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ABSTRACT

The origin of axoplasmic proteins is central for the biology of axons. For over fifty years axons have been considered unable to synthesize
proteins and that cell bodies supply them with proteins by a slow transport mechanism. To allow for prolonged transport times, proteins
were assumed to be stable, i.e., not degraded in axons. These are now textbook notions that configure the slow transport model (STM). The
aim of this article is to cast doubts on the validity of STM, as a step toward gaining more understanding about the supply of axoplasmic
proteins. First, the stability of axonal proteins claimed by STM has been disproved by experimental evidence. Moreover, the evidence

for protein synthesis in axons indicates that the repertoire is extensive and the amount sizeable, which disproves the notion that axons

are unable to synthesize proteins and that cell bodies supply most axonal proteins. In turn, axoplasmic protein synthesis gives rise to the
metabolic model (MM). We point out a few inconsistencies in STM that MM redresses. Although both models address the supply of proteins
to axons, so far they have had no crosstalk. Since proteins underlie every conceivable cellular function, it is necessary to re-evaluate in-
depth the origin of axonal proteins. We hope this will shape a novel understanding of the biology of axons, with impact on development
and maintenance of axons, nerve repair, axonopathies and plasticity, to mention a few fields.
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OVERVIEW

The most striking anatomical feature of neurons is the size and
morphological variability of axons. Their sizes are impressive
as they may attain enormous lengths and volumes, up to
several thousands times those of the cell body. The terminals
may be up to several meters away from the nucleus that holds
the templates for proteins, raising logistical challenges. In this
context, we make explicit the tenets of STM and examine their
supporting evidence. In particular, we scrutinize the stability
of axonal proteins and the inability of axons to synthesize
proteins, and illustrate inconsistencies arising between this
model and experimental data. We then put forth MM and
offer an alternative explanation to the data considered so far
to support transport. To discriminate between the two models,
we propose experimental protocols. Finally, we suggest a new
understanding of axon maintenance.

The development of STM

The textbook notion that most axoplasmic proteins originate
in the cell body and are then conveyed down the axon at a
slow rate (Schwartz and Camilli, 2000; Brady et al., 2008) was
first proposed in the late forties based on ballooning proximal
and thinning distal to nerve constrictions (Weiss and Hiscoe,
1948). Later, ribosomes were not reported in axons with
electron microscopy, except close to the cell body (Palay et
al., 1968; Peters et al., 1968; Zelend, 1972; Pannese and Ledda,
1991; Li et al., 2005b). Administration of labeled amino acids
to cell bodies resulted in anterograde waves progressing at
1-2 mm/day, the label of which was embodied in axoplasmic
proteins (Droz and Leblond, 1963). This result was replicated

extensively, rendering wave and transport as synonymous.
For a comprehensive review of this period, see Graftein and
Forman (1980). Figure 1.A illustrates our case study of a wave
moving away from the cell bodies.

Another wave of label was also observed that differed in
various respects from the slow wave, firstly in that it was faster
by two orders of magnitude (200-400 mm/day). It was associated
with membranous organelles and was arrested by drugs that
interfere with microtubules. Its destination was primarily the
nerve terminals. The content accumulated at ligatures, and its
progression depended on kinesin and dynein motor proteins
(Mercer et al., 1994) and the actin filament-myosin filament pair
(Bridgman, 2004). This is fast axonal transport. The amount of
protein in the fast wave relative to that of the slow wave was
small, as judged by the ratio between labels, and did not include
significant axoskeletal proteins (McEwen and Grafstein, 1968;
Karlsson and Sjostrand, 1971; Droz et al., 1973); for reviews, see
Graftein and Forman (1980) and Dahlstrom et al. (1992).

In the context of the supply of proteins to axons, the
findings presented above were explicitly translated into the
following notions (Lasek and Hoffman, 1976): (i) axons lack
the machinery for protein synthesis; (ii) cell bodies synthesize
most axonal proteins (iii) a transport mechanism is postulated
to convey proteins; and finally, (iv) axoplasmic proteins
are postulated to be stable in axons and eliminated at the
terminals. That is, a column of proteins arising in the cell body
is vectorially translocated down the axon -a biomechanical
event- while synthesis and degradation of proteins -metabolic
events— are explicitly excluded from axons. These tenets
configured STM, in which the inability of axons to synthesize
proteins is the central piece and tenets (ii), (iii) and (iv) are
ancillary assumptions. Note that the stability of axoplasmic
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proteins for years or even decades, which STM has to postulate
in order to be viable as a theory, is an implausible assumption
with no precedent in other systems. The theoretical model is
shown in Fig. 1.A” and its features are summarized in Table 1.
STM was soon accepted and remains unchanged and
forms part of common knowledge up to this day. Thereafter,
the study has focused on biomechanical events to explain
protein translocation, which is still an unsettled issue. Many
mechanisms have been proposed since the inception of
STM over 60 years ago. Most of them have considered only
cytoskeletal proteins instead of the full complement of axonal
proteins, and none has gained general acceptance (Fig. 2)
(for a discussion, see Miller and Heidemann, 2008). In recent
years, translocation of discrete cytoskeletal assemblies has
been clearly shown in axons of cultured neurons that move
intermittently in either direction over short distances with an
anterograde bias (Brown, 2000; Roy et al.,, 2000; Wang et al.,
2000; Yuan et al., 2009). To be acceptable in the context of STM,
these assemblies should not be just local rearrangements but
must proceed from cell body to terminals in vivo. Alongside,
cytoskeletal proteins, which are the most abundant, axons
contain low amounts of over a hundred proteins, as shown by
metabolic radiolabeling and 2D electrophoresis (Oblinger et
al., 1987), which must also be supplied to axons. Moreover, the
dynamics of these assemblies must explain the phenomenology
pertaining to the field, such as radioactive waves, how proteins
in terms of type and amount, are supplied to each segment,
how they are regulated, how axons of any length arise, uniform
but also presenting local anatomical changes either transient
or permanent, assess the burden that the supply of axonal
protein imposes upon the cell body, and so on. Briefly, STM is
a great deal more than translocation of cytoskeletal proteins,
as it has to explain the maintenance of the axon in all its
complexity. Vectorial displacement of cytoskeletal proteins in
axons of cultured neurons is an important, albeit initial step to

