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a b s t r a c t
Background: Ex vivo acute living brain slices are a broadly employed and powerful experimental preparation. Most new technology regarding this tissue has involved the chamber used when performing
electrophysiological experiments. Alternatively we instead focus on the creation of a simple, versatile
aerator designed to allow maintenance and manipulation of acute brain slices and potentially other tissue
in a multi-well cell culture plate.
New method: Here we present an easily manufactured aerator designed to ﬁt into a 24-well cell culture
plate. It features a nylon mesh and a single microhole to enable gas delivery without compromising tissue
stability. The aerator is designed to be individually controlled, allowing both high throughput and single
well experiments.
Results: The aerator was validated by testing material leach, dissolved oxygen delivery, brain slice viability
and neuronal electrophysiology. Example experiments are also presented, including a test of whether
␤1-adrenergic receptor activation regulates gene expression in ex vivo dorsal striatum using qPCR.
Comparison with existing methods: Key differences include enhanced control over gas delivery to individual wells containing brain slices, decreased necessary volume, a sample restraint to reduce movement
artifacts, the potential to be sterilized, the avoidance of materials that absorb water and small biological
molecules, minimal production costs, and increased experimental throughput.
Conclusion: This new aerator is of high utility and will be useful for experiments involving brain slices
and other potentially tissue samples in 24-well cell culture plates.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction
Ex vivo acute living brain slices are a broadly employed and powerful experimental approach (Collingridge, 1995; Khurana and Li,
2013; Li and McIlwain, 1957; McIlwain et al., 1951; Yamamoto and
McIlwain, 1966). Though most prominently associated with electrophysiological recordings, ex vivo brain slices have been used to
test hypotheses across the entire continuum of neuroscience, using
genetic, molecular, tissue culture, pharmacological, immunocytochemical, anatomical and many other approaches.
Brain slices are prepared by rapidly extracting the brain, exposing it to either warm or cold oxygenated artiﬁcial cerebrospinal
ﬂuid (ACSF), and sectioning the brain slices using a vibratome
(Colbert, 2006; Huang and Uusisaari, 2013; Madison and Edson,
2001). Oxygenation is typically provided via carbogen gas (95%
O2 /5% CO2 ). After creation, brain slices are then usually maintained and then recorded from in one of two basic chamber types.
The ﬁrst chamber type submerges the tissue in relatively large
volumes of oxygenated ACSF (Blake et al., 2007; Buskila et al.,
2014; Croning and Haddad, 1998; Fujii and Toita, 1991; Hajos and
Mody, 2009; Koerner and Cotman, 1983; Moyer and Brown, 1998;
Nicoll and Alger, 1981; Sakmann et al., 1989; Thomas et al., 2013;
Tominaga et al., 2000; White et al., 1978). The second is interfaceor membrane-style chamber that places the tissue at the convergence/interface between oxygenated ACSF and humidiﬁed O2 /CO2
(Dingledine et al., 1980; Haas et al., 1979; Hajos et al., 2009; Hill and
Greenﬁeld, 2011; Knowles, 1985; Li and McIlwain, 1957; Matthies
et al., 1997; Tcheng and Gillette, 1996). The design and creation of
brain slice chambers has been the subject of intense effort, especially regarding microﬂuidics (Ahrar et al., 2013; Huang et al., 2012;
Mohammed et al., 2008; Scott et al., 2013; Thomas et al., 2013),
and oxygen delivery (Blake et al., 2007; Choi et al., 2007; Hill and
Greenﬁeld, 2011; Oppegard et al., 2009; Rambani et al., 2009).
Less attention has been directed toward designing chambers
for ex vivo manipulation of individual brain slices for the purposes
other than electrophysiology, and the maintenance and storage of
brain slices, especially in low volumes of ACSF. Here we aim to
ﬁll this gap by presenting a new aerator designed to allow easy
manipulation and maintenance of brain slices and potentially other
tissues in low volumes in multi-well cell culture plates. Multi-well
cell culture plates, and in particular 24-well plates were chosen
given their versatility and prevalence.
We ﬁrst describe in detail the design and operation of the
aerator. We then validate the device using inductively coupled
plasma optical emission spectrometry (ICP-OES) to test for material leach, dissolved oxygen measurements to test for gas delivery,
infrared-differential interference contrast (IR-DIC) microscopy and
tetrazolium chloride (TTC) staining to test brain slice viability, and
electrophysiology to test neuronal physiology. We then present
example applications, including immunocytochemistry and a test
of whether ␤1-adrenergic receptor activation in ex vivo dorsal striatum regulates gene expression using real-time polymerase chain
reaction (qPCR). We conclude that new aerator is of high utility
and will be useful for experiments involving brain slices and other
potentially other tissue samples in 24-well cell culture plates.

