorescence intensity before (Fstaining) and after (Fdestaining) nicotine application at each synaptic bouton.
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7. Calculate total amount of releasable FM1-43 fluorescence along vHipp axons by quantifying the difference of FM1-43 fluorescence intensity
before and after nicotine application (ΔF = Fstaining-Fdestaining). Analyze fraction of fluorescence intensity decrease after nicotine with the
following equation: Fdecrease% = ΔF/Fstaining.

4. Calcium Imaging

1. Rinse cultures (5 - 7 days in vitro) quickly with normal HBS, then load cultures with 5 µM Fluo-4 Ca2+ indicator (AM ester) and 0.02% Pluronic
F-127 in HBS (2 ml) for 30 min at 37 °C and 5% CO2.

2. Wash out Fluo-4 solution with HBS (3 times/5 min). Return cultures to incubator (37 °C / 5% CO2) for at least 30 min.
3. Maintain cultures in the same imaging chamber and same conditions as described in FM1-43 based vesicular fusion section (see step 3.1).
4. Collect Fluo-4 fluorescence images of axonal projections from the vHipp micro-slices with a Plan-Apochromat objective (60X water with 1.4

NA, excitation 488 nm, emission 530 nm) and a CCD camera.
5. Collect baseline Fluo-4 fluorescence images (every 10 sec for 2 min) as pre-nicotine control, apply nicotine (1 µM) by rapid perfusion (2 ml/

min) for 1 min, and then wash nicotine out with HBS cocktail. Keep capture time-lapse images before, during, and after nicotine application
every 10 sec for 30 min.

6. Save all frames of the raw fluo-4 fluorescence images, export as a series of TIFF format images for further analyzing.
7. Collect the integrated intensity of fluo-4 fluorescence along vHipp axons before and after nicotine application.
8. Normalize integrated fluorescence intensity with the following equation: ΔF/F0 =  (F-F0)/F0, where F0 is the background-corrected pre-nicotine

integrated fluorescence intensity and F is the integrated fluorescence intensity along vHipp axons at each time point after nicotine application.
Analyze and plot normalized integrated fluorescence intensity.

Representative Results

The preparation employed consists of gene chimeric co-cultures of vHipp–nAcc circuits in vitro. Projections emanating from vHipp microslices, as
pre-synaptic axonal input, can make synaptic contacts with post-synaptic targets, the dispersed neurons from nAcc. Nicotine induced a sustained
(≥ 30 min) facilitation of glutamatergic transmission from nAcc neurons innervated by vHipp axons21 and prolonged calcium signaling along
vHipp axons5 via pre-synaptic α7*nAChRs.

Figure 1 demonstrates directly that the projections from the vHipp micro-slices are glutamatergic ( vGluT1 positive) and that contacts are made
with dispersed GABAergic medium spiny neurons from nAcc (GAD positive, Figure 1C, D). Both α7* and non-α7*nAChRs (including α4 and α5
subunits) were found along the vHipp axons (Figure 1E-G) and specifically at sites where vHipp projections contact nAcc neurons. It should be
noted that dispersed neurons from nAcc do not express α7*nAChRs (Figure 1H); i.e. the receptor clusters at contacts are strictly presynaptic
(Figure 1I), also see Figure 1 in Reference 5.

Once the chimeric co-cultures have been established, live imaging of [Ca2+]i and synaptic vesicles fusion along vHipp axons with and/or without
nicotine can be recorded for up to 30 min without any apparent damage to the neurons.

Representative images, time-lapse movies and quantifications for nicotine-induced fluo-4 [Ca2+]i signaling along vHipp axons are shown in
Figure 2 and Supplemental Movie 1 and 2. We found that activation of vHipp nAChRs by nicotine induces sustained Ca2+ influx into pre-
synaptic axons (Figure 2A, D). The sustained phase of nicotine induced increases in [Ca2+]i signaling along vHipp axons was blocked by the
specific α7*nAChR antagonist αBgTx but not by the non-α7*nAChR antagonist DHβE (Figure 2A-C).

Direct visualization of activity-dependent FM1-43 dye endocytosis and exocytosis has been used to monitor indirectly presynaptic
neurotransmitter release23, 24. Here, representative images and quantification for nicotine-induced vesicular fusion along vHipp axons visualized
by FM1-43 are shown in Figure 3 (Figure 3A, C). The presence of pre-synaptic α7*nAChRs is required for maximal nicotine induced vesicle
fusion and neurotransmitter release (Figure 3B, C).
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Figure 1. Synaptic co-culture of vHipp with nAcc allows examination of pre-synaptic localization of nAChRs. (A-C) Schematic cartoon of
genotype-specific in vitro circuits (C) prepared by separate plating of ventral hippocampus/subiculum (A).  slices from an individual WT or α7 -/-
mouse and dispersed neurons from WT nucleus accumbens (B). Aq, aqueduct (Sylvius); DG, dentate gyrus; MM, medial mammillary nucleus;
PMCo, posteromedial cortical amygdaloid nucleus; rf, rhinal fissure, fmi, forceps minor of the corpus callosum; LV, lateral ventricle; Tu, olfactory
tubercle; VP, ventral pallidum. (D) vHipp microslices extend vGluT1 positive (red) axonal projections that contact GAD65 positive (green) nAcc
neurons (white arrows are examples of those contact sites). Scale bar: 10 µm. (E-G) Representative micrographs of WT vHipp axons (staining
with vGluT1, green) are shown for α4*nAChR (E), α5*nAChR (F) and surface α7*nAChR (G) staining in red clusters (white arrows). Scale bar:
5 μm. (H) There are no surface α7*nAChR clusters on dispersed GABAergic neurons (GAD65 positive) from nAcc alone. (I) Red “clusters” of
surface α7*nAChR (white arrows) can be seen in those dispersed neurons co-cultured with vHipp microslices . Scale bar: 5 μm. Please click
here to view a larger version of this figure.