understand the biological significance of protein translocation
in axons (vide infra).

Scrutiny of protein stability in axons

Transport at 1-2mm/day creates an outright conundrum. The
travel time of proteins from the cell body to terminals will
take several years in human axons and decades in those of
larger species. If axonal proteins have usual life spans of days
or weeks, they will disappear en route well before arriving to
the terminals. To rescue STM from this inconsistency, axonal
proteins were assumed to be stable without further ado
(Weiss and Hiscoe, 1948; Lasek and Hoffman, 1976). However,
circumstantial evidence challenged the notion of protein
stability in axons. In efferent axons of the chick less than 15 mm
long, over 90% of the radioactivity leaving cell bodies does not
reach the terminals (Droz et al., 1973), i.e., proteins disappear
in transit. The radioactivity of waves decreases consistently
with time as they progress along the axon (Williard et al., 1974;
Hoffman and Lasek, 1975; Cancalon, 1979; Mori et al., 1979), a
fact clearly illustrated by our case study (Fig. 1, A). This loss of
label indicates removal of protein from the axoplasm. Nixon
(1980) addressed degradation of axonal proteins in optic nerves.
Tracers were administered to the cell bodies and later the
nerves were incubated to assess the amino acid release into the
medium. The estimated half-life of proteins was about a week.
However, the bearing of this finding on STM was not discussed.
Briefly, protein degradation in axons has been unambiguously
supported by metabolic studies, thus questioning the stability of
proteins and in so doing, the consistency of STM as a construct.
With the advent of genetic engineering, degradation of
proteins in axons was addressed again. Mice were generated
to express the human neurofilament light subunit (hNFL+) and
the transgene was under the negative control of a doxycycline-
regulated promoter. Additionally, these hNFL+ mice either

TABLE 1
Overview of the maintenance of the axoplasm according to the slow transport model (STM) and the metabolic model (MM)

STM MM
Origin of axoplasmic proteins (bulk) Cell body Axoplasm
Protein synthesis in axon No Yes
Protein degradation in axon No Yes
Life span of axonal proteins Stable, even for years or decades Usual
Elimination of proteins in terminals Axonal proteins are lysed upon Usual
reaching the terminals
Slow long distance transport Yes No
Transport mechanism Required No
Protein supply to axons: a burden for cell bodies?  Expected No

Regional anatomical variations caliber,
microtubules, etc

Response of axons to local challenges

Proteins not belonging to the standard repertoire ~ ?
are required at a distance from the cell body

Change in transport velocity of the
appropriate components

Redistribution of existing proteins

Local regulation of protein synthesis

Local synthesis or lysis of appropriate proteins

Local protein synthesis
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expressed their own neurofilament light subunit (mNFL+) or
did not (mNFL-) (Millecamps et al., 2007). In mice hNFL+/
mNFL- expressing only the human subunit, upon doxycycline
treatment, the subunit disappeared at the same time along the
entire sciatic nerve with a half-life of 3 weeks. Thus genetic
engineering confirms classical metabolic studies that proteins
are removed everywhere from the axon. Surprisingly, using
the same protocol in the mouse that expresses both mouse and
human NFL subunits, the human subunit declined to about
35% after eight months, which does not concur with the speedy
decline when the mouse expresses hNFL alone. In dorsal root
ganglia, the mRNA declined, but did not fully disappear, after
two weeks of doxycycline treatment. Unfortunately, assessment
of the mRNA level was discontinued in ganglia, and omitted
altogether in the sciatic nerve. Since there is increasing
evidence for axoplasmic synthesis of proteins and glia-to-
axon transfer of RNA, a documented depletion of the mRNA
coding hNFL in both ganglia and nerve would have added
strong support to the long-term survival of hNFL protein. For
its important theoretical implications, this finding deserves

that it outweighs all other methods and all other estimates?
Is it acceptable to extend the putative survival of a single
foreign protein to all axoplasmic proteins without adequate
experimental support? Even an unwarranted extension of this
survival to the complete protein repertoire will not rescue long
axons of humans, giraffes, or whales, as virtually no protein
will reach their terminals either.