2. Materials and methods
2.1. Aerator design
The aerator is constructed from 18 ga stainless steel tubing
(Part no. HTX-18R-30, 304 SS Hypo Tube 18 ga. Regular Wall,
Component Supply Company, Florida, http://www.component
supplycompany.com/), with a nylon mesh (Cat no. 64-0198, Warner
Instruments, Connecticut, https://www.warneronline.com/) used

to restrain brain slices (or potentially other tissues) (Fig. 1A). At the
bottom is a 15 mm inner diameter loop with a single 0.343 mm hole
in the top of the loop, opposite where the end of the tube meets
a 90 degree turn in the tube. The open end is crimped. The shaft
runs approximately 20 mm to where it meets another 90 degree
bend. After this bend, the shaft runs approximately 10 mm where
it remains open for gas line attachment. While the bottom loop can
be manufactured with or without a nylon mesh, we ﬁnd that the
mesh is useful for restraining samples at the bottom of the well.
The mesh is currently constructed of nylon because of its relative
inertness and long use with brain slices. However, the mesh could
potential be constructed of other materials such as polyester or
polypropylene.
Once constructed, the bubbler is attached to a gas line controlled
by a manifold and placed in a culture well (Fig. 1B and C). 2 mL of
solution in the well was found to be optimal and was used in all
the experiments reported here, however, the well could also hold
1 or 3 mL of solution. 2 mL was chosen for the working volume as
increased cavitation was observed with ≤1 mL volume, and 3 mL
increased the risk of spillover and aerosol contamination of other
wells. Once in solution the gas (in our case, 95% O2 /5% CO2 ) was
turned on using the manifold. We found that the microhole in the
bottom loop of the aerator provided adequate oxygenation with
minimal sample disruption, and thus we did not place a tubing
crimp to regulate gas ﬂow. Additionally, when multiple aerators
are in use (Fig. 1D), gas exposure was more rigorously controlled
by using a common manifold than individual crimps.
We ﬁnd that this basic design met our requirements for the aerator. First, the aerator needed to ﬁt snugly into the well of a 24
well cell culture plate. This was achieved via the 15 mm diameter
rounded bottom. Second, the brain slice must be kept stationary.
This was achieved via the nylon mesh afﬁxed to the top of the
rounded bottom, and the single microhole used for gas delivery.
Third, the aerator needed to be individually controlled in exclusion to all other wells. This criterion was met by creating an aerator
with individually-controlled operation. Fourth, we wanted the aerator to be made out of a material that can potential be sterilized,
that does not absorb water or small molecules, and with minimal release of endocrine disruptors. We thus considered three
broad materials: plastic, glass, and ﬁnally stainless steel. Plastic
was our initial choice, due to the relative ease of manufacture and
the potential possibility of construction using 3-D printers. However, many of the plastics employed for 3-D printer construction
are toxic to neurons (Hyde et al., 2014). Our primary consideration
was polydimethlysiloxane (PDMS), which has been employed in
other multi-well culture plate aerators and brain slice chambers
(Blake et al., 2007; Oppegard et al., 2009, 2010). PDMS has many
advantages for aeration, however, PDMS is known to absorb water
and small biological molecules (Heo et al., 2007; Mukhopadhyay,
2007; Randall and Doyle, 2005; Roman et al., 2005). This makes it
unsuitable for many experiments involving living tissue, and especially brain slices. These considerations, along with the potential
release of additional endocrine disruptors (Gore and Patisaul, 2010)
led us to consider other materials, although we note that the presented schematic could still potentially be used with 3-D printers.
The second material we evaluated was glass. However, we quickly
ran into severe challenges with manufacturing. That, along with
the possibility of leached materials (Doremus, 1994; Kay, 2004;
Nunamaker et al., 2013), led us to our current material, stainless
steel. We found stainless steel to be advantageous in that it was
relatively easy to manipulate, was already commonly used in many
biomedical applications, was relatively inexpensive and was able
to be sterilized. One potential drawback to stainless steel is like
glass and some plastics is the potential for the leaching of heavy
metals in solution. We directly tested this using ICP-OES, and aerators actively employed in the laboratory between 6 and 12 months.
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Fig. 1. An aerator for ex vivo manipulation of individual living brain slices in 24-well cell culture plates. (A) Overhead schematic of the aerator, including an optional mesh to
stabilize brain slices. (B) Side schematic of the aerator, placed in a well of a 24-well culture plate. (C) Overhead picture of an aerator placed in a 24-well culture plate. In this
case the aerator is attached to tubing to deliver gas. (D) An array of aerators prepared for an experiment. All aerators are placed in individual wells, and attached to tubing to
deliver gas. The tubing is attached to a manifold in order to control gas ﬂow. In an experiment, one or two living brain slices would be placed in each aerated well with 2 mL
of ACSF.
Table 1
Metal concentrations.
Metal

Minimum detection limit (g/L)

Control (g/L)

Aerator (g/L)

Statistics (t, P)

Chromium (Cr)
Iron (Fe)
Nickel (Ni)
Zinc (Zn)

1.0
2.0
2.0
1.0

1.0 ± 0, (0)
2.0 ± 0, (0)
2.0 ± 0, (0)
1.9 ± 0.6, (2)

1.0 ± 0, (0)
4.0 ± 2.1, (1)
2.5 ± 0.5, (1)
2.3 ± 0.4, (4)

N/A
1.00, 0.36
1.00, 0.36
0.62, 0.56

Note: Numbers in parentheses indicate number of samples with detectable metal levels. For statistical analysis and calculations of means and SEM, the minimum detection
limit was used for samples with no detectable element concentration. Values are mean ± SEM. n = 4 samples for each element. N/A: Not applicable.

