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Finish every day and be done with it.

You have done what you could;

Some blunders and absurdities crept in -
Forget them as soon as you can.
Tomorrow is a new day.

You shall begin it well and serencly,

And with too high a spirit

To be encumbered with your old nonsense.

Ralph Waldo Emerson
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To Honey, Kirsten, Rosie, and Gene,

The world is so empty,
If one thinks only

Of mountains, rivers, amd citics;

But to Know someone
Here and there
Who thinks and feels with us and

Who, though distant,
Is close to us in spirit,
This makes the earth for us
An Inhabited Garden...

Anonymous



ABSTRACT

The temperature dependence of the fast anterograde transport of newly
synthesized proteins and organelles was investigated in the sciatic nerve of the
amphibian, Xenopus lacvis. Fast axonal transport of **S-methionine labelled
proteins was detected with a position-sensitive detector of ionizing radiation.
Fast transport of membrane-bounded organelles was visualized in isolated sciatic
axons using computer-enhanced video microscopy. The velocity of newly
synthesized proteins and small vesicles had a similar exponential dependence on
temperature over a range of 6.5-25°C. Below 6.5°C the velocity of protein
transport dropped to zero but transport resumed on rewarming the nerve. The
drop in protein transport velocity at 6.5°C correlated with a 3-4 fold increase in
the amount of labelled protein lost to a stationary phase. Small vesicles
continued to move to 0°C; rod-shaped organelles ceased moving at 10°C. The
temperature dependence of anterograde and retrograde organelle transport was
compared. Control experiments revealed that the detector used in the protein
transport experiments could significantly affect the results under some
conditions. The work shows that the dynamics of protein transport may, under
some conditions, differ from those of organelle transport, the findings support
the hypothesis that a loose, reversible, association exists between newly

synthesized proteins and their carrier vesicles.
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1 INTRODUCTION

1.0  General introduction

The neuron is a highly specialized cell with a cell body and long
cytoplasmic processes, namely the axon and dendrites.  Since the protein
synthesis machinery is confined to the neuronal cell body (Lasck, 1968; Ochs and
Ranish, 1969; Ochs and Hollingsworth, 1971; Edstrom and Mattsson, 1972), an
efficient transport system has developed to shuttle proteins between the cell
body, the axons, and the nerve terminals. This system is called axonal transport.
The axonal transport of proteins can be divided into two major phases that are
distinguished by the speed of movement and the types of proleins carried.
Cytoskeletal proteins are the major components of the slow axonal transport,
moving at approximately 1-5 mm/day. Fast axonal transport, the subject of this
thesis, refers to the movement of membrane-associated materials, namely
proteins, lipids, and some other materials (¢.g., non-protein transmitter agents
and tRNA), at speeds of up to 400 mm /day in mammals (Grafstein and Forman,
1980).

Proteins destined for fast anterograde axonal transport are
synthesized on ribosomes associated with the rough endoplasmic reticulum
(Hammerschlag et al., 1982) and then routed through the Golgi apparatus where
they are glycosylated and sulfated (Stone and Hammerschlag, 1987). These
materials then leave the Golgi apparatus via the trans Golgi network in a manner
similar to the formation of secretory vesicles (Griffiths and Simons, 1986;
Bauerfeind and Huttner, 1993; Rothman, 1994). In axons the carrier organelles
are believed to be membrane-bounded organelles 50-100 nm in diameter (Smith,

1980; Tsukita and Ishikawa, 1980). Subsequently, these organelles are actively



transported along microtubule tracks by the action of an ATP-driven motor,
presumed to be kinesin, towards the nerve terminals (Vale et al., 1985a, 1985D;
Hirokawa et al., 1991). There is also a return (retrograde fast transport) of
membrane-bounded organeiles towards the neuronal cell body. These organelles
carry materials presumed to be destined for degradation, recycling or signalling
towards the cell body (Bisby, 1985). The motor responsible for retrograde
transport of membrane-bounded organelles is believed to be cytoplasmic dynein

(Schnapp and Reese, 1989; Schroer ¢t al., 1989).

The exact relationship between the fast axonal transport of membrane-
bounded carrier organelles and that of newly synthesized proteins is not clearly
understood. Two models have been proposed to explain this relationship. The
first model assumes that, as with secretory proteins (Bauerfeind and Huttner,
1993), the association between proteins and organelles is very stable such that
newly synthesized proteins are lost from their carrier organelles only when the
organelles fuse with an existing membrane, such as the axolemma or
endoplasmic reticulum (Luzio and Banting, 1993; Rothman, 1994). This model
predicts that transport properties of newly synthesized proteins will exactly
match those of organelles. Evidence to support this view is the finding that most
rapidly transported proteins are integral membrane proteins (Bennett et al., 1973;
Droz et al., 1973; Giamberardino et al., 1973; Morin et al., 1991), and hence the
association between proteins and organelles must be stable. Moreover, the
velocities of rapidly transported proteins generally correspond with those of
organelles (Smith and Snyder, 1992), although comparisons of the data are
difficult because of differences in the time and spatial scales of experimental
measurements, and in the rates of axonal transport between nerves in a single

species as well as between different taxonomic groups of animals.



The second model proposes that the association of rapidly-
transported, newly-synthesized proteins with their carrier organelles is loose, so
that these proteins may be lost from the organelles under some circumstances.
This model allows for the uptake of free cytosolic proteins by carrier vesicles, an
event that has been observed in a study by Ambron and his colleagues (1992).
The weakness of this model is that the molecular mechanisms by which such a
two-way association/dissociation can take place between organelles and proteins
are completely unknown. However, a considerable amount of evidence supports
this model. A more detailed review of this evidence will be presented in Section
1. 2. Here, it is sufficient to point out that the evidence rests on demonstrating
differences in the transport properties of newly-synthesized radiolabelled
proteins and organelles. For instance, deposition of a portion of labelled proteins
from the moving phase to a stationary phase has been described (Gross and
Beidler, 1975; Mufoz-Martinez, 1982), but no corresponding loss of rapidly
transported organelles has been detected (Snyder et al., 1990). In addition, the
finding of differences in the anterograde-to-retrograde reversal of protein and
organelle transport at nerve lesions suggests that proteins are lost from carrier
organelles during transport reversal (Smith and Snyder, 1991; Snyder ¢t al., 1994).

As a means of further understanding the relationship between
proteins and organelles, one may consider examining the relationship between
the velocity of fast axonal transport and temperature. Studies on fast
anterograde transport of radiolabelled proteins in amphibian (Edstrom and
Hanson, 1973; Brimijoin et al., 1979) and mammalian (Ochs and Smith, 1975;
Cosens et al., 1976) sciatic nerves describe an expenential relationship between
the velocity of protein transport and temperature down to a critical 5-10°C
temperature range, below which the velocity of protein transport abruptly drops.

No corresponding measurements of the temperature sensitivity of anterogradely



transported organelles have been made prior to the present work. Consequently,

the following possibilities are:

a) in line with the first model outlined above, the properties of protein
transport reflect the properties of organelle transport and thus all anterograde

organelle transport ceases at the critical temperature;

b) in line with the second model, organelle transport does not cease at
the critical temperature, but newly synthesized proteins are lost from moving

organelles.