Miller and Samuels (1997), who included protein
degradation in their simulation, assumed that the moving
column was shorter precisely to maintain the packing of
the axoplasmic components constant (Fig. 2, G). But data
interpreted according to STM do not support this new
assumption since the putative bolus of protein entering the
axon, instead of shrinking, apreads out as it progresses (Fig. 1,
A). Moreover, this assumption called for a complementary one,
namely that axonal length determines the size of the bolus, i.e.,
the axoplasm should be a burden for the synthetic machinery
of the cell body. However, experimental evidence indicates that
protein synthesis in the cell body is unrelated to the axoplasmic
mass (von Bernhardi and Alvarez, 1989), which indicates that

confirmation with an independent method, e.g, concurrent
metabolic labeling of hNFL. Is long-term survival so reliable

axons are not a burden for cell bodies. This attempt to include
protein degradation in STM did not succeed.
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Figure 1. Radioactive waves in axons and explanatory models: Graphs A, B and C: ordinates, radioactivity of axoplasmic proteins;
abscissae, distance from cell body. Diagrams: A, slow transport model (STM), and B" and C, metabolic model (MM): P, protein; —, vectorial
translocation of P; AA, amino acid; half arrows pointing up and down, synthesis and degradation of P, respectively; horizontal double
arrows, axial diffusion, 1 and |, uptake and leakage of AA. A, Garfish, olfactory cell bodies were administered pulses of tracers; each curve
is the distribution of the label in the nerve proteins at the time indicated. The wave moves forward (from Cancalon, 1979; by permission
of Wiley). Alternative description: each curve is the distribution in space of proteins of the age indicated and the protein content at each
point is the sum of all curves, labeled and unlabeled. On inspection, distal regions have very little protein. A, events underlying A according
to STM; curves are boluses of proteins leaving the cell body that move down the axon and spread in the process. In STM, synthesis and
degradation of proteins —metabolic events— do not occur in axons; and AA plays no role in the axoplasm. B, autoradiographic response of
the axoplasm following an electrophoretic injection of H3-leucine (|) into the Mauthner axon of the goldfish; the tracer was released using
trains of pulses for one hour and after an additional half hour of rest the tissue was processed (from Alvarez and Chen, 1972). Notice the
extensive spread of the label, the bell-shaped incorporation into axonal proteins and the efficient incorporation in the cell body 3.5mm
away from the site of injection. B’, events underlying B according to MM: bidirectional diffusion of tracers and metabolic incorporation
into proteins. C, computer simulation according to MM. Diffusion of AA, and synthesis and degradation of proteins are expressed as a
set of differential equations; fifty axonal segments, each Tmm long, are in a steady state. At time zero, a pulse of label is given to the
cell body. Curves are the distribution of the label at the time indicated (from Alvarez and Torres, 1985; by permission of Elsevier). C,
events underlying C according to MM: tracers diffuse from cell body to axon, are incorporated into axoplasmic proteins and upon their
degradation, tracers are re-cycled. Note that in MM, transport of protein --a biomechanical event- does not occur, nonetheless experimental
and virtual waves (A and C) share similar features, namely, the peak advances, the wave flattens, and the overall label decreases.
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All in all, the postulated stability of axonal proteins has
been consistently contradicted rather than supported by the
data, such that STM should either revise its tenets or collapse
as a construct (Fig. 3, STM). Surprisingly, this inconsistency
has not been discussed in depth, despite its important bearings
on STM. Stability of proteins in axons calls for an additional
ancillary assumption, namely elimination of as much protein
in the terminals as the cell body pumps into the axon. This
important ancillary assumption has not been studied in detail.

Scrutiny of inability of axons to synthesize proteins

The study of protein synthesis in axons began fifty years ago.
However, STM did not incorporate this second source into its
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Figure 2. A selection of long distance transport mechanisms: In
general, transport mechanisms have been proposed considering
a restricted set of observations rather than developing a
comprehensive understanding of the axon, and these mechanisms
need not be mutually exclusive. A. Axoplasmic streaming (—) at ca
1mm/day. At the constriction (black box), the axoplasm is partially
arrested (1), axons become thinner downstream and balloons
are formed behind. To account for the long travel time, the model
assumed that axoplasmic proteins were not degraded (Weiss and
Hiscoe, 1948). If proteins are not degraded, balloons should grow
ad infinitum. B. The axoplasm, considered a gel with thixotropic
properties, is propelled (—) by peristaltic waves. These occur at
about 30min intervals, regardless of whether the continuity of
the axon is preserved or disrupted by degenerative fragmentation
(Weiss, 1972). C. Neurofilaments (nf) are cross-linked between
them and with microtubules (mt). Myosin (my) bridges nf to
actin filaments (ac) that are attached to the axolemma; myosin
develops the force that moves the cytomatrix away from the
cell body (). No experimental support is given (Hoffman and
Lasek, 1981). D. The cytoskeleton is likened to a continuous rope
(wavy line) attached to its site of assembly in the cell body (black
sphere), and slow transport proceeds (—) only if newly synthesized
elements (short lines) are inserted in the cell body. However,
the velocity of transport is regulated by some mechanism in the
axon or its terminals. Supporting evidence: systemic inhibition of
protein synthesis arrests the slow wave but nerve section does
not (Grafstein and Alpert, 1982). E. Polymers move down the axon
while monomers do not (Baas and Brown, 1997). F. Sububunits
move down the axon while polymers do not (Hirokawa et al.,
1997). G. A column P leaves the perikaryon; then as proteins
are degraded (|) the moving column P (long horizontal arrow)
shortens (short horizontal arrow) to maintain the packing of
moving proteins. The axon is uniform and its length is determined
by the size of the bolus that the cell body pumps into the axon in
a unit time (Miller and Samuels, 1997). The postulated shortening
of the moving column is not in accordance with the lengthening
of the putative boluses, which are the observed waves (Fig. 1, A).
H, rapid movements (r) of cytoskeletal polymers assisted by fast
motors, followed by prolonged pauses (p) results in the apparent
slow transport (s—); no permanent stationary matrix (Brown,
2000). |, in sufficiently matures axons, ca 90% of the cytoskeleton
is stationary while 10% presents rapid movements in either
direction followed by prolonged pauses (Yuan et al., 2009).

