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Microtubules have been studied extensively since the buffer conditions for in vitro
polymerization were first described. As a result, the biochemistry and biophysics of
microtubule dynamics is relatively well understood in the test tube. However, our
understanding of microtubules in situ is limited at best. In cells, microtubules exhibit
considerable diversity at the molecular level, including tubulin isotypes, posttranslational
modifications, and associated proteins. Microtubules in different cell types or even in
different subcellular compartments may exhibit strikingly different properties with regard to
dynamics, composition and function. This heterogeneity is particularly striking in neurons,
where the bulk of the microtubules are not associated with the microtubule-organizing
center, yet may exhibit exceptional stability. The answers to questions about the functional
diversity of neuronal microtubules may be critical for understanding many aspects of
neuronal development, function and pathology.

One obstacle to characterizing specific populations of neuronal microtubules is the
complexity of nervous tissue. Separating neuronal microtubules from glial microtubules,
dendritic microtubules from axonal or cell body microtubules is effectively impossible when
using brain tissue as a source, so any studies on the biochemistry and biophysics of neuronal
microtubules from brain reflect the properties of a mixed pool. The problem is compounded
by the fact that a large fraction of neuronal tubulin is lost during standard preparations of
brain tubulin and this population of stable microtubules has received little attention, despite
representing more than 50% of axonal tubulin in mature neurons.

Isolated axoplasm from the squid giant axon provides a unique model system for studying
exclusively axonal microtubules both in situ and in vitro. Although isolated axoplasm has
not been widely used, experiments using this model have provided novel insights into the
axonal cytoskeleton and studies on axoplasm have the potential to produce additional
insights. Here, we describe the preparation of isolated axoplasms, the use of physiological
buffers that more accurately reflect intracellular environments and examples of experiments
that can only be done in this model system (Figure 1).



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song and Brady Page 2

Preparation of Axoplasm

The procedures described here are based on our continuing studies using axons from the
Atlantic Longfin Squid, Loligo pealeii and update previous descriptions (Brady, Lasek, &
Allen, 1985; Brady, Richards, & Leopold, 1993; Leopold, Lin, Sugimori, Llinas, & Brady,
1994). Large to medium squid (0.3-0.5 meters in length) are preferred as they have axons
300um~500um in diameter. Suitable squid are seasonally available (April-October typically)
at the Marine Biological Laboratory in Woods Hole, MA, but protocols should be readily
adapted for other species of squid with suitable axons (>300um in diameter). Smaller squid
and smaller axons are not suitable as the viscoelastic properties of the axoplasm will lead to
disruption of the axoplasm from smaller axons (<150um) (unpublished data) (Brady et al.,
1993).

A healthy squid with a translucent body is chosen and decapitated to begin the dissection.
The head and tentacles are discarded. The mantle is cut along the dorsal midline to a sheet of
muscle that is placed skin side down on the dissecting light table with running seawater. The
viscera are removed and the clear pen is carefully pulled away from the mantle, taking care
to avoid tearing the nerve fibers that are along each side of the pen. The mantle is turned
over and the skin is peeled away to improve visualization of the nerves, then the mantle is
pinned to the table with the nerves on the upper surface.

Dissect the nerve bundle containing the largest giant axon (paralleling the pen on both sides)
free from the mantle using fine dissection scissors (i.e. 4.5 inch with 10 mm cutting edge,
spring action Castroviejo curved scissors, available George Tiemann or Fine Science Tools)
and Dumont 5-45 forceps. Start adjacent to the stellate ganglion and proceed distally to the
point where the nerve moves deeper into the muscle, approximately 3 cm (Figure 2). This is
rough dissection, taking care to leave connective tissue and smaller axons surrounding the
giant axon. These will be removed at the fine dissection step. Leaving them at this stage
reduces the chance of damaging the giant axon. When the nerve fibers are freed from the
mantle, tie off the two ends with cotton thread to facilitate handling. To ensure that
orientation is maintained, proximal and distal ends are ligated with cotton thread (black for
distal and white for proximal ends). The ganglion is freed from the mantle and the distal end
of the nerve beyond the ligation. The nerve should be handled by the threads to avoid
damage. Axons from Loligo with mantles >0.3 m typically run 400-500um in diameter and
will produce ~2.5ul per centimeter of giant axon.