Little evidence of leaching was found when procedures typical of
our experiments are used (Section 3.1 and Table 1). We do note that
care must be taken to visually inspect the aerator before use, and
that different grades/batches of stainless steel could present different material leach proﬁles. Thus, we conclude that while stainless
steel is not a perfect material, it offers the best combination of
functionality along with known and well-understood limitations.

connected to a Dremel tool. Nylon mesh was then afﬁxed using
cyanoacrylate glue (Krazy Glue) and allowed to dry for at least
1 h. This relatively simple manufacturing process enabled a short
build time for the aerator. This met our ﬁfth goal for the device,
that the aerator be easy and inexpensively manufactured with little
specialized equipment.
2.3. Aerator operation

2.2. Aerator manufacture
Aerator manufacture is straightforward and followed a plan created via a computer-aided design package (Fig. 1A; SolidWorks,
Dassault Systemes, Massachusetts). First an 80 mm length of 18 ga
stainless steel tubing was cut and one end crimped. The crimped
end was then ﬁtted around a 13 mm diameter mounted cylinder.
The tube was then wrapped around the cylinder and the crimped
end placed next to the shaft. A 90 degree bend was then introduced
where the shaft met the crimped end. 20 mm from the initial 90
degree bend, a second 90 degree bend was then introduced into
the tube. Any excess tubing as then trimmed to create the 10 mm
neck. At this point a single 0.343 mm microhole was drilled on the
side of the loop opposite the crimped end, using a no. 80 drill bit

Operation was likewise simple. While it is possible to control
each aerator with an individual tubing crimp, in practice we found
that this was difﬁcult to control when using more than one aerator.
We thus used tubing to attach all aerators to manifolds controlled
with a single switch. This allowed rapid and synchronous operation
of the aerators. After use, aerators were washed with dH2 O and 70%
ethanol unless they were disposed of due to drug exposure or other
compromising event.
2.4. ICP-optical emission spectroscopy (ICP-OES)
Measurements of iron (Fe), Zinc (Zn), Nickel (Ni), and Chromium
(Cr) were made with an Optima 8000 ICP-OES Spectrometer (Perkin
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Elmer) by the NC State University Environmental and Agricultural
Testing Service (http://www.soil.ncsu.edu/services/asl/). Data was
collected using a Meinhard nebulizer and a cyclonic spray chamber to achieve the highest sensitivity. Before data collection, the
injector tube, torch, and spray chamber were acid washed, and
new tubing was installed. 3 mL of dH2 O was placed in 16 individual wells of a 24 well culture plate for 1 h, 8 wells contained
aerators and 8 did not (control). At the end of the hour, dH2 O was
extracted from each well and pooled with one other well from the
same experimental group to meet minimum volume requirements.
Thus the number of analyzed samples per group was 4. Detection limits varied for each element (Fe, 2.0 g/L; Cr, 1.0 g/L; Ni,
2.0 g/L; Zn, 1.0 g/L). Calibration checks were made for each element, and linearity was veriﬁed using a 0 to 10 g/L concentration
curve. Samples were run in a single assay. As an additional control,
two different wavelengths were used to analyze the same sample
set for Zn concentration. Variability in Zn concentration detected by
the two different wavelengths was 1.0%, indicating excellent precision. For statistical analysis and calculations of means the minimum
detection limit was used for samples with no detectable element
concentration.

2.8. Electrophysiology and IR-DIC imaging
After resting for ≥1 h after sectioning, and for 1–6 h in an individual well with aerator, slices were placed in a Zeiss Axioscope
equipped with IR-DIC optics, a Dage IR-1000 video camera, and
10X and 40X lenses with optical zoom. Slices were superfused
with oxygenated ACSF heated to 27 ± 1 ◦ C. Whole-cell patch-clamp
recordings were made from two visually-identiﬁed medium spiny
neurons (MSNs) in the dorsal striatum using glass electrodes
(4–8 M) containing (in mM): 115 K d-gluconate, 8 NaCl, 2 EGTA,
2 MgCl2 , 2 MgATP, 0.3 NaGTP, 10 phosphocreatine from SigmaAldrich and 10 HEPES from Fisher, 285 mOsm, pH 7.2–7.4). Signals
were ampliﬁed, ﬁltered (2 kHz), and digitized (10 kHz) with a MultiClamp 700B ampliﬁer attached to a Digidata 1550 system and a
personal computer using pClamp 10 software. Membrane potentials were not corrected for a calculated liquid junction potential
of −13.5 mV. Using previously described procedures (Farries et al.,
2005; Meitzen et al., 2009), recordings were made in current
clamp to conﬁrm MSN identify and to assess electrophysiological
properties.
2.9. 2,3,5-Triphenyltetrazolium chloride (TTC) staining

2.5. Oxygen concentration measurements
Dissolved oxygen concentration measurements were made
with a Vernier Dissolved Oxygen Probe (DO-BTA) and Vernier Lab
Pro Software (Vernier, Beaverton, OR) following previous work
from other laboratories (Noradoun and Cheng, 2005).
2.6. Animals
All animal protocols were approved by Institutional Animal Care
and Use Committee at North Carolina State University and carried
out in accordance with the National Institute of Health Guide for
the Care and Use of Laboratory Animals (NIH Publications no. 8023). Sprague-Dawley CD IGS rats were born from timed-pregnant
females purchased from Charles River (Raleigh, NC). Animals were
housed with their littermates and dam until weaning on day 21, and
then with same-sex littermates. All cages were washed polysulfone
(BPA-free) and were ﬁlled with bedding manufactured from virgin
hardwood chips (Beta Chip, NEPCO, Warrensburg, NY). Rooms were
temperature, humidity and light-controlled (23 ◦ C, 40% humidity, 12 h light:12 h darkness cycle). Soy protein-free rodent chow
(2020X, Teklad, Madison, WI, USA) and glass-bottle provided water
were available ad libitum.
2.7. Brain slice preparation
Methods for preparing brain slices were adapted from previous studies (Meitzen et al., 2009; Wissman et al., 2011). Rats were
deeply anesthetized with isoﬂurane and killed by decapitation. The
brain was dissected rapidly into ice-cold, oxygenated sucrose artiﬁcial CSF (sACSF) containing (in mM): 75 sucrose, 1.25 NaH2 PO4 ,
3 MgCl2 , 0.5 CaCl2 , 2.4 Na pyruvate, 1.3 ascorbic acid from SigmaAldrich, St. Louis, MO, and 75 NaCl, 25 NaHCO3 , 15 dextrose, 2 KCl
from Fisher, Pittsburg, PA; osmolarity 295–305 mOsm, pH 7.2–7.4.
Coronal brain slices (300 m) were prepared using a vibratome
and then incubated in regular ACSF containing (in mM): 126 NaCl,
26 NaHCO3 , 10 dextrose, 3 KCl, 1.25 NaH2 PO4 , 1 MgCl2 , 2 CaCl2 ,
295–305 mOsm, pH 7.2–7.4) for 30 min at 35 ◦ C, and at least 30 min
at room temperature (21–23 ◦ C) in a large volume bath holder.
Slices were stored submerged in room temperature oxygenated
ACSF for up to 6 h after sectioning in either a standard storage
container or in a 24 well plate cell culture well with the aerator
described here.