basic notions since the idea that axons are unable to synthesize
proteins was, and still is, deeply rooted. The study of these two
putative sources of axoplasmic protein - transport from the
cell body and local synthesis - have followed separate tracks
to date. Pioneering studies by Edstrom, Giuditta and Koenig
showed that amino acids are incorporated into the axoplasm
by a mechanism sensitive to protein synthesis inhibitors,
and newly synthesized proteins are typical of the axoplasm
(Edstrom, 1966; 1967; Koenig, 1967; Giuditta et al., 1968;
Edstrom and Sjostrand, 1969); for early reviews, see Koenig
(1970; 1984) and Giuditta (1980).

Within STM, the axoplasm has occasionally been
acknowledged to synthesize proteins, but the rate has been
deemed as negligible to account for the ongoing replacement
as compared to role of transported proteins (Droz and Koenig,
1970). However, the volume of the axoplasm was not considered
and it may balance its low rate of synthesis. The relative
contribution of the cell body and axoplasm to the protein balance
of the neuron was addressed in the Mauther neuron of goldfish
in vivo (Alvarez and Benech, 1981). Amino acid incorporation
into axoplasmic proteins was 1.7 - 4.2% per unit of volume
compared to that of the cell body. Owing to the enormous
volume of the axon, total incorporation into it was 20 to 50-
fold that of its cell body. More recently, in sympathetic neurons
in culture, axons were reported to incorporate 10% that of an
equal volume of cell bodies (Lee and Hollenbeck, 2003). These
results support the view that the synthetic capacity of axons
is substantial, all the more that the axoplasmic volume, albeit
variable, may reach over a thousand-fold that of its cell body.

Components of the machinery for protein synthesis were
also found in axons. Axoplasmic RNAs were collected and
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Figure 3. Maintenance of the axoplasm: kinetics of STM (slow
transport model), MM (metabolic model) and Hybrid. Upper
panels, theoretical models. Pi, protein in a unit segment of
axon; —, vectorial transport; t, synthesis and |, degradation of
Pi. Lower panels, compartment analysis. STM (a): the cell body
pumps an amount P into the first axonal segment in a unit of
time; simultaneously, every segment transfers P to the following
segment, and the terminals eliminate the same amount. (a'); the
axon is uniform and in a steady state. (b): degradation of protein
(1) albeit negated by STM was supported by data at the time
of STM inception. (b’), by introducing (|) in the unit segment,
P decreases continuously with distance, yielding non-uniform
axons. MM, upper panel, synthesis and degradation of Pi occurs
in place, processes regulated on a local basis; segments are alike
and in a steady state. Note that long distance transport of P does
not appear in MM. Lower panel, P is similar in all segments by
definition. Hybrid, long distance transport co-exists with local
synthesis and degradation of proteins, hence Pi has two sources.
The conditions under which this hybrid model yields uniform
axons have to be established.
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identified as ribosomal, messenger and transfer (Edstrom et
al., 1962; 1969; Black and Lasek, 1977; Koenig, 1979; Ingoglia
et al.,, 1983; Jirikowski et al., 1990; Mohr and Richter, 1992;
Wensley et al., 1995). Notwithstanding, the role of axoplasmic
RNAs has been controversial as it was deemed unrelated to
local protein synthesis (Black and Lasek, 1977; Ingoglia et al.,
1983; Jirikowski et al., 1990; Mohr and Richter, 1992; Wensley
et al.,, 1995) since the notion that axons do not synthesize
proteins prevailed. If we track this deeply rooted notion
back to its roots, we find that electron microscopists did not
include ribosomes in the inventory of the axoplasm, and that
cell biologists considered axons to be ribosome-free, based
on this one and only datum. Is electron microscopy reliable
enough to assert that axons do not contain ribosomes? Does
this single negative finding outweigh the positive evidence
for protein synthesis in axons? Since STM was conceived
to explain the supply of proteins to ribosome-free axons,
this notion is uncompromising, and if ribosomes do occur
in axons, STM should be revised or rejected. A published
electron micrograph shows polyribosomes in the axoplasm but
they were not reported (Peters et al., 1991) (Fig. 4, A), which
emphasizes the limits of electron microscopy to reveal small,
sporadic, and inconspicuous structures. More recently, axonal
ribosomes have been searched for and revealed with riboprobe,
immunocytochemistry, electron spectroscopic imaging, and
both standard and immuno electron microscopy (Fig. 4, B, C)
(Giuditta et al, 1991; Koenig et al., 2000; Sotelo-Silveira, 2004;
Kun et al., 2007; Court et al., 2008). Interestingly, in peripheral
nerves in vivo, Schwann cells have been shown to supply
ribosomes to axons (Court et al., 2008; 2011), which adds an
unsuspected dimension to the supply of protein to axons, as

Figure 4. Ribosomes in axoplasm. A, electron micrograph
of a motor end plate (from Fig. 5-2, in Peters et al, 1991;
by permission of Oxford University Press). Arrows point to
polyribosomes, which are shown enlarged in the same sequence
in the right panels. Top panel: polyribosome in the muscle cell,
for comparison. Center and bottom panels: polyribosomes in the
axoplasm of the terminal. They were not mentioned in either the
legend or the text. B and C, sciatic nerve fibers of WId® mouse
severed for over a week. B, electron micrograph; fiber exhibits
a field of ribosomes in the axoplasm. Inset: a polyribosome,
where a strand connects two adjacent ribosomes (arrow). C,
immunostaining of a teased fiber including a node of Ranvier.
Color codes are indicated: Rib, ribosome; NF, neurofilament; PO,
myelin protein zero. Ribosomes (red puncta) are immersed in the
neurofilament space.

well as to the biology of the axon-glia unit (cf Giuditta et al.,
2008).