The dissected nerve is transferred to a 100mm Petri dish containing cold filtered seawater
(use 0.45um pore filters and maintain at 0—4°C) for fine dissection. We prefer natural
seawater to reveal axon damage that may affect transport, but some use Ca2*-free artificial
seawater for the fine dissection. The nerve bundle is fixed place by wrapping the thread
around 18g hypodermic needles inserted into a small amount of dental wax (Surgident
Periphery Wax) placed at opposite edges of the Petri dish.

Using dark-field illumination and a stereo dissection microscope, small axons and
connective tissue are gently teased away from the giant axon with VVannas-style iris scissors
and No. 5 Dumont forceps, taking care to avoid damaging the membrane of the giant axon.
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We recommend starting proximal to the stellate ganglion and proceeding distally. Particular
caution is needed to avoid cutting small collateral branches that extend from the giant axon
occasionally. They may be detectable as slight protrusions on the axon surface and the giant
axon may be slight reduced distal to the branch. These collateral branches need to be cut at
least 0.1 mm away from the giant axon. After removal of extraneous tissues, the axon is
inspected for the presence of small holes, which can be identified as white patches due to the
influx of Ca2* from the seawater. Axons with significant white patches should be discarded
as the Ca?* activates proteases and may disrupt axoplasmic organization.

AXxons to be extruded are removed from the seawater and rinsed briefly in a suitable
intracellular buffer (Buffer X, see below). Holding the axon by the distal thread, the axon is
placed briefly on filter paper to remove excess fluid and cut adjacent to the proximal thread.
The axon is placed on a glass slide or 0 thickness 24x60mm coverslip to extrude for assay of
vesicle motility or many biochemical and radiolabeling studies (Brady et al., 1985; Brady et
al., 1993; Leopold et al., 1994). To extrude, a section of PE190 tubing is used to compress
the distal gently but firmly and the axon is pulled using the distal thread. This leaves a
cylinder of axoplasm behind on the coverslip (Figure 3). Typically, a cylinder of 2-2.5cm in
length and roughly 0.4mm in diameter is used for microscopy, but longer extrusions may be
useful for biochemical studies. For imaging, spacers are made by cutting 22x22 mm 0
thickness coverslips into 5x22 mm sections with a diamond tipped pen and positioning them
on either side of the axoplasm secured by a thin coating of Compound 111 silicon grease
(Dow Corning). Compound 111 is stable in the seawater and non-toxic. Do not use high
vacuum silicon grease, which is not designed to seal against aqueous solutions and will be
extracted. A top 22x22 0 thickness coverslip is placed to create a sealed chamber. The top
coverslip may be secured with 1:1:1 mix of Vaseline:lanolin:paraffin (VALAP) kept fluid at
50-60°C, and this creates a micro-incubation chamber that will maintain the axoplasm for
hours. The ends of the chamber are normally kept open to allow perfusion. Chambers
prepared in this way have a volume of approximately 25ul, permitting perfusion of
axoplasm with buffers a defined ratio of 1:1 to 1:5, minimizing dilution of axoplasm and
allowing introduction of reagents at defined concentrations.

Alternatively the proximal end may be placed in a small reservoir to extrude into a buffer of
choice (Morris & Lasek, 1982). If the extrusion is into a reservoir, the axon is held in place

with the proximal end in the fluid and the rest of the axon on a clean glass slide. The tubing

is slid from the distal end towards the proximal end. In this case, the axoplasm will extrude

into the reservoir while maintaining the form of the axon(Morris & Lasek, 1982).