 

Figure 2. Synaptic co-culture of vHipp with nAcc allows examination of nicotine induced calcium signaling along vHipp axons. (A)
Representative fluo-4 images of calcium bound fluo-4 in pseudo color scale along a WT vHipp axon before (Top), 1’ (Middle), and 30’ (Bottom)
after nicotine application. The sustained phase (30’) of the nicotine-induced Ca2+ response is eliminated by addition of the α7*nAChR selective
antagonist αBgTx (100 nM) (B) but not by the addition of the non-α7*nAChR selective antagonist DHβE (1 µM) (C). Scale bar: 5 µm. (D)
Representative plot of normalized fluo-4 integrated fluorescence intensity from a live WT vHipp axon perfused with nicotine (1 µM) for 1 min.
Please click here to view a larger version of this figure.
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Figure 3. Synaptic co-culture of vHipp with nAcc allows examination of nicotine induced vesicular neurotransmitter release (with
FM1-43) along vHipp axons. (A)  Representative images of WT vHipp axons (loaded with FM1-43, green) before (top) and after (bottom)
nicotine application. (B) Representative images of WT vHipp axons (loaded with FM1-43, pretreated with α7*nAChR selective antagonist αBgTx
for 15 min) before (top) and after (bottom) nicotine application. Scale bar: 5 μm. (C) shows quantification of the changes in axonal FM1-43
fluorescence (Fdecrease) following nicotine treatment in the absence (WT) or presence (WT+αBgTx) of the α7*nAChR antagonist. Please click
here to view a larger version of this figure.

 

Supplemental Movie 1: Time-lapse live imaging of basal Fluo-4/Ca2+ fluorescence along vHipp axons.

The time-lapse images of Fluo-4/Ca2+ fluorescence along vHipp axons were acquired with a 60x objective water lens every 10 sec for 30 min
with a spinning disk confocal microscope. Acquired images were indicated on pseudo color scale and played back as a movie at 2 frames per s.
This movie shows the baseline of Fluo-4/Ca2+ fluorescence activity along live WT vHipp axon perfused with HBS cocktail.
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Supplemental Movie 2: Time-lapse live imaging of nicotine induced sustained Fluo-4/Ca2+ fluorescence along vHipp axons.

The time-lapse images of Fluo-4/Ca2+ fluorescence along vHipp axons were acquired with a 60x objective water lens every 10 sec for 30 min
with a spinning disk confocal microscope. Acquired images were indicated on pseudo color scale and played back as a movie at 2 frames
per sec. This movie shows nicotine (1 µM, perfused in at time point 43, washed out with HBS cocktail at time point 49) induced Fluo-4/Ca2+

fluorescence activity along live WT vHipp axon. Nicotine application increased the fluo-4/Ca2+ fluorescence intensity along vHipp axons.

Discussion

The co-culture preparation described re-capitulates ventral hippocampal–accumbens circuits in vitro. This preparation permits relatively
straightforward and reliable examination of the spatial and temporal profiles by which activation of pre-synaptic nAChRs elicit enhanced
glutamatergic transmission5, 21.

Co-cultures are defined as the growth of different specific cell types in one dish which can provide physiological conditions in vitro to demonstrate
in vivo-like function. Conventional neuron-neuron co-cultures have been introduced to neuroscience research for studying the synaptic
interactions between different cell types. However, it is hard to identify the pre- and post-sites of synapses in these co-cultures. This microslice-
dissociated neuron co-culture protocol allows easy recognition of the pre-synaptic axons and post-synaptic targets. Using microslices from
different brain regions of transgenic mouse line expressing different fluorescent proteins, this protocol can also be used to study axon-axon
interactions.

The critical step of this microslice-dissociated neurons co-culture protocol is providing a stable environment to allow for the attachment of the
explants, the outgrowth of the projections and the formation of synapses. Plating the microslices in a minimal volume of media and maintaining
the culture plates on dampened sterile gauze pads are the two key steps for microslice attachment and synapse formation. The main limitation of
this co-culture protocol is that not all dispersed nAcc neurons form functional synapses with vHipp axons.

By altering the genotype of the pre- and post- synaptic components, this preparation provides an informative approach to study the pre- and
post-synaptic mechanisms of synaptic plasticity. Three distinct features of this preparation make it ideal for these studies. Brain regions that
are normally connected in vivo via fiber paths that cannot be maintained, or readily identified in acute slices, can be combined in this in vitro
preparation. Pre- and post-synaptic components come from different mice make allowing independent alteration of either the pre- or post-
synaptic genotype. By plating pre- and post-synaptic components at different times, it is possible to selectively express exogenous genes in
either the pre- or post-synaptic neurons.

Nicotine induced Ca2+ transients (in seconds to minutes range) by activation of nAChRs have been reported in cultured neurons, astrocytes and
in several cell lines that express nAChRs25-27. However, most of these studies did not detect the long-term effects (over 10 min) of short time
nicotine exposure largely due to photo damage during long-term imaging. By using the culture protocol described above and rapid spinning-disc
confocal image collection, nicotine induced Ca2+ signaling, synaptic vesicle fusion and glutamate release can be recorded for up to 1 hr without
any apparent damage to the neurons (Supplemental Movie 1, 2).
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