In recent years, studies relating to proteins synthesis
in axons have been explosive. The repertoire of proteins
locally synthesized in axons is extensive in terms of type and
functions, e.g., cytoskeletal proteins, chaperones, resident
endoplasmic reticulum proteins, anti-oxidant and metabolic
proteins, membrane receptor proteins and many more. In
addition, protein synthesis in axons has been described in
different sub-compartments and as being responsible for
diverse local functions, including translation at synapses or
sensory receptors, synthesis in elongating and regenerating
axons and growth cones, protein synthesized at the site of
injury to be transported to the perikaryon as signals (Crispino
et al., 1997; Gaete et al., 1998; Martin et al., 1998; Sotelo et al.,
2000; 2008; Brittis et al., 2002; Calliari et al., 2002; Zhang et al.,
2002; Hanz et al., 2003; Piper et al., 2005; Verma et al., 2005;
Willis et al., 2005; Wu et al., 2005; van Kesteren et al., 2006;
Jiménez-Diaz et al.,, 2008; Dubacq et al., 2009; Hengst et al.,
2009; Toth et al., 2009); for reviews, see (Alvarez et al., 2000;
Campenot and Eng, 2000; Martin, 2004; Lin and Holt, 2008;
Giuditta et al., 2008).

The study of the machinery for protein synthesis in axons
is also thriving, e.g., differential localization of periaxoplasmic
ribosomal plaques along axons and their molecular
organization, identification mRNAs, profile and translation of
axonal mRNAs, regulation of RNAs during synaptogenesis,
trafficking of RNA, learning as a modulator of synaptic
mRNAs, changes of the RNA repertoire during development
and injury, even mRNAs coding for myosin Va heavy chain,
and cytochrome c oxidase, a mitochondrial protein coded in
the nucleus, have been identified in the axoplasm. Regulation
of protein synthesis at the mRNA level is also operational
in axons, including RNA interference (Wensley et al., 1995;
Olink-Coux and Hollenbeck, 1996; Calliari et al., 2002; Lee
and Hollenbeck, 2003; Sotelo-Silveira et al., 2004; 2008; Willis
et al.,, 2005; Lyles et al., 2006; Kun et al., 2007; Murashov et al.,
2007; Willis et al., 2007; Aschrafi et al., 2008; Brisbal et al., 2009;
Ferrara et al.,, 2009; Taylor et al., 2009; Vogelaar et al., 2009;
Gunny et al., 2010; Zivraj et el., 2010); for recent reviews, see
Sotelo-Silveira et al. (2006), Koenig (2009), Vuppalanchi et al.
(2009), Yoon et al. (2009) and Yoo et al. (2010).

Summing up, in the early days of electron microscopy,
ribosomes were not reported in axons. This datum, produced
with a method that was not sufficiently sensitive (vide supra),
was taken to signify ‘axons do not synthezise proteins’. In
this scenario, STM was developed to understand how cell
bodies supply requisite proteins to ribosome-free axons
whereby its rationale hangs from the truth of this notion.
Since its inception, STM has not revised or updated the
postulated inability of axons to synthesize proteins. Another
avenue of research established that axons contain ribosomes,
synthesize a large amount and an extensive repertoire of
proteins. Therefore, ‘axons do not synthesize proteins’ is an
untrue notion that arose from overrating a single negative
and unreliable datum. The occurrence of protein synthesis in
axons removes the very purpose of STM, and makes untrue
its ancillary assumption, namely, that cell bodies supply the
bulk of axoplasmic proteins. Surprisingly, this riddle has not
been brought to the fore despite that it calls for a thorough
revision of the tenets of STM, given that its validity is seriously
questioned (Fig. 3, Hybrid).
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Scrutiny of the slow waves

The slow radioactive waves that invade axons were considered
compelling evidence for transport, and rightly so, on condition
that axons do not synthesize proteins. Since axons do not meet
the condition, the highly compelling status of the radioactive
waves is downgraded to that of modestly supporting
evidence for transport, making the waves open to alternative
interpretations. Below we will show that the dynamics of
synthesis and degradation of protein in axons generates
radioactive waves progressing through stationary axoplasmic
proteins.

Intraaxonal injection of tracers at a distance from the cell
body was revealing. The newly synthesized proteins in the
axoplasm presented a bell-shaped profile that spread over
10 millimeters from the site of injection within 90 min (Fig.
1, B) (Alvarez and Chen, 1972), i.e., substantial diffusion
of the tracer and its local incorporation into proteins occur
concurrently. This finding has important bearings on the
interpretation of reported data. For example, Lasek et al. (1993)
injected the eye with tracers and the labeled neurofilament
waveform front was distinguished in the optic nerve behind
the eye. Measurements interpreted under STM yielded
transport rates ranging between 72 and 144 mm/day, two
orders of magnitude greater than the usual estimates. We
propose an alternative explanation: precursors diffuse from
cell bodies into optic nerve axons and newly synthesized
proteins are labeled in the process. Thus the recovery of labeled
proteins becomes a readout of amino acid diffusion. In this
interpretation, the underlying mechanism is well supported by
evidence and does not require translocation of protein, hence
the putative transport mechanism becomes an unnecessary
explanatory construct, at variance with the authors’ view.