After extrusion, we routinely incubate the axoplasms in a humidified chamber at 4°C for 15—
30 min, which allows the axoplasm to “rest” after extrusion. Empirically, this produces more
reproducible measurements.

Choice of buffers is critical for study of in situ microtubule properties. The axoplasm is
unique in that the small molecular weight components of the cytoplasm can be directly
measured (table 1) (G. J. Deffner & R. E. Hafter, 1960; Morris & Lasek, 1982). Standard
buffers used for study of microtubules in vitro such as BRB80 (80mM PIPES, 1mM MgCl;,
1mM EGTA, ph6.8) and others (Borisy, Marcum, Olmsted, Murphy, & Johnson, 1975;
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Olmsted & Borisy, 1975; Weisenberg, 1973) diverge significantly from in vivo conditions.
Analysis of axoplasm shows that in vivo conditions have high levels of organic anions (such
as amino acids) and K* is the major cation (Brady, Lasek, & Allen, 1982; Brady et al., 1985;
Morris & Lasek, 1982). Axoplasm is a highly reducing environment, consistent with
observations in other cell types. Although total Ca?* is 3.5mM, free Ca2* levels are much
lower, on the order of 100 nM. The axoplasmic cytoskeleton is sensitive to both ionic
composition and ionic strength ((Brady et al., 1985; Brown & Lasek, 1990, 1993).

An alternative buffer, Buffer X (Table 2), was developed which retained the major
biochemical features of the axoplasmic milieu (Brady et al., 1985). Potassium aspartate
serves as the major organic anion with glycine representing the other amino acids. Taurine is
the major reducing agent and betaine serves as an organic osmolyte. EGTA is added to
buffer the free Ca2+ at 50-100nM. Halides (F, Cl, Br, and 1) may be problematic in many
studies as they can alter protein-protein interactions significantly (Collins, 2004, 2006;
Hearn, Hodder, & Aguilar, 1988; Westh, Kato, Nishikawa, & Koga, 2006) and disrupt the
axoplasmic cytoskeleton (Baumgold, Gallant, Terakawa, & Pant, 1981; Brown & Lasek,
1993), so they are minimized in Buffer X. Extruded axoplasm placed in buffer X will retain
its overall shape and organization for >24h (Morris & Lasek, 1982), and will maintain fast
axonal transport for >3-4 hours (Brady et al., 1985; Brady et al., 1993).

Analysis of Axoplasmic Microtubule Dynamics

The stability of axoplasmic organization in buffer X provides a unique model study of
microtubule and actin dynamics in situ (Morris & Lasek, 1984). Tubulin dimers represents
22% of total axoplasmic protein, with a concentration of approximately 25uM (Morris &
Lasek, 1984). Squid microtubules resemble mammalian microtubules in many ways with
regard to its polymerization (although at optimal temperature as 25°C) and depolymerization
(by Cold, Ca2* ions, colchicine, etc) (Sakai & Matsumoto, 1978) Dilution of extruded
axoplasm by 1000 fold in buffer X allows determination of stable polymer, soluble polymer
and free tubulin dimer in axoplasm from a single axon based on the kinetics of extraction for
tubulin into the media (Morris & Lasek, 1984). This approach defines a Kinetic
Equilibration Paradigm (KEP), which provides a unique perspective on microtubule
dynamics in situ.

The KEP method allows one to define discrete pools The amount of free dimer in this assay
was significantly less than levels reported from in vitro assays of microtubule
polymerization and the level of polymer remaining after 24h extraction was 15% of the total
tubulin (Morris & Lasek, 1984). This is consistent with the observed stability of
microtubules in isolated axoplasm with minimal dilution (Weiss, Langford, Seitz-Tutter, &
Keller, 1988).