The goal of this project was to examine the temperature dependence
of the fast anterograde transport of newly synthesized proteins and organelles in
sciatic axons of the amphibian, Xenopus laevis. A position-sensitive detector of
jonizing radiation was used to monitor the movement of newly-synthesized
proteins in the anterograde direction; computer-enhanced video microscopy was
used to image organelle transport. With these techniques, a confirmation was
first sought for the presence of the documented discontinuity at a low critical
temperature in the velocity-temperature relationship of rapidly anterogradely-
transported proteins. Two experimental approaches were used to determine the
effects of temperature on the rate of fast anterograde protein transport (Chapter
7). However, discrepancies in the results obtained from these two approaches
resulted in the design of a set of experiments that would enable us to use both
approaches simultaneously on the same nerve (Chapter 3). Secondly, the
following hypotheses were tested:

1) the reported discontinuity in the velocity of fast axonal transport of
proteins at the critical temperature is caused by the deposition of rapidly
transported proteins to a non-transportable, stationary phase, or

2) the discontinuity is caused by cessation of anterograde organelle

transport at the critical temperature.



In addition to this goal, the opportunity was taken to study the
velocity of fast retrograde organelle transport so that the properties of
anterograde and retrograde organelle transport could be compared in the same

axons, a study that has also not been done prior to the present work (Chapter 4).

1.1  The properties of protein and organelle transport

In order to consider comparing the dynamics of protein and organelle
transport, one must be acquainted with the transport properties of
anterogradely- and retrogradely-moving proteins and organelles. First, a review
of the literature will be given which describes the role and importance of the cell
body and of ATP and microtubules, components necessary for maintaining fast
axonal transport within neurons. This will be followed by the evidence to

support the two models described in the previous section.

1.1.0 Anterograde protein transport

As mentioned briefly in the general introduction, the neuronal cell
body is the source of rapidly transported proteins, but it is not essential for the
fast transport of these proteins along axons. Early autoradiographic studies
showed that radiolabel could only be incorporated into newly synthesized
proteins if applied to the neuronal cell body (Lasck, 1968; Edstrom and
Mattsson, 1972). In addition, liquid scintillation counting (L.SC) studies in which
the dorsal root ganglion (DRG) was ligated from the scialic nerve showed that
fast transport occurs indepeudently of the cell body (Ochs and Ranish, 1969;
Ochs and Hollingsworth, 1971; Edstrom and Mattsson, 1972). These results
show that the neuronal cell body is the site at which rapidly transported proteins
are synthesized, but its removal does not interfere with the continuation of their

transport.

(8]



Pharmacological, morphological, and liquid scintillation counting
studies have all provided evidence that the fast axonal transport of proteins is an
ATP- and microtubule-dependent process. After an in vivo incubation with a
radiolabelled protein precursor, the nerve, devoid of its DRG, is excised and
placed in a chamber to which various drugs of interest are added. At different
incubation times, the nerve is processed for LSC analysis. Protein transport halts
in the presence of sodium cyanide and dinitrophenol (Ochs and Hollingsworth,
1971; Hanson and Edstrom, 1977). Sodium cyanide prevents oxidative
phosphorylation by affecting the action of cytochrome a;, and dinitrophenol
uncouples phosphorylation in the oxidative chain, suggesting that ATFP plays a
role in the transport of proteins. Its importance is emphasized by observing the
effects of iodoacetic acid and pyruvate. Application of iodoacetic acid to nerves
results in the slowing down and eventual cessation of protein transport (Ochs
and Smith, 1971; Hanson and Edstrdém, 1977). lodoacetic acid blocks a step in
glycolysis by diminishing the supply of metabolites necessary for ATP
production in the citric acid cycle. Addition of pyruvate counteracts the
inhibitory effects of iodoacetic acid (Ochs and Smith, 1971). It has also been
observed that ATP utilization is local: anoxic conditions applied to a small
length of nerve results in a build up of radiolabelled proteins against the anoxic
block (Ochs, 1971). Resumption of fast transport of these radiolabelled proteins
occurs upon removal of the block.

The fast transport of proteins is also blocked upon addition of
colchicine (Ochs, 1971; Heslop and Howes, 1972; Hanson and Edstrom, 1977)
and vinblastine (Edstrém and Mattsson, 1972; Hanson and Edstrom, 1977),
suggesting the involvement of microtubules in fast protein transport. Colchicine
and vinblastine prevent tubulin polymerization and also induce the disassembly

of assembled microtubules. Thus, the effects of drugs upon the axonal transport



system have shown that the transport mechanism is both ATP- and microtubule-
dependent, but the mechanism of conversion of chemical energy to mechanical
energy remains to be elucidated.

Studies of the kinetics of protein transport have involved the use of
the ligature and reversible cold block techniques. The ligature technique is
simple to use both in vivo and in vitro. Anterogradely-transported radiolabelled
proteins can be accumulated against a single ligature. Processing these ligated
nerves for LSC at different times after introducing the radiolabel yields an
accumulation rate from which a protein transport rate can be determined. The
other technique is the reversible cold block. This involves cooling a portion of
the nerve so that anterogradely-transported proteins can accumulate at a sharp
warm-cold boundary to form a pulse of radiolabelled proteins. Rewarming the
cooled nerve portion releases the cold block, allowing the pulse to travel along
the nerve. Results from the use of such techniques indicate that most transport
velocities of radiolabelled proteins are exponentially related to lemperature over
10-28°C in the mollusc Anodonta cygnea (Heslop and Howes, 1972), the frog Rana
temporaria (Edstrdm and Hanson, 1973), and the cat (Ochs and Smith, 1975).
However, in the garfish Lepisosteus osseus protein transport velocities are linearly
related to temperature over 10-25°C (Gross, 1973; Gross and Beidler, 1975).
Cosens et al. (1976) suggested that "some unusual feature of neurons in the
garfish or, perhaps, of olfactory neurons in general" may have resulted in this
linear velocity-temperature relationship. Despite this exception, it appears that
in most species protein transport is exponentially related to temperature over a
range from 5-10°C up to about 37°C. In both amphibian (Brimijoin et al., 1979;
Hanson, 1979) and mammalian nerves (Brimijoin, 1975; Cosens et al., 1976;
Hanson, 1978) the transport rate and dynamics of individual enzymes, such as

dopamine-B-hydroxylase (DBH) and acetylcholinesterase (AChE), are similar to



those of all newly synthesized radiolabelled proteins: at 37°C the transport rate
of these enzymes is 300-400 mm/d, and the transport velocity of DBH is
exponentially related to temperature over a similar range as that of radiolabelled
proteins (Cosens et al., 1976; Brimijoin et al., 1979). Above and below the
extremes of this temperature range (5-37°C), the velocity drops. Possible
explanations for the cessation below certain critical temperatures will be
discussed in Section 1.2.

Liquid scintillation counting analysis of protein transport described
above yields only a static view of this process. Thus, several position-sensitive
detectors of ionizing radiation have been developed to monitor the transport of
radiolabelled proteins in live nerve preparations (Snyder et al., 1976; Takenaka et
al., 1978; Snyder and Smith, 1982). Similar to the results of LSC analysis, the
velocity of radiolabelled proteins in a live bullfrog nerve is exponentially related
to temperature over a range of 5-24°C (Takenaka et al., 1978). The detector
developed and used in this laboratory is the multiple proportional counter
(MPC). It serves to detect the B-particles emitted from *S-methionine labelled
proteins at 3.18-mm intervals along a nerve (Snyder and Smith, 1982). The
protein transport rate is calculated by determining the displacement of the
radioactive front from the origin and the time elapsed during this displacement.
Although the relationship between velocity and temperature has not previously
been observed with the MPC, it has been shown that at 23-25°C the transport rate
of the fastest moving proteins is 180-190 mm/d (Snyder et al., 1976; Snyder,
1986a; Snyder et al., 1990). These rates are similar to those found in garfish
(Gross, 1973; Gross and Beidler, 1973), frog (Edstrom and Mattsson, 1972), and
cat (Ochs and Smith, 1975) at similar temperatures. In addition, LSC and MPC
analyses show that the migration of the front is accompanied by a 2%/mm loss

of radioactivity along the length of the nerve, suggesting that labelled



components are deposited behirid the migrating wave (Edstrém and Hanson,

1973; Gross and Beidler, 1975; Hanson and Edstrom, 1977; Suyder ¢t al., 1990).

