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Abstract

Methodology
•Acute brain slices were prepared  from adult and aging mice using a Compresstome 
VF-200  (Precisionary Instruments) and custom zirconium ceramic blades.

•Mice were deeply anesthetized and transcardial perfusions were performed with 30 
mL of carbogenated modified aCSF of the indicated compositions.  

•Total cutting time did not exceed 15 minutes per brain, including the transcardial 
perfusion steps.  (Cutting alone was  10 minutes).

•Slices were transferred immediately to a recovery bucket with carbogenated solution 
at 34C ±2C for <15 min.  (choline aCSF: 10 min, NMDG aCSF: 12 min).

•Slices were transferred to a recording chamber containing  normal aCSF at room 
temperature for visual and functional evaluation.

•Still images were captured with a frame grabber (Scion FG Capture) using IR900-DIC 
optics at a depth of 40-50 µm (cortex and striatum) or 20-30 µm (hippocampal sub-
regions). Images were acquired with a 40X water immersion objective.

• Live imaging experiments were performed on adult/aged 13-19 month old Thy1-
GCAMP3.3 mice (Chen et al, 2012 Neuron, in press) using an Olympus FluoView 
FV1000 confocal microscope.  Slices were stimulated with 20-50 µM NMDA in the 
presence of Mg in order to induce a relatively modest level of neuronal stimulation.

•Whole-cell patch clamp recording experiments were performed under visual guidance 
with IR900-DIC optics using  standard recording methods.  (See also Peca et al, 2011 
Nature & Zhao et al, 2011 Nature Methods for more detailed information).

• To detect neuronal glutathione levels C5-maleimide staining was performed on brain 
slices that were fixed following variable incubation periods (Aoyama et al., 2006 
Nature Neurosci).
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The development of the living acute brain slice preparation nearly a half 
century ago was a pivotal achievement that greatly influenced the landscape of modern 
neuroscience. Acute brain slices are considered the gold-standard model system for 
detailed cellular, molecular, and circuitry level analysis and perturbation of brain 
function. A critical limitation of this model system is the extreme difficulty in preparing 
healthy slices suitable for visualized whole-cell patch clamp recordings from adult and 
aging animal. Here we extend our prior findings to provide new mechanistic insights 
about why adult brain slices deteriorate rapidly after slicing. We present novel strategies 
to specifically combat these detrimental changes in order to stabilize slice health and 
drastically prolong slice longevity. Specifically, we find that neuronal glutathione content 
is compromised following brain slice preparation from adult animals.  Glutathione 
depletion appears to be a primary insult leading to the majority of the morphological and 
functional deterioration of neurons within adult brain slices over time, as this 
deterioration can be halted and even ameliorated to a large extent by replenishing 
intracellular glutathione levels or facilitating de novo glutathione synthesis during the 
early stages of acute brain slice incubation. Thus, we demonstrate a powerful new 
approach combining the “protective recovery method” together with de novo glutathione 
synthesis as a simple and viable new strategy for preparing mature adult brain slices. 
These new principles will unlock the full potential of the acute brain slice preparation by 
enabling more detailed investigations of synaptic and circuitry function in normal aging 
and age-dependent neurological disorders that were previously considered extremely 
difficult or entirely not feasible.

We previously reported that sodium ion replacement during the initial recovery step
(but not during the slicing procedure) was necessary and sufficient for a dramatic
improvement in neuronal preservation of acute brain slices from adult and aging
animals. Thus, we have coined the term “protective recovery method,” a modified
procedure that we found to perform superior in direct comparison with the most
commonly employed sucrose aCSF “protective cutting method” in the context of adult
brain slice preparation. We recommended specific aCSF modifications and procedural
changes to “access” diverse neuronal types throughout the brain and across the entire
lifespan of the mouse.
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6. Diagram of pathways for neuronal glutathione synthesis.
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*NACA may be even more effective
due to enhanced cell permeability

Remaining challenges
• These adult brain slice methods seem well suited for relative comparisons between
experimental groups but may not be adequate for all applications (e.g. synaptic
plasticity, etc.) without further optimization.
• We have successfully implemented these methods for measurements of intrinsic
neuronal properties and synaptic transmission across many ages and brain regions,
but it is not clear if these methods are broadly applicable to all cell types.
• It remains to be seen if treatments that boost neuronal glutathione levels may
potentially obscure the detection of synaptic dysfunction in certain disease models or
in the study of normal aging—e.g. cases where oxidative stress may play a major role.