For analysis of depolymerization kinetics, axoplasm should be extruded into a reservoir as
described above. The axoplasm will retain its form suspended in the buffer. At this point the
axoplasm can be picked up with Dumont forceps, taking care to avoid shearing. Elution of
tubulin from the axoplasm can be monitored either by taking aliquots of the media at
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suitable intervals or by physically transferring the axoplasm into a fresh reservoir of buffer
(Figure 4, adapted from (Song, 2010)).

Alternatively, microtubule behavior can be monitored directly in chambers by imaging with
video-enhanced contrast differential interference microscopy (Allen, Allen, & Travis, 1981,
Weiss, Langford, Seitz Tutter, & Maile, 1991; Weiss et al., 1988). This is best done by use
of lower ionic strength buffers (i.e. buffer X/2) that promote separation of cytoskeletal
elements from the main axoplasm (Brown & Lasek, 1993; Weiss et al., 1988). Exogenous
tubulin can be perfused into the chambers and changes in microtubule numbers and stability
followed (Weiss et al., 1988). A variant on this approach would perfuse tubulin with a
fluorescent tag either chemical (Texas red) or a protein (GFP, mCherry, etc.). Incorporation
of fluorescent tubulin could be monitored and the effects of different experimental
manipulations evaluated.

Biochemistry of Axoplasmic Microtubules

Since microtubules from extruded axoplasm are purely axonal and represent neuronal
microtubule properties in this ex vivo setting, various biochemical experiments can be
carried out to examine different tubulin isotype components, post-translational modifications
of tubulins, distribution of microtubule associated proteins (MAPS), etc. In addition,
experimental manipulation of microtubule modifications can be performed to understand
how a particular modification may alter microtubule structure, its dynamics and stability and
its affinity for motor proteins and MAPs(Song, 2010).

For biochemical experiments, two “sister” axoplasms of the same length from one squid are
extruded on glass slides as described above, one serves as a control while the other is used
for experimental manipulations (Figure 5). This ensures that the variability between
individual squids is minimized. A circle is drawn around each of the two freshly extruded
axoplasms using a Pad Pen (Zymed) or liquid blocker (Super Pap) to delineate the perfusion
area before being placed in a humid chamber. Placing the slide on a piece of wet paper towel
in the chamber may enhance humidity. After being incubated at 4°C for 10 minutes, a
control axoplasm is perfused with 30ul of Buffer X/2+5mM ATP alone, while the
experimental axoplasm is perfused with the appropriate effector mixed in the same buffer.
Both axoplasms are incubated for sufficient amount of time at a temperature determined by
specific experimental conditions. Axoplasms are transferred into microcentrifuge tubes
where they are homogenized in 30l of SDS (1%) or other proper buffers by trituration with
a P200 pipette. The samples can be analyzed by SDS-PAGE, followed by immunoblot,
autograph (if radio labeled) or direct gel documentation (if fluorescently labeled).

This procedure can also be combined with several other assays such as 1) the axoplasmic
microtubule dynamics assay as described above to assess how specific modifications,
pharmacological reagents, or MAPSs alter microtubule dynamics. 2) Assays for microtubule
pelleting, labeling tubulin, tubulin polymerization, etc (for detailed protocols on those, see
http://mitchison.med.harvard.edu/protocols.html). 3) Immunoprecipitation assay to identify
interacting proteins or 4) evaluation of pharmacological agents.
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The pharmacology of axonal microtubules is of particular interest. For example, antimitotic
drugs have been widely used in cancer therapy (Jordan & Wilson, 2004), many of which
cause neurological side effects (Windebank & Grisold, 2008), but the underlying mechanism
is not well understood. Since many of these drugs alter microtubule dynamics and stability
(Jordan & Kamath, 2007), it is important to analyze microtubule properties in axons after
the drug treatment. The ex vivo squid axoplasm system provides well-organized axonal
microtubule structure that can be easily analyzed both morphologically (see below) and
biochemically. Concurrent analysis of fast axonal transport in response to treatment with
different drugs and biochemical reagents (Brady et al., 1993) provide an additional cell
biological dimension to studies of microtubules in axoplasm.