TTC staining was used to assess brain slice health using protocols adapted from previously published experiments (Bederson
et al., 1986; Llano et al., 2014; Watson et al., 1994). For each
experiment, 4 brain slices of dorsal striatum were prepared from
each animal (n = 4 males) and allowed to rest 1 h after sectioning. Slices were then equally divided into 4 experimental
groups: (1) 1 h, slices were placed into individual wells of a
24 well cell culture plate and exposed for 1 h to oxygenated
ACSF using the aerator described in this paper. (2) 2 h, slices
were placed into individual wells of a 24 well cell culture plate
and exposed for 2 h to oxygenated ACSF using the aerator. (3)
Negative control (−). Slices were placed into individual wells
of a 24 well cell culture plate and exposed for 2 h to nonoxygenated, dextrose-free ACSF containing 500 M kainic acid
to induce cell death (K0250, Sigma). (4) Positive control (+).
Slices were placed in TTC solution immediately after rest. Following experimental manipulation, slices were placed for 30 min
in freshly prepared and ﬁltered 2% TTC (T-8877; Sigma) solution in either oxygenated ACSF or non-oxygenated, dextrose-free
ACSF on an orbital shaker. Slices were then washed 3 times for
30 s each in phosphate-buffered saline (PBS). Slices were ﬁxed
using ice-cold 4% paraformaldehyde (Electron Microscopy Sciences) and 4 mM EGTA in PBS overnight at 4 ◦ C. Slices were
washed three times for 5 min each in PBS, and then cryoprotected using 15% sucrose for 30 min and then 30% sucrose in PBS
overnight at 4 ◦ C. For quantiﬁcation, brain slices were embedded in gelatin (1 g gelatin + 1 g sucrose per 10 mL dH2 O), and cut
cross-sectionally (90 degrees to the original cutting plane; to measure TTC staining in both the exterior and interior of the slice)
in 50 m increments using a freezing microtome. Slices were
mounted using Citiﬂuor (Ted Pella). Micrographs were acquired
using a Leica DM5000B system. Images were imported into ImageJ
(http://rsbweb.nih.gov/ij), and inverted using the “image inverter”
macro. Mean gray values were then measured and background
subtracted.
2.10. Immunocytochemistry
Protocols for immunocytochemistry were adapted from those
described previously (Karadottir and Attwell, 2006; Meitzen et al.,
2013a). Brain slices were placed in an individual well with
aerator for 2 h. Slices were ﬁxed using ice-cold 4% paraformaldehyde (Electron Microscopy Sciences) in PBS containing 4 mM
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EGTA for 1 h. Tissue was washed three times in PBS for 10 min
each, and placed in 0.1% Triton X-100 (VWR Scientiﬁc), 1%
BSA and 2% goat serum (Jackson ImmunoResearch) overnight
at 4 ◦ C. Tissue was washed three times in PBS, and then incubated at room temperature for 24 h in PBS containing 1% BSA,
2% goat serum, and a monoclonal antibody directed against
serine 133-phosphorylated cAMP response element-binding protein (pCREB, 1:1000; catalog no. 05-667, Upstate Biotechnology),
and a polyclonal antibody targeting microtubule-associated protein 2 (MAP2) (1:1000; catalog no. AB5622; Calbiochem). Tissue
was washed three times in PBS and then incubated for 4 h
in PBS with 1% BSA, 2% goat serum, and Alexa Fluor 488conjugated anti-rabbit and Alexa Fluor 635-conjugated anti-mouse
(1:1000, A11008 and A31574; Invitrogen) secondary antibodies for visualization of MAP2 and pCREB, respectively. Tissue
was washed three times in PBS and mounted using Citiﬂuor
(Ted Pella). Fluorescent micrographs were acquired using a Leica
DM5500Q confocal system using Leica LAS AF (version 1.9.0;
Leica).