1.1.1 Retrograde protein transport

Fast retrograde transport is also an ATP- and microtubule-dependent
process. It is sensitive to many of the ATP- and microtubule-inhibiting drugs of
fast anterograde protein transport (Grafstein and Forman, 1980; Schwab and
Thoenen, 1983), but lower concentrations of these drugs are required to inhibit its
transport. Further indication of this difference is in the transporl rates. In
comparison to anterograde transport rates of 300-400 mm/d at 37°C, the rates of
retrograde transport of AChE and DBH are 220 mm/d in cat (Ranish and Ochs,
1972) and 288 mm/d in rabbit (Brimijoin and Helland, 1976). In X. lacvis the
velocity of the fast retrograde transport of radiolabelled proteins is about 100-160
mm/d at 23°C (Snyder, 1986a); anterograde protein transport occurs at 180-190
mm/d at 23°C in the same animal (Snyder ¢t al., 1976; Snyder ¢t al., 1990). Thus,
it appears that retrograde protein transport is slower than anterograde protein
transport. In addition, a fraction of radiolabelled material is deposited behind a
retrogradely-migrating wave of proteins (Snyder, 1989), suggesting that proteins

can be lost from both fast anterograde and retrograde transport systems.

1.1.2 Anterograde and retrograde organelle transport

The local cold block technique used to study protein transport, and
electron and video microscopy have been applied extensively to examine the
morphology and behaviour of organelle transport. Many anterogradely-moving
organelles are morphologically distinct from retrogradely-moving organelles.
Anterogradely-moving organelles consist of small circular vesicles (50-100 nm in

diameter), vesiculo-tubular structures, and long tubular mitochondria, while



retrogradely-moving organelles consist of dense lamellar bodies, multivesicular
bodies, and vesicles (80-200 nm in diameter) (Smith, 1980; Tsukita and Ishikawa,
1980; Fahim et al., 1985; Miller and Lasek, 1985). Similar to protein transport, the
difference in anterograde and retrograde transport of organelles can be
distinguished by studying their dynamics. It has been shown that in amphibia
anterogradely-moving organelles move much faster (1.3-1.7 pm/s) than
retrogradely-moving organelles (0.6-1.0 um/s) (Cooper and Smith, 1974; Forman
¢t al., 1977b; Smith and Forman, 1988). However, in lobster (Homarus americanus)
intact axons and extruded lobster axoplasm, retrograde organelle transport is
faster than anterograde transport (Forman ¢t al., 1983; Smith and Forman, 1988).
Studics examining the effects of pharmacological agents upon the two directions
of organelle movement provide further evidence to support that the anterograde
and retrograde organelle transport use different transport motors. Vanadate ions
and EDTA reversibly and completely inhibit retrograde transport of
microscopically visible organelles at lower concentrations than anterograde
transport (Smith, 1988). Erythro-9-[3-(2-hydroxynonyl)] adenine has been shown
to selectively inhibit only the retrograde transport of organelles in the lobster
(Forman ¢t al., 1983).

Direct evidence that fast axonal transport of organelles is ATP-
dependent has been obtained from video microscopy studies (Adams, 1982;
Brady ct al., 1982; Forman et al., 1984; Lasek and Brady, 1985). Giant axons from
crab (Carcinus meanus), squid (Loligo pealei), or lobster (Homarus americanus) were
permeabilized and then bathed in supportive buffer solutions. Organelle
movement was visualized by video microscopy. Addition of buffer without ATP
reduced and eventually halted organelle movement in both directions (Adams,
1982; Forman ef al., 1983; Smith and Forman, 1988). Resupplying these

permeabilized axons with ATP or ADP restored organelle movement (Adams,
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1982). In addition, organelle transport is halted in the preseice of vanadate jons
and the nonhydrolyzable ATP analogue, AMP-PNP (Forman ¢t gl., 1984; Smith,
1988). Experiments using extruded axoplasm from the giant axons of squid have
also shown that fast organelle transport is both an ATP-and microtubule-
dependent process (Gilbert and Sloboda, 1984; Vale ¢t al., 1985b, 1985d).

Electron and video microscopy studies have also shown that
microtubules serve as tracks for organelle movement. In ¢lectron microscopy
(EM) studies, the motors responsible for anterograde and relrograde movement
of organelles are seen as "cross-bridges” that contact microtubules (Smith, 1971;
Miller and Lasek, 1985; Smith and Forman, 1988). Vide0 microscopy studies
have shown that colchicine (Cooper and Smith, 1974; Hammond and Smith,
1977; Kendal et al., 1983; Smith and Kendal, 1985) and vinblasiine (Chang, 1972),
halt retrograde organelle transport before anterograde transport.  Addition of
taxol, a drug that stabilizes microtubules and protects them from
depolymerization by cold, colchicine, and vinblastine, does not alter organelle
transport in either direction (Forman, 1982; Smith and Kendal, 1985; Smith,
1988). Miller et al. (1987) further characterized this associalion between circular
or elliptical organelles (vesicles) and microtubules through cold block EM studies
of lobster axons. Based on the observation that these vesicles associate with only
some of the many available microtubules, they describe two subclasses of
microtubules: architectural and vesicle transport-supporting.

Unlike the number of studies showing the relationship between
temperature and fast anterograde transport of proteins, Very few studies have
demonstrated the effects of temperature on fast anterograde and retrograde
transport of microscopically visible organelles. Before the major improvements
in video microscopy that enabled the detection of the smallest anterogradely-

moving organelles (Smith, 1988), Forman ¢t al. (1977b), Smith and Cooper (1981)
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observed in isolated myelinated sciatic axons of R. catesbeiana and X. laevis that
the average mean speed of microscopically visible, retrogradely-moving
organelles increases exponentially within a temperature range of 5-36.9°C. All
visible movement ceased roughly at around 37°C. Smith and Cooper (1981) did
detect some anterograde organelle movement which stops at 37.3°C, 0.4°C higher
than the more visible retrograde organelle transport. The velocity of organelle

transport below 5°C has not been measured.

1.2 Protein and organelle transport: evidence to support their relationship
From the account given in the above sections, both protein and
organelle transport appear to share similar transport properties: both are ATP-
and microtubule-dependent and are exponentially related to temperature over a
similar range of temperatures, and anterograde and retrograde protein transport
rates generally correspond with anterograde and retrograde organelle transport
rates. Further confirmation that anterograde protein and organelle transport
rates correspond with one another is given by Abe and his colleagues (1973) and
Longo and Hammerschlag (1980) who showed that radiolabelled proteins and
lipids are transported together at the same rate. These similarities suggest that
organelles are protein carriers. Circular or elliptical organelles, otherwise known
as vesicles (50-100 nm in diameter), particularly appear to be responsible for
carrying proteins. Electron microscopy studies have shown that fast
anterogradely- and retrogradely-transported radiolabelled proteins colocalize
with vesicle accumulations at the proximal and distal sites of a crush or ligature,
respectively (Schwab and Thoenen, 1978; Tsukita and Ishikawa, 1980). In
addition, LaVail et al. (1980) found that DBH associates with the membranes of
transmitter storage vesicles of adrenergic neurons. Video microscopy studies

have also shown that the transport of organelles with round or elliptical images
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is similar to the transport of radiolabelled proteins (Kirkpatrick et al., 1972;
Forman, 1982). So, from these observations it appears that microscopically
visible vesicles are responsible for carrying proteins, but as eluded to already,
their exact relationshi» is not clearly understood.