Can diffusion of tracers and local incorporation alone
generate radioactive waves progressing through stationary
axoplasmic proteins? The answer is yes. The metabolic model
(MM) for a unit segment is shown in Figure 1B’ (cf Table 1)
and includes: (i) local synthesis and degradation of proteins;
(i) axial diffusion of amino acids in the axoplasm, and (iii)
their uptake from, and leakage to, the extracellular space.
Axoplasmic proteins are stationary but local displacements from
the site of synthesis to destination are expected. When tracers
are administered to cell bodies, (i) they are taken up efficiently,
(ii) diffuse freely into the axon, and (iii) are incorporated into
axonal proteins reflecting the specific activity of the local pool
(Fig. 1, C’). Newly synthesized proteins in the axon reflect the
decreasing specific activity with distance and a wave front
of labeled proteins arises (cf Fig. 1, B). Diffusing tracers keep
recruiting axonal segments and by labeling newly synthesized
proteins, the front progresses continuously. Protein degradation
re-supplies the soluble pool with tracers. In the proximal
segments, retro-diffusion to the cell body reduces the specific
activity of tracers, and eventually a peak comes into being in the
axonal proteins. Partial re-cycling of tracers decreases the overall
label of proteins. Nixon (1980) showed that the release of labeled
amino acids from nerves was enhanced by cycloheximide, an
inhibitor of protein synthesis, and concluded that amino acids
were re-cycled in the nerve. This observation lends experimental
support to this tenet of MM.

To assess the predictive power of MM, the kinetics of
protein synthesis and diffusion of tracers were expressed as
a set of differential equations for a unit segment (Fig. 1, B).

Constants for synthesis and degradation of proteins, and for
diffusion, uptake and leakage of amino acids were taken or
derived from published values, and the equations solved
by iteration (Alvarez and Torres, 1985). Virtual waves are
similar to observed waves in several respects: (i) with time,
the peak moves away, albeit its velocity is in the lower range
of reported values, (ii) the leading slope becomes less steep,
and (iii) the overall label decreases (Fig. 1, C). This simulation
is elementary, as protein metabolism includes more variables
than MM does, and the data from which constants were
derived may be inaccurate and the errors could be amplified
by iteration. Despite these shortcomings, the simulation
showed that local synthesis generates waves of label, whereby
observed waves are no longer compelling for protein transport,
as is currently accepted.

The simulation, with plausible modifications, mimics other
observed facts. For example, two co-existing proteins with
different half-lives present peaks that progressively separate
in space, the shorter the half-life, the faster the associated
wave (see Fig. 9, in Alvarez and Torres, 1985), which reminds
components a and b of the slow wave (Black and Lasek, 1980).
In the simulation, when the cell body is made to re-supply
the axon with precursors, the virtual maximum stays in the
first segment throughout the post-pulse period, (see Fig. 10,
in Alvarez and Torres, 1985). In goldfish, following a pulse
of tracers to the eye, the radioactive maximum remains in
the first segment of the optic nerve throughout the survival
time (Grafstein and Murray, 1969). To close this section, we
will examine the protein content along the axon. In whatever
model, the content of a given axonal segment is the sum of
proteins of all ages. According to STM, each time curve of
Figure 1A is the distribution in space of proteins of the same
age. For that reason, the sum of curves for all ages yields
the protein profile along the axon. From experimental data
and its tenets, STM predicts that the protein content of axons
should be enormous close to the cell body and vanishingly
small towards the distal regions, in sharp contradiction to
real axons. To our knowledge, this overt inconsistency has not
been discussed by defenders of STM. For MM, all segments are
similar and in a steady state, hence axons are uniform.

We showed above how waves of radioactivity can progress
through stationary proteins, similar to sound waves that
propagate through molecules that are not transported. This
alternative interpretation of waves has many implications. As
examples: (i) the standard practice to take a slow radioactive
wave for moving proteins is unwarranted, (ii) the cell body
origin of an axoplasmic protein is not warranted by its
labeling, and (iii) when radioactive tracers are used, estimates
of axoplasmic protein survival are overestimated as re-cycling
of amino acids is ignored. For additional inconsistencies of
STM, see Alvarez (1992) and Alvarez et al. (2000).

Slow transport has been largely characterized with
metabolic labeling of proteins. As with protein degradation,
genetic engineering also permits an alternative method to test
waves of moving proteins in vivo by assessing the amount of
a specific protein in the axon instead of the amount of label.
When the transgene is turned off, STM predicts a proximo-
distal depletion of the foreign protein in the axon, and when
it is turned on, a proximo-distal reappearance (Fig. 5, STM).
The mouse that expresses only hNFL (vide supra) was used to
this end. Experimentally, when the transgene was switched
off with doxycycline, hNFL disappeared synchronously along
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the entire sciatic nerve, and when the gene was turned on,
hNFL reappeared and accumulated within one week with no
wavefront (Millecamps et al., 2007). Since predicted waves of
proteins were not observed, STM does not pass the test and
supplementary assumptions are necessary to rescue the model;
alternatively, STM may choose to revise its tenets. In contrast,
MM asserts that proteins are synthesized in place, stay in place,
and are degraded in place hence when the gene is switched off,
MM predicts a depletion of the protein along the entire axon,
and the converse when it is switched on (Fig. 5, MM). That is,
MM passes the test.