2.11. PCR
For each experiment, 8 brain slices of dorsal striatum were
prepared from each animal (n = 4 for isoproterenol studies; n = 7
for xamoterol studies; all adult males) and allowed to rest 1 h
after sectioning. Slices were then placed in individual wells of a
24-well cell culture plate and aerated using the aerator. 4 slices
were exposed for 1 h to either 1 M Xamoterol (a ␤1-adrenergic
receptor partial agonist which is speciﬁc for the ␤1-adrenergic
receptor at the employed concentration; Tocris) (Abraham et al.,
2008; Luchowska et al., 2009) or 10 M isoproterenol (a panspeciﬁc ␤1- and ␤2-adrenergic receptor agonist) (Meitzen et al.,
2011). 4 other slices were exposed to vehicle solution. Slices were
then placed in RNAlater (Qiagen), and incubated overnight at 4 ◦ C,
then overnight at −20 ◦ C before archive at −80 ◦ C. Once all tissue
was collected, slices were thawed and mRNA extracted, pooled,
and reverse transcribed using standard kits (RNAeasy Mini or
Midi Kit or QuantiTect Reverse Transcription Kit as appropriate;
QIAGEN).qPCR was performed using standard protocols (Meitzen
et al., 2013b). qPCR ampliﬁcation was performed using an Applied
Biosystems 7300 PCR machine using SYBR Green Select Master Mix
(Life Technologies, 4472908). Threshold values were calculated and
then standardized to the ribosome-related gene rpl13a (2ˆc(t)
method), and control values (Drug/Control). The thermal cycling
program used was a pre-incubation step at 95 ◦ C for 5 min, followed by at least 45 cycles consisting of a 10 s denaturing step at
95 ◦ C, annealing step for 10 s at 60 ◦ C, an extension step for 10 s at
72 ◦ C, and a measurement of ﬂuorescent intensity. At the end of
each cycling program, a melting curve was run. PCR for individual
cDNA samples was performed in triplicate, and overall experiments
were repeated twice.
The upper and lower primer sequences used were as
follows: rpl13a (GenBank accession number NM 173340;
Meitzen et al., 2011): 5 -TGCTGCCGCACAAGACCAAA-3 and
5 -AACTTTCTGGTAGGCTTCAGCCGC-3 ; penk (GenBank accession
number NM 017139.1; Lindenbach et al., 2011): 5 -CATGAAACCGCCATACCTCT-3 and 5 -AAAATCTGGGAGACCTGCAA-3 ; pdyn
(Genbank accession number NM 019374.3): 5 -AGCTTGCCTCCTTGTGATCC-3 and 5 -TTGGTCAGTTCCGTGTAGCC-3 ; fos (GenBank
accession number NM 022197.2; (Meitzen et al., 2011): 5 TATAGGTAGTGCAGCTGGGAGTGC-3 and 5 -TGCCAGATGTGGACCTGTCTGGTT-3 ; tac1 (designed to amplify all four transcript
variants, Genbank accession numbers NM 001124770.1,
NM 012666.2, NM 001124769.1, NM 001124768.1): 5 -GAATCAGCATCCCGTTTGCC-3 and 5 -CGGAGCCCTTTGAGCATCTT-3 .
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2.12. Statistics
Experiments were analyzed using one way ANOVAs with
Tukey’s Multiple Comparison tests, or t tests as appropriate (Prism
version 5.00; GraphPad Software, La Jolla, CA). P values <0.05
were considered a priori as signiﬁcant. Data are presented as
mean ± SEM.
3. Results
3.1. Aerator material validation
As discussed in Section 2.1, Design Considerations, a number of
different materials were considered for aerator construction. After
considering the strengths and weaknesses of each material, stainless steel was chosen for its durability, malleability, the ability to be
sterilized, the lack of endocrine disruptor release, and its relative
inertness regarding water and small biological molecules. One possible drawback to stainless steel is the possibility of heavy metal
leaching in solution. To test this we placed dH2 O into wells in a
24 well culture plate containing or not containing aerators for a
ﬁnal sample size of n = 4 per group. To better simulate experimental conditions, all aerators had been actively used in the laboratory
between 6 and 12 months. The concentrations of chromium (Cr),
iron (Fe), Nickel (Ni), and Zinc (Zn) were then tested using ICPOES. Overall, metal concentrations were low to non-detectable
across elements (Table 1), and for statistical analysis and calculations of means the minimum detection limit was used for
samples with no detectable element concentration. No chromium
was detected in any sample. Iron was below detectable limits in
all control samples, and 3 aerator samples. No difference in iron
concentration was detected between groups (t(6) = 1.0; P = 0.3559).
Similarly, nickel was below detectable limits in all control samples,
and 3 aerator samples. No difference in nickel concentration was
detected between groups (t(6) = 1.0; P = 0.3559). Zinc was below the
detectable limit in 2 control samples. No difference in zinc concentration was detected between groups (t(6) = 0.6194; P = 0.5584),
and overall zinc concentrations are equivalent or below those typically encountered in similar preparations (Bresink et al., 1996;
Frederickson et al., 2006; Kay, 2004; Nunamaker et al., 2013). These
results indicate that minimal leaching of metals occurs from the
aerators, validating their use with biological samples.
3.2. Aerator oxygenation validation
To be effective an aerator must be able to provide sufﬁcient oxygenation. We ﬁrst tested this by assembling an array of 12 aerators
in a 24 well culture plate and dividing them into three experimental groups. All wells contained 2 mL of ACSF. Two groups(both
n = 4) were supplied with 95% oxygen/5% carbon dioxide, in order
to oxygenate the solution using the gas mixture most commonly
employed for acute brain slice experiments, and to help maintain pH for accurate dissolved oxygen measurements. These groups
were allowed to aerate for 1 or 2 h, respectively. For a negative
control, one group of aerators was not supplied with gas (n = 4;
“−“). For a positive control, measurements were also taken from
traditional large volume submerged bath slice chambers holding
200 mL of ACSF and aerated using a large aquarium bubbler (n = 4;
“+”). Use of the aerator effectively oxygenated the solution (Fig. 2A;
F(3,15) = 374; P < 0.0001). Interestingly, no differences were detected
in oxygenation levels between the single well aerators and the
standard slice holder, indicating that saturation was achieved in
all groups.
This experiment is useful in establishing the long-term effectiveness of the aerator, but provides little information regarding