Evidence to support the model that a stable association exists between
newly synthesized proteins and vesicles is based, in part, on sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analyses of
subcellularly fractionated vesicles. These analyses have demonstrated that
rapidly transported proteins are integrally associated with fractions related to the
plasma membrane and/or components of the plasma membrane, such as
synaptic vesicles (Elam and Agranoff, 1971; Edstrom and Mattsson, 1972;
Bennett et al., 1973; Droz ¢t al., 1973; Giamberardino ¢t al., 1973; Levine and
Willard, 1980; Brimijoin, 1981; Morin et al., 1991). Tytell and his colleagues
(1981) have suggested that polypeptides assemble as discrete units and that these
units may represent a long-term association between the polypeptides andl their
carrier vesicles. This integral association implies a tight, stable association such
that to translocate these integral membrane proteins from one membrane to
another would require a fusion of the carrier vesicle to the receiving plasma
membrane. This would lead to a loss of the carrier vesicle and its cargo of newly
synthesized proteins from the fast axonal transport system. From the results it
may also be postulated that a subset of membrane-bounded vesicles carries
newly synthesized proteins which can be lost from a moving phase to a
stationary phase. For this possibility to hold, however, the protein-carrying
subset would have to be a sufficiently small fraction of all anterogradely-moving
organelles such that its loss is undetectable by video microscopy.

On the other hand, it is possible that newly synthesized proleins may

be loosely associated with their carrier vesicles and therefore can be off-loaded
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from them. As stated previously, much of the evidence to support this model is
derived from studies of the dynamics of protein and organelle transport. Snyder
and his colleagues (1990) compared the loss of proteins and the number of
anterogradely-transported vesicles at two different locations along the length of a
sciatic nerve. The assumption was that if proteins were lost along with their
carricr vesicles, then one should observe a corresponding loss in the number of
vesicles at two locations distanced from one another. Finding no difference in
vesicle traffic at the two locations, they concluded that there was no loss of
- usicles from the moving phase and favoured the alternative model whereby
newly synthesized proteins may be lost from their carrier vesicles. Also
supporling this model is the evidence that anterograde-to-retrograde transport
reversal of newly synthesized.proteins at a nerve lesion is prevented by
inhibitors of Ca’'-dependent proteolytic enzymes (Sahenk and Lasek, 1988;
Smith and Snyder, 1991), but the reversal of vesicle traffic is not affected (Smith
and Snyder, 1991). These {indings imply that the proteolytic enzymes, somehow,
cause newly-synthesized proteins to be lost from moving vesicles during
transport reversal. In addition, the dynamics of transport reversal differ for
proteins and vesicles: vesicles are observed to reverse their direction in no
greater than 15-30 minutes while protein turnaround requires about 2 hours
(Snyder cf al., 1994). These findings imply that there must be a loose, short-term
association between proteins and vesicles such that proteins may be off-loaded
from their carrier vesicles and up-loaded to different moving vesicles.
Furthermore, it has been shown that organelle transport continues in the
complete absence of any cargo of newly synthesized proteins (Smith ef al., 1994),
suggesting that a transient association does exist between proteins and
organelles. However, it is not known and difficult to determine what proportion

of this observed continued organelle transport is derived from the cell body
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because it also includes organelles that have been recycled from the population
of retrogradely-transported organelles.

It is possible that the off-loading and up-loading of proteins described
above may not only involve proteolytic processing, but also depend upon the
destination of the proteins. Anterogradely-moving proteins are deposited from a
moving phase to a stationary phase within an axon at a rate of about 2% per mm
(Edstrém and Hanson, 1973; Gross and Beidler, 1975; Muinoz-Martinez, 1982;
Snyder et al., 1990). This value appears to occur at the same rate in axons ranging
from about 7 cm in length in frog to about 22 em in length in garfish. This
deposited material may represent proteins and glycoproteins that renew
membrane components undergoing turnover, while the remainder is destined for
the nerve terminals (Hendrickson, 1972; Bennelt ¢t al., 1973; Droz ¢t al., 1973;
Brimijoin, 1981). For instance, 85% of rapidly transported AChE remains within
the axon, specifically the axolemma (Brimijoin, 1981). AChL deposition to a
small area of the axolemma can be prevented by local application of
echothiophate (Brimijoin et al.,, 1978). Since the boundaries of this inhibition
remained "sharp’ the investigators concluded that very little lateral diffusion
occurs, implying that the source of new AChE must be from the rapidly
transported pool. Morin and his colleagues (1991) also described a similar
situation in regards to the presence of the glucose transporter in both a stationary
and a mobile peak. These observations showed that rapidly transported proteins
may be deposited to a stationary phase for the function of renewing membrane
components.

Evidence to support that up-loading of proteins depends upon protein
destination is provided by the work done by Ambron and his colleagues (1992).
These investigators injected human serum albumin, a protein that is usually not

transported retrogradely (Schwab and Thoenen, 1978), tagged with a nuclear



import signal into the axoplasm of marine mollusc (Aplysia californica) neurons.
The result was that the protein was retrogradely transported through the axon to
the cell body and then into the nucleus (Ambron cf al., 1992). The implication
from these results is that proteins in the cytosol may be taken up by retrogradely-
moving organelles. Thus, it is possible that the two-way association/dissociation
of newly synthesized proteins and their carrier vesicles may require a protein
targeting sequence and some form of proteolytic processing.

As stated in Section 1.0, the objective of this thesis was to further
understand the relationship between newly synthesized proteins and organelles
by invesligating the temperature dependence of fast axonal transport of proteins
and organelles. Studies on fast anterograde transport of radiolabelled proteins in
amphibian (Edstrom and Hanson, 1973; Brimijoin ¢t al., 1979) and mammalian
(Ochs and Smith, 1975; Cosens ¢t al., 1976) sciatic nerves describe an exponential
relationship between the velocity of protein transport and temperature down to a
critical temperature in the range 5-10°C. In this range the velocity of protein
transport abruptly drops. Munoz-Martinez (1982) suggested that the sudden
drop in protein velocity at low temperature is related to an increase in the
amount of material that is deposited from the rapidly moving phase to a
stationary phase. Previous investigations in which nerves have been cooled and
rowarmed have shown that upon rewarming, fast transport of radiolabelled
proteins or specific proteins, such as the enzymes DBH and AChE, resumes and
leaves behind a trail of proteins (Lasek, 1968; Ochs and Ranish, 1969; Ochs, 1971;
Edstrom and Hanson, 1973; Brimijoin, 1975; Ochs and Smith, 1975; Cosens et al.,
1976; Hanson, 1978; Hanson, 1979; Snyder et al., 1990). Some investigators have
noted that an accumulation remains at the site of cooling upon migration of
radiolabelled proteins or DBH following rewarming (Edstrém and Hanson, 1973;

Brimijoin, 1975). This suggests that proteins may be dropped off to a stationary
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phase while others may be picked up for further transport in the rapidly moving
phase (Edstrom and Hanson, 1973; Brimijoin, 1975; Brimijoin, 1981; Ochs, 1983).
The in vivo situation, however, differs. Performing a cold block in rats and
rabbits in vive, Hanson (1978) observed no persistent accumulation ot AChE at
the cooling site upon rewarming, indicating that local cellular conditions in vivo
must aid in the "complete" cold recovery which is lacking in the in vitro
experiments.