Immunohistochemistry of Axoplasmic Microtubules

A unique feature of the extruded axoplasm is the well-preserved axonal microtubule
structure that can be analyzed for morphological changes upon pharmacological treatment,
the distribution of other proteins that may or may not interact with microtubules (such as
motor proteins, MAPs and various kinases/phosphatases that modify microtubules and their
associated proteins), and the incorporation of exogenous proteins perfused into the system.

Here we use one example to look at how different tubulin mutations may affect the
incorporation of tubulins into microtubules. VV5-tagged beta I11 tubulins harboring various
mutations (Tischfield et al., 2010) can be synthesized in vitro using a rabbit reticulate
system. “Sister” axoplasms are prepared as described in the biochemistry section, incubated
with 30ul of Buffer X/2+5mM ATP alone as a control or mutant tubulin diluted in the same
buffer for 50 minutes at room temperature. Buffer is removed at the end of incubation and
extra solution around the axoplasm is carefully dried by placing a piece of Whatman paper
close to the edge of the axoplasm. 50 pl of 4% PFA diluted in PBS is used to fix one
axoplasm for 50 minutes at room temperature and then carefully removed as described
above. Axoplasms together with the slide are carefully placed in a conical tube filled with
30ml PBS for 10 minutes each and repeated 3 times to wash away the fixative. 1% BSA and
0.1% Triton X100 in PBS is used to block for at least an hour at room temperature followed
by incubation with primary antibodies (anti-V5 and DM1A) diluted in blocking buffer at 4
degrees Celsius for overnight. Same washing by passing through the conical tubes is
repeated 3 times in PBS before incubation in fluorescent secondary antibodies (Alexa 488
anti-mouse and 594 anti-rabbit) diluted in PBS for an hour at room temperature. After the
final washes to remove the secondary antibody, spacers made out of No.0 coverslips are
coated on either side of the axoplasm on the glass with Compound 111 silicon grease and
axoplasms are mounted with mounting medium (such as ProLong Gold Mounting medium)
between the two spacers and covered with a No.1.5 coverslip. For long-term storage, nail
polish can be applied to seal the edges. Images are taken and data analyzed by confocal
microscopy. These approaches can also be modified to allow analysis of the axoplasmic
microtubules by electron microscopy.
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Obtain live Loligo pealii (0.3-0.5 M)

v

Decapitate squid, open mantle along dorsal midline, remove viscera and pen, peel skin,
and spread on light table with stereo dissection microscope

v

Remove major connective tissue and small axons, while freeing up
2-3cm of the two largest giant axons. Tie off the giant axon using different
color threads for proximal and distal.

v

Transfer the giant axons to a Petri dish in chilled sea water and
transfer to a stereo dissection microscope with dark field illumination for removal of small axons
and remaining connective tissue.

PR

For Microscopy For Microtubule Dynamics studies
Extrude axoplasm on coverslip Extrude axoplasm into buffer chamber
by holding tubing in place and by placing on glass slide with end of axon
pulling axon V in the buffer of interest. Extrude by
add spacers on either side holding axon stationary and sliding
gently place coverslip on top For Biochemistry tubing
to create microchambers for
microscopy ¢
¢ Incubate axoplasms in buffer
for defined intervals, sampling
Observe vesicle motility either by taking aliquots or by
or microtubules moving axoplasm to fresh buffer
by video microscopy Y

Extrude sister axoplasms onto glass slides
by holding tubing in place and
pulling axon. Outline axoplasms
with PAP pen. Add buffer of interest.

Figure 1.
Flow chart for preparation of axoplasms.
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Sister Axon 1 I Sister Axon 2
(Control) - I (Experimental)

ﬂ

!