Details and further advances using the adult brain slice procedures we have 
described will be hosted on the website www.brainslicemethods.com

*NAC facilitates de novo glutathione synthesis and 
has a less immediate effect compared to GSH-EE

Conclusions
• Progressive neuronal glutathione depletion plays a crucial role in the rapid
deterioration of brain slices prepared from adult and aging mice.
• Restoring neuronal glutathione content directly or by facilitating de novo glutathione
synthesis can halt morphological and functional deterioration of adult brain slices.
• A synergistic effect of the “protective recovery method” combined with neuronal
glutathione restoration was observed.
• These simple modifications enable routine preparation of healthy acute brain slices
from adult and aging brain for diverse applications.

4. Morphological and functional preservation of diverse neuron 
types in acute brain slices  from adult and aged mice.

3. Live imaging with Thy1-GCaMP3 mice reveals improved functional 
integrity and longevity of adult brain slices prepared with the 
protective recovery method and neuronal glutathione restoration.
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*NOTE* Adult brain slice videos available on Youtube :  see my channel ‘JTingMIT’
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• Distinct neuron types exhibit the expected electrophysiological properties
• Direct comparison with traditional ‘protective cutting method’ is not easily achieved at this age

• Damaged neurons apparent at >5 hr post slicing
• Neurons show poor response to stimulation
• Membranes do not dimple on electrode approach

• Neurons appear healthy at >5 hr post slicing
• Neurons respond robustly to stimulation
• Membranes dimple on electrode approach

7 month old mouse, NMDG-HEPES recovery method +GSH-EE

Whole-cell recordings performed 24 hr after brain slice preparation 
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5. Potential for extended viability of adult brain slices with the 
neuronal glutathione restoration strategy?

• High sEPSC rates in multiple neuron types confirm an abundance of functional synapses remaining

*
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1. Progressive neuronal glutathione depletion following 
preparation of acute brain slices from adult animals.

Results

2. Approaches for restoring neuronal glutathione content in acute 
brain slices from adult and aging mice.

• EAAC1 null mice are deficient in neuronal glutathione levels and show age-dependent neuronal 
degeneration (Aoyama et al, 2006 Nature Neurosci).

• N-acetyl-L-cysteine (NAC)  treatment can elevate neuronal glutathione levels in WT and EAAC1 null 
mice (Won et al, 2010 J Neurosci).

Blue: DAPI (nuclei)
Green: C5-maleimide (reactive thiols, mainly neuronal glutathione)
Slices were prepared with the traditional ‘protective cutting method’

Cortex Dentate gyrus CA1 
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Slice preparation incubation in aCSF  fixation  C5 maleimide
(3 month old mice) (variable duration)

CA3, CA1                                  cortex                      striatum, dentate gyrus
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(b) Commonly observed good side/bad side of the slice: is this in part a 
function of glutathione depletion?

*Glutathione depletion is most pronounced in superficial layers 

Won et al, 2010 J Neurosci

Points for consideration:
(a) Glutathione depletion is not uniform  across brain regions.  

Example:

Upper blade

Lower blade

(c) Protective recovery method may help to reduce initial glutathione depletion following adult 
brain slice preparation (currently under investigation)

(d) Inclusion of 20 mM HEPES in the cutting/recovery/holding solutions is a major factor that 
counteracts progressive glutathione depletion independent of slice preparation method.  (Improves 
adult slices prepared with sucrose cutting method).

• NAC is a cell-permeable cysteine source that serves as a precursor for de novo neuronal 
glutathione synthesis.

• Direct addition of glutathione to the aCSF is largely ineffective at elevating neuronal glutathione 
levels in slices because it does not readily cross neuronal membranes.

• Glutathione ethyl ester (GSH-EE) is a cell-permeable analog that can be added to the aCSF to 
directly replenish glutathione content.  However, the cost is largely prohibitive.

A simple modification for improving health and longevity of adult brain slices:

striatal MSN  6hrsCA1 pyr (+GSH-EE)

6 hr in aCSF

Electrophysiological recordings or imaging performed with normal aCSF.
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Protective recovery method:

Example slice images:
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