Thus, both protein and organelle transport share the same
mechanisms and have the same properties. This thesis will show that this
statement is only partially true since the dynamics of protein transport may,
under some conditions, differ {rom those of organelle transport, thus providing
further evidence to support the second model, namely that the association
between the carrier organelles and newly synthesized proteins is not rigidly

fixed.
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2 EFFECTS OF TEMPERATURE ON THE ANTEROGRADE
TRANSPORT OF PROTEINS IN THE FROG SCIATIC NERVE

2.0 Introduction

Earlier work has demonstrated that in vertebrates the velocity of
the anterograde axonal transport of proteins changes exponentially with
temperature down to some low temperature at which point a sudden drop in
velocity occurs. Brimijoin et al. (1979) showed that the velocity of protein
transport in bullfrog sciatic nerve dropped abruptly at about 10°C. In cat and
rabbit sciatic nerves, the velocity of protein transport fell abruptly at 11-13°C
(Ochs and Smith, 1975; Cosens ¢t al., 1976; Brimijoin et al., 1979). Mufioz-
Martinez (1982) has suggested that the sudden drop in protein velocity at low
temperature is related to an increase in the amount of material that is
deposited from the rapidly moving phase to a stationary phase.

This chapter presents the results of experiments that were designed
to determine whether a sudden discontinuity in the transport rate of proteins
occurs in the sciatic nerve of Xenopus laevis as temperature drops through
the range 15-3°C and whether such a discontinuity is accompanied by an

increased rate of protein deposition.

2.1 Methods

Two experimental approaches were adopted to determine the
effects of temperature on the rate of fast anterograde transport of newly
synthesized proteins in the frog sciatic nerve. Both approaches involved the
use of the MPC to study the propagation of a pulse of radiolabelled proteins

transported in the anterograde direction. The first approach involved
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recording the movement of protein transport on the MPC at room
temperature before and after altering the nerve temperature (usually below
room temperature). No recordings were obtained during the cooling
interval. A second approach was adopted to verify the protein transport rates
determined by the first approach. This involved enclosing the MPC in a
thermoregulated refrigerator, thus allowing the direct observation of protein

transport throughout the cooling period.

2.1.0 Nerve Preparation

Adult female Xenonus lacvis toads were anaesthetized by
immersion in a 2% solution of urethane (Sigma Chemical Co.). An 80-85
mm length of sciatic nerve, in continuity with its 8th or 9th DRG, was
removed and a ligature was tied at the distal end of the nerve (Step 1 of
Figure 2.1). During the dissection and the pulse formation, the nerve and its
ganglion were bathed in oxygenated physiological saline of composition:
NaCl, 112 mM; KCl, 29 mM; CaCl, 2.2 mM; MgSO,. 1.6 mM; glucose, 5.5
mM; hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), 3.0 mM; pH
7.40.

2.1.1 Radiolabelled Pulse Creation

After dissection, the nerve preparation was mounted in a two-
compartment tray so that the DRG was separated from the bulk of the sciatic
nerve by a barrier of inert grease (Step 2 of Figure 2.1). A 25-uL solution of
oxygenated physiological saline containing L-[*’S]-methionine (0.25 mCi,
specific activity of 1200 Ci/mmol, Dupont, NEN Research Products) was

added to the compartment containing the DRG. A period of 1.5 hours was
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Figure 2. 1. Schematic representation of the steps taken to create a pulse of
radiolabelled proteins in the sciatic nerve of an adult Xenopus laevis and to detect
and analyze the anterograde transport of the pulse by a position-sensitive
detector (MPC) and later a liquid scintillation counter.

Step 1. Dissection of a sciatic nerve with either the 8th or 9th dorsal root
ganglion (DRG) to the peroneal and tibial nerves.

Step 2. Mounting of sciatic nerve in a two-compartment tray so that the DRG
was separated from the bulk of the nerve by a barrier of inert grease. The DRG
was then incubated in 25-uL physiological saline containing L-[*S]-methionine;
the bulk of the nerve was bathed in radioactive-free physiological saline. After
1.5 hours, the DRG saline was replaced with radioactive-free saline. Three hours
later, the DRG and a 3-mm proximal portion of the nerve were removed to create
a pulse of radiolabelled proteins. Subsequently, the nerve was desheathed and
rinsed for 2.5 hours, after which 10 mm of the proximal end of the nerve was
removed. The nerve preparation now consisted of a desheathed sciatic nerve
containing a clean pulse of radiolabelled proteins.

Step 3. Experimental set up. The nerve preparation was secured by proximal
and distal ligatures to a nerve chamber and then placed in apposition to the
window of the counting chamber (MPC). A nerve press gently pressed the nerve
preparation against the MPC window to increase the efficiency of detecting B-
particles emitted from the L-[®¥S]-methionine labelled proteins. Physiological
saline containing non-radioactive methionine bathed the nerve throughout the
duration of the experiment.

Step 4. Detection of radiolabelled protein pulse and subsequent data acquisition.
Step 5. Liquid scintillation processing. At the conclusion of each experiment, the
nerve preparation was cut into 3.18-mm segments and processed for liquid

scintillation counting.
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allowed for the incorporation of the label into proteins before the DRG
compartment was rinsed and replaced with 25 pL of radioactive-free
physiological saline. Three hours later the entire nerve was removed from
the two-compartment tray, and the DRG and a 3-mm proximal portion of
nerve were removed to create a pulse of radiolabelled proteins. Once the
length of the sciatic nerve was measured and noted, the distal ligature was
removed and the sciatic nerve desheathed via the "slit-desheathing” method
described by Chan ¢t al. (1980) and retied at the distal end. After a 2.5-hour
rinse in 100 mL of physiological saline containing 1.0-mM non-radioactive
methionine, 10 mm of the proximal end of the nerve was removed and the
nerve ligatured. This reduced the possibility of radiolabel entering the sciatic
nerve by a means other than rapid axonal transport (e.g., diffusion). The
nerve preparation now consisted of a 70-75 mm sciatic nerve containing a
pulse of labelled proteins. The nerve preparation was transferred and secured
by the proximal and distal ligatures lo a nerve chamber (Step 3 of Figure 2.1)
having a 3.6-um thick mylar floor that allowed B-particles emitted from the
nerve to be detected by the MPC. Temperature was continually monitored by
fine thermocouples. These temperature readings were noted and used later
to calculate the mean and standard deviation of the temperature. The nerve
was tensioned to 70-75 mm and then placed in apposition to the aluminized
mylar window of the MPC. A coarse gauze wrapped tightly around a plastic
frame gently pressed the nerve against the MPC window in order to increase
the efficiency of detecting P-particle emissions. Physiological saline

containing 1-mM non-radioactive methionine bathed the nerve throughout

the duration of the experiment.
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2.1.2 Data acquisition and analysis

The MPC is a gas-filled (argon-carbon dioxide mixture)
proportional counter that serves to detect the B-particles emitted from *s-
methionine labelled proteins in each 3.18-mm region of nerve through an
aluminized mylar window. Counts-versus-position spectra were recorded for
times up to 20 hours or more in 1000 second blocks (Step 4 of Figure 2.1).
Prior to securing the nerve in the chamber, two to five spectra were obtained
with the chamber and the press positioned on the MPC window. These
spectra served as background runs. The average counting rate from these
runs was subtracted from all subsequent spectra to correct for the increased
counting rates due to background radiation. At the conclusion of each
experiment, another two to five spectra were recorded after the nerve was
removed from the chamber. These served as post-experiment background
runs to evaluate the radioactivity released from the nerve during the
experiment. All the recordings were converted to counts-versus-time plots in
which the counting rate for each 3.18-mm region of nerve was plotted as a
function of time (Figure 2.2A-D and 2.3A-D). It was from these plots that the
progress of the front end of the pulse through each 3.18-mm nerve segment
could be monitored for the duration of the experiment. The {ront end was
used to determine a protein transport rate. From these data, the time that the
front of the pulse reached each segment was calculated by determining the
intersection of the baseline and the slope of the pulse front (Figure 2.2A-D
and 2.3A-D, small arrows). These times were plotted as a function of position.
A regression line was fitted through these time-versus-position points by a
weighted least squares method (Figures 2.2E and 2.3E). The reciprocal of the

slope of the fitted line represented the protein transport rate.