In brief, STM considers radioactive waves as the long
distance transport of axonal proteins and must postulate a
transport mechanism at the molecular level. However, when
a wave of a defined protein is being sought instead of a wave
of label, the former does not show up, i.e., the tenets of STM
are insufficient to explain the phenomenon. In contrast,
in MM, waves of radioactivity arise as an inconsequential
epiphenomenon of diffusion of precursors and their local
incorporation while proteins are stationary. Moreover, MM also
accounts for the various rates or shapes of the experimental
waves based on well-known processes, such as the turn-
over rate of proteins or the dynamics of the amino acid pool.

STM MM
Tg T CB A1 A2 A3 CB A1 A2 A3
? o | R
fL o ror Tl
| -~ I35
1 L
go L o
"L R
AL o R
o [t I S S A

Figure 5. Predictions of STM, slow transport model and MM
metabolic model upon turning a transgene off or on. In a
transgenic mouse, Tg codes for an axoplasmic protein P under
negative control. T, time sequence 0-3; CB, cell body; A1-A3,
sequence of axonal segments; size of P stands for amount; —,
vectorial transport of P. Half arrow pointing up, synthesis, and
half arrow pointing down, degradation of proteins. At time 0, the
system is in a steady state. Box off. At time 0, Tg is turned off.
STM: in the cell body, synthesis of P is halted while existing P in
the axon keeps moving toward the terminals ensuing a proximo-
distal clearing of P. MM: in the axoplasm, synthesis of P is halted
and degradation of P becomes unbalanced (half arrow pointing
down) leading to a decrease of P along the entire axon. Box on.
At time O, Tg is turned on. STM: in the cell body, synthesis of P
restarts and the depleted axon is re-supplied with P resulting in
a proximo-distal reappearance of P. MM: in the axon, synthesis
of P restarts everywhere (half arrow pointing up), resulting in an
accumulation of P along its entire length. Predictions of MM are in
agreement with the results (see text).

On the other hand, as MM excludes long distance transport
of proteins, waves of proteins should not occur, i.e., MM
accounts for a broader scope of phenomena without additional
assumptions, and not even a transport mechanism is necessary.

Our cursory scrutiny of STM indicates that both old and
recent experimental evidence challenges STM on all sides.
Two pillars — the inability of axons to synthesize proteins,
and the stability of proteins - have been disproven, which
by implication disproves the ancillary notions that axonal
proteins originate in the cell body and that they are eliminated
at the terminals. Finally, the last pillar - the waves of label -
once compelling evidence for transport, can be explained by
protein synthesis in the axoplasm. As the supporting evidence
for STM is far from satisfactory, STM can no longer be taken
for granted. As an example, let us consider the cytoskeletal
assemblies that move in the axoplasm (vide supra), which
are considered to originate in the cell body. This assumption
is now clearly invalid whereby the site of synthesis of their
components, cell body or axoplasm, has to be established by
experiment in order to assign these moving assemblies their
proper role. Taking all our scrutiny together, we think that
STM must be revised in the light of present day information
even if no alternative model were at hand. Our goal is to have
a coherent and well-supported understanding of axons. Thus
it seems reasonable to develop an updated model with the
whole body of knowledge dealing with the supply of proteins
to axons rather than fostering a particular model with selected
data.

Experimental discrimination between STM and MM

To discriminate between alternative explanations for a set of
observations, it is customary that the challenger has to propose
a protocol in which the contending models lead to radically
different predictions. In the transgenic mouse commented
above, besides the test for waves that MM passed, other tests
can be visualized. For example, in the mouse that expresses
hNFL, the messenger for this foreign subunit has not been
assessed so far in the sciatic nerve. MM predicts its occurrence
in the nerve, particularly when the transgene is turned on (Fig.
5, on, MM). This strong prediction of MM, which requires
a highly sensitive method, is not a crucial test, sensu stricto,
as STM may claim that messengers are not translated in the
axoplasm (cf. Jirikowski et al., 1990; Mohr and Richter, 1992).
Below we propose a classical metabolic protocol, unpublished
to our knowledge, that leads to irreconcilable predictions (Fig.
6). A pulse of S¥-methionine and H3-glycine is administered
to cell bodies. STM predicts that a defined protein, e.g.,
neurofilament light subunit, is imprinted in the cell body with
a certain ratio between labels (S35/H?3), sort of hallmark of
birth. Thereafter the protein must exhibit this hallmark when it
is recovered from the axon at whatever place or whatever time
(Fig. 6, STM). In contrast, MM holds that proteins reflect the
specific activity of the local pool. As tracers diffuse from cell
body along the axon, H3-glycine, owing to its many alternative
pathways, is removed more efficiently than S3°-methionine.
As a consequence, the specific activity of H3-glycine falls
with distance faster than that of S%-methionine (Fig. 6, MM).
Therefore, MM predicts that $*/H? in the defined protein
increases with distance from the cell body. Upon proteolysis,
released H3-glycine further falls relative to S®-methionine,
whereby re-cycling further increases S**/H? over time in the
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protein of interest. We invite an unbiased third party to carry
out this experiment, or any other protocol that discriminate
between models, to shed light on the understanding of the
origin of axonal proteins.