6

D.M. Dorris et al. / Journal of Neuroscience Methods 238 (2014) 1–10

Fig. 2. Aerator oxygenation and biological validation. (A) The aerator effectively oxygenates ACSF placed in the well. Dissolved oxygen levels in wells exposed for 1 and
2 h to carbogen gas do not differ from those measured in the positive control (+), a large volume submerged brain slice chamber. All oxygenated groups show signiﬁcantly
increased dissolved oxygen compared to the negative control (−), a well exposed only to atmospheric oxygen and containing an un-activated aerator. ACSF and carbogen
gas were used for all tests because they are most relevant to actual experimental conditions. (B) Aerators rapidly oxygenate 2 mL of ACSF in a well. All three aerators tested
increase dissolved oxygen levels within 2 s after exposure to carbogen gas. In this panel different colors indicate individual aerators/wells. Arrows indicate oxygen onset. (C)
Dissolved oxygen levels remain elevated post-aeration. 2 mL ACSF was placed in 4 wells and oxygenated for 2 min. Dissolved oxygen levels were then measured at 0, 1 and 2 h
post-oxygenation. Dissolved oxygen levels remained elevated 1 h after initial exposure, and were decreased at 2 h. For reference, dissolved oxygen levels without aeration are
indicated. (D) IR-DIC visualization of brain slices of adult rat dorsal striatum indicates that brain slices incubated with the aerator for 1 or 2 h (1 h; 2 h) contain healthy neurons
comparable to those from the positive control (+), a traditional large volume bath slice holder. The negative control (−) are neurons intentionally killed using un-oxygenated,
dextrose-free ACSF containing kainic acid. Scale bar is 25 m. White arrows indicate living neurons, and dark arrows indicate dead neurons. Dark and light striations in
the micrograph are typical of adult dorsal striatum. (E) TTC staining indicates that brain slices incubated with the aerator (1 h; 2 h) are healthy and comparable to those
from the positive control (+), a traditional large volume bath slice holder. The negative control (−) are brain slices intentionally killed using un-oxygenated, dextrose-free
ACSF containing kainic acid. Scale bar is 200 m. Dark striations in the micrograph are typical of adult dorsal striatum. (F) Quantiﬁcation of TTC staining. TTC staining in
slices incubated with the aerator for 1 or 2 h are indistinguishable from those incubated in a traditional large volume bath slice holder (+). The 1 h, 2 h, and positive control
all show elevated TTC staining compared to the negative control (−). Different colors indicate statistical signiﬁcance; complete statistical information is in Section 3. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

how quickly the aerator can saturate ACSF. To assess this, we assembled three aerators and continually measured dissolved oxygen
levels in 2 mL of ACSF in wells before and during oxygenation with
95% oxygen/5% carbon dioxide (Fig. 2B). All three wells reached
saturation within 2 s of gas exposure (1.7 ± 0.3 PPM), indicating a
rapid increase in dissolved oxygen concentration. In contrast to this
rapid increase in dissolved oxygen concentration, wells remained
oxygenated for hours after an initial 2 min exposure to gas (Fig. 2 C;
F(2,11) = 9.8; P = 0.130). Indeed, dissolved oxygen concentration did
not signiﬁcantly decrease until 2 h after initial oxygen exposure
(P < 0.05). Collectively, these data indicate that the aerator robustly
and rapidly increases dissolved oxygen exposure in the culture
plate well, and that the well retains dissolved oxygen levels for
hours after a short initial exposure.
3.3. Aerator biological validation
To be useful for brain slice experiments, an aerator must not only
be able to effectively oxygenate culture wells but must also be able
to keep acute living brain slices viable, preferably for hours. Thus
our next step was to assess whether brain slices placed in a culture
well with an aerator remained healthy. Our ﬁrst experiment to test
this was to again assemble an array of 12 aerators in a 24 well