Figure 2. 2.

A - D: Counts-versus-time plots showing the anterograde propagation of a pulse
of radiolabelled proteins at room temperature before (A and B) and after (C and
D) the nerve was cooled to 7°C. The data points show the time course of
radioactivity through 3.18-mm segments of nerve. The distance of each segment
from the proximal end of the nerve is given in mm on each plot. For this
particular nerve, 23 counts-versus-time plots were obtained; 4 are presented
here. The error bars represent + 1 standard error of the mean (SEM). The open
squares represent the background activity of the nerve chamber before and after
the experiment. The area designated by the double-headed arrow and the dotted
vertical lines represent the cooling period. Note that no recordings were taken
during this interval because the nerve chamber was removed from the MPC
window. The vertical arrows indicate the time at which the front of the pulse
reached each segment of nerve.

E: Time-versus-position plot. The circles represent the times at which the front of
the pulse entered each nerve segment before the cooling period; the open circles
specify the times determined from plots A and B. The squares represent the data
gathered after the cooling period; the open squares indicate the times
determined from plots C and D. The weighted least squares method was
employed to fit the regression lines (solid lines) to the time-versus-position
points obtained at room temperature. The dotted line is defined by end points
which are derived from the noted stop and start times of the cooling period. The

reciprocal of the slope of this line gave the protein transport rate at 7°C, namely

24.1 £4.5 mm/d.
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Figure 2. 3.

A - D: Counts-versus-time plots showing the anterograde transport of a pulse of
radiolabelled proteins during a 7°C cooling period of 48 hours. The circles show
the course of radioactivity, already corrected for background activity, through
3.18-mm segments of nerve. As in Figure 2.2., the distance of each segment from
the proximal end of the nerve is given in mm on each plot. For this particular
nerve, 23 counts-versus-time plots were obtained; 4 are presented here. The
error bars represent + 1 SEM. The vertical arrows indicate the time at which the
front of the pulse reached each segment of nerve.

E: Time-versus-position plot. The open circles represent the values indicated by
the arrows in Panels A-D. The filled circles represent the values obtained from
similar plots as above. The protein transport rate at 7°C was calculated from the
reciprocal of the regression line fitted to these time-versus-position points by the

weighted least squares method. The transport rate here was 19.7 + 2.4mm /d.
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2.1.3 Methods of Studying Rapid Anterograde Transport of Proteins
As described briefly at the beginning of this methods section, two
experimental approaches were used 1o evaluate the effects of temperature on
the transport rate of protein.
Method 1. Similar to the procedure outlined by Snyder (1986a, 1986b), the
counts-versus-position spectra were recorded on the MPC at room
temperature before and after the temperature of the nerve was altered and
then converted to counts-versus-lime plots (Figure 2.2A-D). No recordings
were laken during the cooling period (usually 14 hours) (indicated by the
double-headed arrows in Figure 2.2A-D). To ensure that the entire nerve
preparation was cooled lo the desired temperature, the alignment of the
nerve on the floor of the chamber was first noted, and then the nerve
chamber was removed from the MPC window and the nerve preparation was
gently lifted from the bottom of the nerve chamber. Physiological saline,
containing 1-mM non-radioactive methionine, was quickly cooled to the
temperature of interest by a cold bath and circulated throughout the nerve
chamber. During cooling, the temperature was continually monitored by fine
thermocouples placed at the proximal and distal nerve ends. Finally, the
preparation was returned to room temperature ("warm-up"), the nerve
chamber repositioned on the MPC window, and the nerve realigned on the
floor of the MPC. The thermocouples were then placed on the proximal and
distal ends of the nerve, the press replaced on the nerve, and the counts-
versus-position spectra recorded. To determine the protein transport rate
during the cooling period, the "start” and "stop” times at which the nerve
reached and remained at the desired temperature until warm up were noted.
Thus, the transition intervals (15-35 minutes), the length of time the nerve

preparation equilibrated to the desired temperature, were not included in
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calculating the protein transport rate. The times recorded were then used to
determine the position of the front of the pulse at the start and stop of the
cooling period. This was achieved by substituting the times noted into the
appropriate equations for the slope of the regression line fitted through the
time-versus-position points at room temperature (solid lines in Figure 2.2E).
The protein transport rate during the cooling period (dotted line in Figure
2.2E) was calculated as:

: P.-P
(1) Protein transport rate = S

where P, and P,are the positions measured from the proximal end of the
nerve to the front of the pulse at the start and stop of the cooling period, and

t; and tare the respective times.

Method 2. This approach was designed to observe the movement of protein
transport during the cooling period.  This involved keeping nerve
preparations in apposition with the aluminized mylar window of the MPC
for the duration of the experiment. Thus, the MPC was enclosed in a
thermoregulated refrigerator to ensure that the enlire nerve remained cooled
at the desired temperature. This compensated for the errors (+ 1 mm)
included in the calculation of the protein transport rate in Method 1, namely
the realignment of the nerve on the floor of the nerve chamber and the
repositioning of the nerve chamber on the MPC. In three experiments, the
nerve preparations were cooled for 14 hours and the rest for 24-48 hours in
order to collect enough MPC data to calculate a protein transport rate,

especially at very low temperatures (2-6°C). The counts-versus-position



spectra were collected on the MPC throughout the cooling period and during
the following warm-up. Temperature was continually monitored by fine
thermocouples placed under the 8th branch of the sciatic nerve and between
the branches of the peroneal and tibial nerves. The data collected from the
warm up were used to check the nerve's viability. These data were converted
to counts-versus-time plots (Figure 2.3A-D). A protein transport rate was
calculated from the reciprocal of the regression line that was directly obtained

from the time-versus-position plot (Figure 2.3E).

2.1.4 Further Analysis

Calculation of E, and Q,,values were used to evaluate the
influence of temperature on the velocity of anterograde axonal transport of
proteins. The E, is the apparent activation energy necessary for a given

reaction to occur, and was derived from the following equation:

E -2.3R (logV, —logV,)
a ]

T

(2)

1
T2
where V, and V, are the protein transport rates in um/s at the corresponding

absolute temperatures, T, and T,, in kelvins (K) and R is the gas constant of

1.98 cal/mole.

The Q,yvalue, the factor by which a reaction velocity is increased

for a rise of 10°C, was calculated by the following equation:

10

3) Q _ (L)lx‘lz
10 V
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where V, and V, are the protein transport rates in um/s at the respective

temperatures, t; and t, in degrees Celsius (°C).