Looking forward

A model for the supply of proteins to axons must comply
simultaneously with several constraints. In particular, the
model should give rise without strains to axons (i) of any
length (ii) rather uniform along their trajectory, but allow for
regional variation, e.g., changes of caliber, branching; and (iii)
in a steady state, but allow for transient or permanent local
responses, e.g., sprouting, pruning, growth, steering; (iv) the
phenomenology pertaining to the field should spring directly
from the dynamics of the model, (v) the model has to assign a
role to synthesis and degradation of protein in axons; finally
(vi) the model should not include unrealistic assumptions. To
be acceptable, a model for the supply of axoplasmic proteins
has to be gauged by these restrictions.

It is clear now that axons synthesize and degrade proteins,
and that cell bodies are not the main supplier of axonal
proteins, thus contradicting the tenets of STM. As a theory,
STM is now bound to include these notions under penalty of
being overtly incomplete, i.e., STM will become a hybrid (Fig.
3, Hybrid). More importantly, all conclusions derived from the

cell body axon; axon;
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Figure 6. Protocol to discriminate between STM and MM.
Metabolic labeling of axoplasmic proteins after a pulse of S3>-
methionine and H3-glycine administered to the cell body. Axon,
and axon; are successive, but not adjacent segments. P is a
defined protein and AA is a pool of amino acids, where dots
represent unlabeled amino acids. Half arrows indicate synthesis
(s) and degradation (d) of proteins. Box STM, in the cell body,
P is imprinted with a hallmark (S*>/H3), and transported (—) to
the axoplasm; thereafter, S3>/H3 cannot change, irrespective of
space or time. If degraded, surviving P still exhibits the same S33/
H? (axon; and axon). In the axoplasm, AA (not shown) has no
role. Box MM, axoplasmic proteins are synthesized locally. As
tracers diffuse down the axon (horizontal double half arrow) the
specific activities in AA decline with distance but more so that of
H3- glycine, which is removed by its many metabolic pathways. In
axon; and axon,, corresponding P reflects the local specific activity
hence in P, S33/H3 increases with distance and also with time, as
H3-glycine is further removed during re-cycling.

tenets of STM to the present time are provisionally flawed. In
fact, the body of data was produced by real axons that used
cellular mechanisms that STM ignored. Therefore, to draw
valid conclusions, this body of evidence must be re-interpreted
using the tenets of STM, plus local synthesis, degradation of
axoplasmic proteins, and the diffusion and re-cycling of amino
acids.

We want to highlight two salient facts for their important
implications. The first is the intermittent and bidirectional
displacement of cytoskeletal assemblies in axons (Brown,
2000; Roy et al., 2000; Wang et al., 2000; Yuan et al., 2009).
The clarification of the origin, destination and motors,
composition, turn over and regulation of these assemblies,
among other issues, will greatly improve our understanding
of axons. The second fact is that axonal ribosomes originate
in the Schwann cell (Court et al., 2008; 2011; cf Li et al., 2005a)
as also RNAs (Sotelo-Silveira et al., 2000; Eyman et al., 2007).
This unprecedented mechanism opens a broad avenue of
inquiry relating to protein synthesis in axons, to the biology
of the axon-glia unit, and probably extensively to interactions
between other cellular associations.

Concluding remarks

The extreme geometry of axons has posed a double challenge,
namely, for axons to get their proteins and for scientists
to disclose the underlying mechanism. It is our view that
the perikaryonal origin of axoplasmic proteins and their
subsequent transport were sound notions posited in their
time to account for axons that were believed to be unable
to synthesize proteins. These notions, complemented with
appropriate assumptions to fill gaps, were accepted by the
scientific community, and are still standard textbook notions.
Regrettably, when inconsistencies arose, some were addressed
with unsupported assumptions, and others went unnoticed or
ignored (cf Alvarez and Torres, 1985; Alvarez, 1992; Alvarez et
al., 2000), and were never discussed at large.,

We have scrutinized STM and if we have cast doubts on
its validity, our effort has been successful. We have purposely
highlighted old data to show that their implications could
have prompted the advocates of STM to revise the tenets
of the model and to address some important issues. On the
other hand, axons have been shown to synthesize a large
amount, and a wide variety, of proteins, and account for the
phenomenology without strain pertaining. Consequently, it is
also our view that at present there is no compelling evidence
to claim that the cell body supplies the bulk of axoplasmic
proteins to the terminals. However, if both cell body and
axoplasm supply axonal proteins, the cell body is no longer
the default source, as currently accepted, and the contribution
of each source for every axonal protein must be established by
experiment.

The study of local synthesis began a few years after that
of axoplasmic transport. Although both addressed the supply
of protein to axons, they followed separate tracks with no
crosstalk, probably because the question of local synthesis
had a low profile for years. We have shown that the origin of
axoplasmic proteins is an open question and we think that the
study of protein supply to axons has reached a turning point
that offers a broader horizon to be explored. Crosstalk between
advocates of transport and of local synthesis will improve
our understanding of axons and provide a fresh conceptual
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framework whereby the maintenance and development of
axons, nerve repair, axonopathies and neurological disorders,
among other fields, will be considered in a new light. We hope
that these dissenting views will stimulate debate for the benefit
of our understanding of the neuron, and it is likely that an
enriched picture will emerge to enlighten future research.
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