Proximal

Stellate Ganglion Head

Figure 2.
Dissection of giant axons. A diagram illustrating the position of the squid giant axons after

removal of the internal organs and pen. The squid mantle is roughly conical after the head
and tentacles are removed. At that point, the mantle is cut along the dorsal midline to create
flat sheet of muscle. The viscera can then be removed along with clear siff pen located in the
center of the ventral side of the mantle, between the two largest giant axons. All axons exist
in pairs on the right and left side of the midline. The largest diameter axons extend the
paralleling the midline and are the longest axons. The other smaller axons are not used
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because they are not typically large enough to extrude. The two largest giant axons are
dissected free from the surrounding muscle and threads are tied at the distal (green) and
proximal ends (red, near the cell bodies in the stellate ganglion). These
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Distal Thread sheath

Sister Axon 1 Axoplasm

< PE tubing (

Glass Slide

Figure 3.
Extrusion of axoplasm. Once the axon is dissected and cleaned of surrounding small axons/

connective tissue, the axoplasm must be extruded. Briefly, the axon is handled by the
threads and rinsed in intracellular buffer (buffer X) to remove Ca2* containing sea water.
The axon is then blotted on filter paper and cut adjacent to the proximal thread. Using the
distal thread, the axon is placed on the coverslip or glass slide. If the goal is to extrude an
axoplasm on the surface, one places pressure on the axon close to the thread with a short
piece of PE190 tubing and pulls the axon with the thread holding the tubing in place. To
extrude into a buffer chamber, the axon is held stationary and the tubing is moved toward
the proximal end.
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Figure4.
Kinetic Equilibration Paradigm (KEP). This method was developed originally by Morris and

Lasek (Morris & Lasek, 1982, 1984) for analysis of monomer-polymer equilibrium of
cytoskeletal proteins in the axoplasm. In this diagram, green dots represent modified tubulin
with increased stability and white dots represent unmodified labile tubulins (Song et al.,
2013). After placing the axoplasms in buffer X, unassembled tubulin dimers would be
extracted into the buffer by 5 minutes. Labile microtubules begin to depolymerize by this
time and by 45 minutes, the tubulin from labile microtubules (soluble polymer) has been
extracted. By 120 minutes only stable microtubules remain as an axoplasmic “ghost” and
does not change over periods as long as 24 hours. These ghosts are are enriched in modified
tubulins.
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O% Control Buffer
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[ ]
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Figure5.
Perfusion of axoplasms. Buffers of interest can be perfused into axoplasm for studies of

microtubule biochemistry or imaging. Ideally, sister axoplasms (two axoplasms from a
single squid) are used for comparison to reduce interanimal variability. For biochemistry,
the axoplasms are perfused without a top coverslip while imaging studies require the top
coverslip. In both cases, buffer volumes are kept small relative to the axoplasm volume to
minimize dilution. Typical axoplasms are 5ul in volume, so buffer volumes are kept at 20—
25ul. This is in contrast to conventional biochemical approaches where dilutions may be
103-10°.
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Nonprotein Composition of Axoplasm

CLASS COMPONENT mM
Amino Acids Nonpolar AA (alanine)  16.14
Polar AA (glycine) 18.41
Acidic AA (aspartate) ~ 100.29
Basic AA (arginine) 6.06
Betaine 73.7
Taurine 106.7
Homarine 20.4
Cysteic Acid 4.9
Organic Metabolites Isethionic Acid 164.6
Glycerol 4.35
Others 11.02
Carbohydrates Glucose 0.24
Mannose 0.92
Fructose 0.24
Sucrose 0.24
Inorganic lons Potassium 344
Chloride 151.2
Sodium 35
Phosphate 17.8
Magnesium 10
Sulfate 75
Calcium 35
Nucleoside Triphosphates  ATP 1

Table 1

Adapted from (G. G. Deffner & R. E. Hafter, 1960; Morris & Lasek, 1982)
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