2.1.5 Liquid Scintillation Analysis

At the conclusion of each experiment the nerve preparation was
cut into 3.18-mm segments, corresponding to the spacing of the MPC detectors
(Step 5 of Figure 2.1). Each segment was first treated with 1 mL of 5%
trichloroacetic acid (TCA) solution for one hour at 80°-85°C to extract the
soluble protein. The segients were then completely solubilized overnight in
600 pL of Scintigest (Fisher Scientific). After 10 mL of fluor (Scinti-Verse I,
Fisher Scientific) and 25 pL of glacial acetic acid were added to the TCA-
insoluble protein samples, radiation counts were recorded in a Beckman L.S-
230 B-counter system and the acid insoluble label in cach segment was
determined by LSC analysis. The results were expressed as counts of TCA-
insoluble activity per hour per segment.

The fraction of material that the pulse of radiolabelled proteins left
behind as it moved along the nerve was caleulated as the % TCA-insoluble
activity or % dJeposition per millimetre segment of nerve. This was defined

as:

4) % deposition / mm for segment i = L —i_|x 100%
318\ sC,

where C; represents the amount of radioaclivity (counts of TCA-insoluble

activity per hour per segment) in segment i (usually 1-23 nerve segments), n
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n
C; represents the total amount of

represents the last nerve segment, and
1

J»

radioactivity from segments i to n.

2.2 Results

2.2.0 The effects of temperature on protein transport rates by Method 1
Figure 2.4 shows the results derived from the analysis shown in
Figure 2.2. The protein transport rates were plotted as a function of
temperature. Over the range of 6.5-25°C the transport rate was fitted by the
equalion for a simple exponential curve as V=0.142 (1.12)" where V is the
velocity in um/s and T is the temperature in °C. Figure 2.5 is a semilog plot
of the data in Figure 2.4. The protein transport rates from 6.5-25°C fitted well
with a straight line and its 95% confidence intervals, confirming that the
relationship between the velocity of protein transport and temperature is
reasonably described by an exponential curve over a range of 6.5-25°C. The
Q,, value (+ SEM) between 6.5°C and 25°C was 3.0 + 0.1 with an E; of 18.2+0.8
kcal/mole. Two deviations from the exponential curve were observed. At
25°C the velocily of protein transport apparently reached its maximum as
indicated by the difference in velocity of protein transport from 25-31.2°C. At

6.5°C the rate of protein transport rapidly dropped to zero.

2.2.1 The effects of temperature on protein transport by Method 2

Figure 2.6 shows the rate of protein transport over a range of 2-
10°C. Particular attention was directed to this temperature range in order to
assess whether a sudden discontinuity existed at 6.5°C as observed in Method
1. Protein transport continued to at least 2°C as an exponential function of

temperature with no sudden discontinuity observed at 6.5°C. The equation
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Figure 2. 4. Anterograde protein transport rates from Method 1 at different
temperatures. Each solid square represents the protein transport rate obtained
from the positions of the radiolabelled pulse of newly synthesized proteins at
the beginning and the end of a cooling period (ranging from 3 /2 hours at
31°C to 14 hours below 8°C) at the given temperature. The exponential curve
was a least squares fit to the data points between 6.5°C and 25°C. Below 6.5°C

protein transport dropped rapidly to zero.
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Figure 2. 5. Semilog plot of the data from Figure 2.4. Anterograde profein
transport rates were plotted on a logarithmic scale against temperature. The
regression line is fitted to the dala points over a temperature range of 6.5-
25°C. The curved lines above and below the regression line represent the 95%
confidence intervals for the mean transport rate. Note that the velocity of
protein transporl was exponentially related to temperature from 6.5-25°C.
There were two distinet discontinuities in the relationship between velocity
and temperature for fast anterograde lransport of proteins. These

discontinuities occurred at 6.5°C and above 25°C.
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Figure 2. 6. Anterograde protein transport rales from Mecthod 2 at
temperatures from 2-10°C. Here, each circle represents the protein transport
rate derived as shown in Figure 2.3E. The error bar of each point indicates 1 1
SEM associated with the fitting of the slope in Figure 2.3E. The curve fitted to
the data is an exponential. Note that the velocity of protein transport was
smoothly related to temperature over a range of 2-1 0°C. No sudden
discontinuity was observed at around 6.5°C. Protein transporl continued to at

least 2°C.



that described the relationship between protein transport rate and
temperature was V=0.146 (1.12)". The Q,, value (= SEM) between 2°C and 10°C
was 3.2 + 0.4 with an E, of 17.7 £ 1.8 kcal/mole. Figure 2.7 is the data from
Figure 2.6, but plotted on a logarithmic scale. The entire set reasonably fitted

an exponential curve, and showed no sudden discontinuity at around 6.5°C.

2.2.2 The effects of temperature upon protein deposition

To examine the effects of temperature upon the amount of
material left behind by the migrating pulse required analysis of MPC and LSC
data. For Method 1, the counts-versus-time spectra from the MPC analysis
were used lo define the number of segments the pulse travelled before and
after the cooling period (Table 2.1). Similarly for Method 2, the counts-
versus-time spectra were used to determine the number of segments during
and after cooling (Table 2.2). It must be noted that in Table 2.2 the cooled
segments are separated into start-cold deposition and cold deposition to
maintain @ consistency in comparing a similar number of segments between
the two methodologies. The % deposition per mm in both methodologies
was derived from equation (4). Pre-cold (deposition at room temperature),
cold, and warm-up depositions of Method 1 and cold and warm-up
depositions of Method 2 represented the amount (%) of material, on average,
that was deposited by the pulse per mm. The mean % deposition rates were
plotted as a function of temperature to observe the effects of various

temperatures upon protein deposition (Figures 2.8, 2.9, 2.10).

Method 1. The mean % pre-cold deposition rate (derived from the segments
of several experiments shown in Table 2.1) was 4.8 £ 0.6%/mm, a value 2.4

times higher than calculated by Snyder ¢t al. (1990). Their rate of deposition
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Figure 2. 7. Semilog plot of the entire data set from Figure 2.6. Protein
transport rates were plotted on a logarithmic scale as a function of
temperature. The curved lines above and below the regression line represent
the 95% confidence intervals. The entire data set was exponentially related to

temperature over a range of 2°C to 10°C. No sudden discontinuity was

observed, especially at 6.5°C.



Tabl» 2. 1.

Mean percentage values of radiolabelled protein deposition in a collection of
3,18-mm segments of Method 1-treated nerves before, during, and after a 14-

hour cooling period

Proximal end Distal end
Cold segments #1-3 Cold segments #6-16 Post-cold segments #17-22
WV VWV VY VYV VWV V.44,
( RRRRIRREARL L )
LA AL A S S S S A S
Room temperature Various temperatures Room temperature

Temperature  Cold deposition Cold deposition  Post-cold deposition

(°O) (%/mm * SEM) (%/mm * SEM) (%/mm + SEM)
3.9 36104 6.7+0.8 4.0+0.7
4.7 6.0+£08 46x0.06 50+ 06
6.0 3.8+0.6 32x04 46107
6.5 33+03 33+03 51206
7.7 55+ 0.7 241006 52112
15.4* 26+006 34%05 45%+0.6
31.2* 59%0.6 1.9+£03 541038

*The length of time spent at 15.4°C and 31.2°C was about 3 1/5and 11/; hours,

respectively.



Table 2. 2,

Mean percentage values of radiolabelled protein deposition in a collection of

3.18-mm segments of Method 2-treated nerves during and after a 48-hour

Proximal end

Cold segments #1-6

cooling period

Cold segments #7-15

Distal end

Warm up segments #16-22

C

FIFIFIFFTF I I T IIIFIIIIS
R R ARLR
LA

)

Start of cold temperature

Various cold temperatures

Room temperature

Temperature Start cold deposition Cold deposition Warm-up deposition

(°C) (%/mm * SEM) (%/mm + SEM)  (%/mm * SEM)
24 6.9%0.7 139+14 53+04
3.3 77+ 1.1 14+£1.2 71+12
5.2 6.5+ 1.0* 42+04 43+03
6.0 59 +0.7* 55%0.6 40+08
6.1 52+038 5604 8.1+ (0.4**
6.9 65208 48+0.7 58106

* Deposition of radiolabelled proteins in 3.18-mm nerve segments #1-6 at

room temperature.