culture plate and dividing them into three experimental groups.
Similar to the experiment depicted in Fig. 2A, living brain slices of
rat dorsal striatum were placed in culture wells oxygenated by an
aerator for 1 h (n = 4), or 2 h (n = 4), or intentionally killed by being
placed in dextrose-free ACSF containing kainic acid and no active
oxygenation (n = 4, negative control, “−”). A fourth group of brain
slices were kept in a large volume bath slice holder (200 mL ACSF)
and used as a positive control (n = 4, “+”). Following experimental
treatment, neurons in the brain slices were visualized using IR-DIC
microscopy (Fig. 2D). As expected, no living neurons were found
in the negative control, and abundant living neurons were found
in the positive control. The appearance and relative number of living neurons were visually indistinguishable between the 1 h and
2 h experimental groups and the positive control. This experiment
indicates that individual neurons remain healthy and numerous in
wells containing aerators.
We next sought to quantify the overall health of the brain slices.
To do this we employed TTC staining, which is a mitochondrial
marker indicative of living neural tissue (Figu. 2E) (Bederson et al.,
1986; Llano et al., 2014; Watson et al., 1994). The same experimental groups were employed as in the experiment depicted in Fig. 2D
(n = 6 per group). As expected, brain slices of dorsal striatum subjected to the negative control were white, indicating cell death, and
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brain slices from the positive control, 1 h, and 2 h groups were red
and indistinguishable from one another, indicating healthy tissue
(Fig. 2F, F(3,23) = 43.16; P < 0.0001; P > 0.05 between positive control
“+” and 1 and 2 h groups; note that images were inverted for quantiﬁcation, hence the “mean gray value” units). These data indicate
that brain slices remain viable up to 2 h in aerated wells, and that the
general level of health is directly comparable to that of traditional
large volume submerged storage chambers.
In some experimental applications acute brain slices are incubated for longer time periods than 2 h. One possibility is that the
low volumes used with this method may probe problematic for
longer term incubation given that acute brain slices slowly release
active biological compounds into the surrounding ACSF. To assess
this, we made living brain slices of rat dorsal striatum, divided them
into three experimental groups (n = 3 for each group), and exposed
them to each experimental manipulation for 6 h. The ﬁrst group
of brain slices was placed into a large volume bath slice holder
(500 mL ACSF). The second group of brain slices was placed into
culture wells containing ACSF that was oxygenated with an aerator
and not changed. The third group of brain slices was placed into
culture wells containing ACSF that was oxygenated with an aerator
and changed every 2 h. Following the 6 h experimental treatment,
neurons in the brain slices were visualized using IR-DIC microscopy
(Fig. 3). Living neurons and dead neurons were found in all three
experimental groups. Qualitatively, the number of living neurons as
well as the overall appearance of the brain slice appeared increased
in brain slices oxygenated by the aerator and receiving a solution
change every 2 h. This experiment indicates that living neurons
can be found in brain slices in wells oxygenated with the aerator for a longer time period. Additionally, this experiment suggests
that periodically changing the ACSF within the well during longer
incubations may be beneﬁcial for brain slice viability.

3.4. Example experimental applications
After establishing that the aerator effectively maintains brain
slice health, we then performed a series of experiments designed
to test various potential applications of the aerator. These include
electrophysiology, immunocytochemistry, and qPCR. Regarding
electrophysiology, we made brain slices of adult rat dorsal striatum, allowed them to rest for 1 h, and then incubated them in
an aerated well for an additional hour. Using a blunt plastic transfer pipette, we then transferred the brain slice to a perfusion slice
chamber (PC-R, Siskiyou) attached to a visualized whole-cell patch
clamp rig. Striatal medium spiny neurons were identiﬁed from
the medium sized, rounded soma, and electrophysiological properties recorded (Fig. 4A). Medium spiny neurons exhibited normal
properties, including the presence of a slow ramping subthreshold depolarization in response to low-magnitude positive current
injections, a hyperpolarized resting potential, inward rectiﬁcation,
and prominent spike afterhyperpolarization (Belleau and Warren,
2000; O’Donnell and Grace, 1993; Wilson and Groves, 1981). This
indicates that the aerator does not grossly confound electrophysiological properties, and that brain slices may be maintained as either
control or experimental groups in the aerated well for up to 2 h.
We next assessed the usefulness of the aerator for immunocytochemistry. Brain slices of adult rat dorsal striatum were again
prepared and allowed to rest for 1 h, after which they were placed
in an aerated well for 2 h. We then performed immunocytochemistry for microtubule-associated protein 2 (MAP2), a cytoskeletal
marker useful for visualizing neurons, and phosphorylated cAMP
response element binding protein (CREB), a transcription factor
that is a commonly used experimental endpoint (Fig. 4B) (Carlezon
et al., 2005; Meitzen et al., 2012). Immunocytochemistry appeared
normal, supporting the conclusion that the aerator will be useful for
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incubating and manipulating brain slices prior to pharmacological
and immunocytochemistry procedures.
Finally, we tested whether the aerator would be useful for experiments involving qPCR. Speciﬁcally, we tested whether activation of
␤1-adrenergic receptors induces changes in striatal mRNA expression by exposing brain slices to ␤1-adrenergic receptor agonists
and then measuring changes in the cDNA of genes using qPCR. These
genes include fos, penk, tac, and pdyn, all implicated in striatal neural
plasticity and/or l-DOPA-induced dyskinesia (Konradi et al., 1994;
Lindenbach et al., 2011). This experiment is of interest given the
lack of information regarding the role of ␤1-adrenergic receptors in
striatal function, and their potential application as a target for new
l-DOPA-induced dyskinesia and drug addiction therapies (Barnum
et al., 2012; Hara et al., 2010; Lindenbach et al., 2011; Meitzen et al.,
2011; Ostock et al., 2014; Rommelfanger and Weinshenker, 2007;
Schmidt and Weinshenker, 2014). Thus, we again made brain slices
of dorsal striatum from adult rats. Slices were allowed to rest for
1 h, and were then placed in aerated wells for 1 h. Slices from each
animal were divided into two groups, control or drug exposed. In
the ﬁrst experiment, slices were exposed to vehicle control or isoproterenol, a panspeciﬁc ␤1- and ␤2-adrenergic receptor agonist
(n = 4 per group). Exposure to isoproterenol decreased fos expression (Fig. 4C; t(3) = 6.6; P = 0.0072). In the second experiment, a drug
speciﬁc for the ␤1-adrenergic receptor was employed. Slices were
exposed to vehicle control or xamoterol, a ␤1-adrenergic receptor
partial agonist (n = 7 per group). Exposure to xamoterol decreased
fos, penk and tac expression (Fig. 4C; t(6) = 3.8; P = 0.0091; t(6) = 3.4;
P = 0.0144; t(5) = 10.54; P = 0.0001). We note that one data point in
the tac group failed the outlier test and was excluded from analysis
(value: 3.2). If the data point is included tac expression is not signiﬁcantly decreased, although 6 of 7 data points indicate decreased
expression (0.63 ± 0.43; t(6) = 0.85; P > 0.05). Exposure to xamoterol
had no effect on pdyn expression (Fig. 4C; t(6) = 1.1; P > 0.05). These
experiments indicate that activation of ␤1-adrenergic receptors
in the dorsal striatum induces changes in select gene expression
related to neural plasticity and l-DOPA-induced dyskinesia. More
broadly, this experiment provides an example of the utility of the
single well aerator for targeted manipulation of brain slices.

4. Discussion
Here we present a new aerator designed for use with acute brain
slices in 24-well cell culture plates. Signiﬁcantly, this device offers
control of gas delivery to individual wells in the culture plate, the
use of small volumes of solution which may be advantageous for
pharmacological experiments, a nylon mesh and a single microhole for gas delivery to enable sample stability, the potential to be
sterilized, the avoidance of materials that absorb water and small
biological molecules, minimal production costs, and potentially
increased experimental throughput.
In addition to presenting schematics, a discussion of aerator
design, and instructions for aerator manufacture and operation, we
have validated the aerator in three different spheres. We ﬁrst tested
for material leach using ICP-OES. We found little evidence for significant metal release given the experimental parameters employed.
However there is no perfect material for aerator construction. Given
our laboratory’s research emphasis, we avoid whenever possible
plastics such as PDMS that may absorb water or small biological
molecules (Heo et al., 2007; Mukhopadhyay, 2007; Randall and
Doyle, 2005; Roman et al., 2005), and have instead opted for stainless steel, at least for now.
We next validated the aerator’s effectiveness in oxygenating relevant volumes of solution. This was necessary given the
microhole employed for gas delivery. The aerator was found to
rapidly increase and maintain dissolved oxygen concentrations. In
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Fig. 3. Aerator biological validation with increased incubation duration. IR-DIC visualization of brain slices of adult rat dorsal striatum indicates that brain slices incubated
with the aerator for 6 h contain healthy neurons comparable to those incubated in a traditional large volume slice holder and that periodic solution changes may increase
slice viability. Left column: IR-DIC images of brain slices incubated in a large volume bath slice holder for 6 h. Middle column: IR-DIC images of brain slices incubated with the
aerator for 6 h with no ACSF solution changes. Right column: IR-DIC images of brain slices incubated with the aerator for 6 h with ACSF solution changes every 2 h. Scale bar
is 25 m. White arrows indicate living neurons, and dark arrows indicate dead neurons. Dark and light striations in the micrograph are typical of adult rat dorsal striatum.

addition, it was discovered that the small volume of ACSF employed
remained oxygenated for over an hour after gas delivery was
ended. After establishing that the aerator provided effective oxygenation, we then validated the use of the aerator with acute brain

slices. Using IR-DIC microscopy, TTC staining and electrophysiology we found that brain slices remained viable and that neuronal
electrophysiology remained normal. In addition to the electrophysiological recordings we then present two possible applications:

Fig. 4. Example experimental applications. (A) Electrophysiology. An acute brain slice of adult rat dorsal striatum was prepared, allowed to rest for 1 h, incubated for an
additional hour in an aerated culture well, and then placed on a whole-cell patch clamp rig. A striatal medium spiny neuron was visually identiﬁed, whole-cell patch
clamped in current clamp conﬁguration and electrophysiological properties recorded. Electrophysiological properties were typical of those of this neuron type, including the
presence of a slow ramping subthreshold depolarization in response to low-magnitude positive current injections, a hyperpolarized resting potential, inward rectiﬁcation,
and prominent spike afterhyperpolarization. (B) Immunocytochemistry. Example confocal image of a dorsal striatum brain slice incubated in an aerated well for 2 h. Neurons
were immunolabeled with the neuron-speciﬁc cytoskeletal protein MAP2 (green) and phosphorylated CREB (pCREB; red). Scale bar is 25 m. Dark patches are typical of adult
dorsal striatum. C) qPCR. Experiment 1 (left): exposure to the panspeciﬁc ␤1- and ␤2-adrenergic receptor agonist isoproterenol for 1 h in the aerated culture well reduced
fos expression in dorsal striatum brain slices. Experiment 2 (right): Exposure to the speciﬁc ␤1-adrenerigic receptor agonist xamoterol for 1 h in the aerated culture well
reduced fox, penk, and tac expression in dorsal striatum brain slices. Exposure to xamoterol had no effect on pdyn expression. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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increased ease of immunocytochemistry of brain slices, and pharmacological manipulation of receptors to study changes in gene
expression. In particular, we tested whether ␤1-adrenergic receptor activation changed the expression of genes related to striatal
function and l-DOPA-induced dyskinesia in dorsal striatum. We
found that ␤1-adrenergic receptor activation changed the expression of fos, penk and tac, building upon previous studies in primary
striatal neuron cell culture and in vivo dorsal striatum (Hara et al.,
2010; Lindenbach et al., 2011; Meitzen et al., 2011).
An additional experimental option may be the use of this aerator
with cultured or long term maintenance of brain or other tissue.
In that case we note that the aerator can be sterilized given its
stainless steel construction, although a material other than nylon
would mostly likely need to be employed for the webbing, if it is
used at all. It would also be possible to modify the aerator for use
in other types of multi-well plates. In that case the diameter of the
cylinder employed in manufacture would be adjusted for the size
of the cell culture plate well.
5. Conclusion
In conclusion, the new aerator design presented here is easily
manufactured, offers high utility and simplicity, and will be useful
for experiments involving living brain slices and other potentially
tissue samples in multi-well cell culture plates.
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