** Deposition of radiolabelled proteins in 3.18-mm nerve segments #16-22 at
6.1°C. The nerve here remained at 6.1°C for the duration of the experiment,
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Figure 2. 8. Rate of protein deposition per millimetre of Method 1-treated
nerves (%/mm) as a function of temperature. Each point represents the
mean deposition value of a number of segments that was defined according
to the temperature at which radiolabelled proteins were off-loaded from a
pulse travelling in the anterograde direction (see Table 2.1). The horizontal
and vertical bars of each point indicate * 1 standard deviation in temperature
and + 1 SEM % deposition, respectively.

A: Here, the rate of deposition before the cooling period was 4.8 0.6 % /mm.
B: A distance-weighted least squares (DWLS) smoothing curve fitted to the
data points was used to describe the curve presented in the figure. The curve
shows that as the temperature was lowered, the amount of protein deposited
increased non-linearly.

C: Once the nerve was warmed up, the deposition rate was 4.8 + 0.2 %/mm.
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Figure 2. 9.

A: Mean rate of protein deposition per millimetre (%/mm) of nerve as a function
of temperature. Both Method 1- (black bars) and Method 2-treated (shaded bars)
nerves were cooled for a perind of 14 hours at 6.5°C before being warmed up to
23°C. The error bars indicate + 1 SEM. A Student's t-test showed no statistical
difference in the mean rate of protein deposition of Method 1- and Method 2-
treated nerves cooled at 6.5°C and then warmed up to 23°C.

B: Subsequent comparison of cold and warm-up depositions of Method 1-
treated (solid triangles) and Method 2-treated nerves (open triangles). Both
Method 1-treated and Method 2-treated nerves were cooled for about 14 hours
before being warmed up. The DWLS curve shown also in Figure 2.8. is presented
here to demonstrate that the differences in the two approaches effected no
distinct change in the cold deposition rates of either Method 1-treated or Method
2-treated nerves. Both nerves followed a similar trend outlined by the curve.
Warm up deposition rates also were not affected by the different approaches.

Mean deposition rates after cooling ranged between 4 and 6% /mm.
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Figure 2. 10. Mean percentage ol protein deposited per millimetre as a
function of temperature. Nerves treated in the manner outlined in Method 2
over a 48-hour cooling period. A DWLS curve was fitted to the data to
indicate the trend that the rate of deposition per millimetre increased with
decreasing temperatures. Moreover, in comparison to the 14-hour
experiment, the deposition per millimetre increased with longer exposure to
low temperatures, especially at 2-3°C.  However, despite the extended
exposure to these cold temperatures, the warm up deposition rates did not

change. The rate of deposition remained at 4-6%/mm.



(+ 1 SEM), which excluded those segments with branch endings, was 20 %
0.7%/mm at room temperature. This may imply that some branch endings
were included in the values observed in this work. A robust locally weighted
regression curve, otherwise known as a distance-weighted least squares
smoothing (DWLS) curve (Cleveland, 1985), was fitted to the mean
percentages obtained for cold deposition (Figure 2.8) using Systat 5.2.1
(SYSTAT, Inc.) to illustrate the general trend of deposition in Method 1-
treated nerves. As the temperature decreased from 31°C to 4°C, the amount
of radiolabelled proteins lost from the pulse increased from 1.9%/mm to
6.7%/mm (Table 2.1), particularly at around 5-10°C. This suggested that the
sudden drop in protein velocity at 6.5°C may be related to an increase in the
amounl of protein lost by the pulse. After the nerve was warmed up, the
mean deposition rate was 4.8 + 0.2%/mm. The same deposition rate of
4.8%/mm before and after the nerve was cooled indicated that similar to
protein transport which resumes at the same velocity as before cooling,

protein deposition also resumes at the same rate as before cooling.

As stated in Section 2.1, Method 2 was adopted to verify the results
of Method 1. However, the cessation of transport at 6.5°C in the results of
Method 1 (Figures 2.4 and 2.5) did not occur in the results of Method 2
(Figures 2.6 and 2.7). It was thought that this difference may be associated
with a higher percentage of radiolabelled protein left behind the migrating
pulse during the cooling period of Method 1 than Method 2. To test whether
the deposition rates from Methods 1 and 2 differed, three experiments were
conducted at 6.5°C to 10°C in the manner outlined in Method 2 with a 14-
hour cooling period, followed by a warm-up. A Student's t-test comparison

of the deposition rates at 6.5°C and 23°C revealed no significant difference in



the mean deposition rates obtained between Method 1- and Method 2-treated
nerves at the 0.05 level (t = -1.69, I’ = 0.10) (Figure 29A). Figure 2.9B also
shows that the mean deposition values of 14-hour cooled Method 2-treated
nerves at 6.5°C and 10°C fell within the general trend of the DWLS curve
fitted to those values from Method I-treated nerves, indicating that there
must be another explanation for the velocity-temperature relationship seen

in Figure 2.6.

Method 2. LSC analysis of nerves cooled beneath a press for 38-48 hours
showed that the trend illustrated in Figure 2.8 was also observed in Figure
2.10; as the temperature decreased, the amount of radiolabelled proteins lost
from the pulse increased, particularly at around 4-7°C.  This indicated that
both methodologies show an increase in the rate of deposition at around the
low critical temperature range of 5-10°C. In addition, after the nerve was
warmed up, the deposition per millimetre was around 5.8 + 0.6%, a value
slightly higher than the warm-up deposition rale of Mecthod I-treated nerves.
This may be due to the increase in the length of the cooling time of Method 2-

treated nerves.

2.3  Summary

In both sets of data gathered from Methods 1 and 2, the relaticnship
between protein transport velocity and temperature was approximately
exponentially related over a range of 6.5%-25°C. The Qy value (3.0) and E,
value (18.2 kecal) for Method 1-treated nerves between 6.5°C and 25°C
corresponded with those values for Method 2-treated nerves (Qy value of 3.2
and E, value of 17.7 kcal between 2°C and 10°C). The main difference between

the two sets of data was the sudden discontinuity in the velocity of protein



transport observed only in the results of Method 1. This discontinuity

occurred at 6.5°C.

Liquid scintillation counting analysis of Method 1- and Method 2-
trealed nerve preparations both showed a similar non-linear relationship
between the rate of protein deposition and temperature despite the difference
in the way the nerve was cooled and the length of the cooling period. Both
analyses showed that as the temperature decreased, the amount of material

lost by the pulse increased, particularly around 5-10°C. It is this temperature

range at which proteins cease to be transported.
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3 FACTORS THAT MAY ACCOUNT FOR THE DIFFERING RESULTS
OBTAINED FROM THE TWO EXPERIMENTAL APPROACHES

3.0 Introduction

The previous chapter and earlier work (Edstrom and Hanson, 1973;
Ochs and Smith, 1975; Cosens ef al., 1976; Brimijoin et al., 1979) show that as the
temperature was lowered, the velocity of protein transport decreased
exponentially. Method 1 of the previous chapter produces the result that a
sudden drop in the velocity of protein transport occurred at 6.5°C, and this resull
is in agreement with the earlier work referenced above. However, this cessation
of transport at the low critical temperature of 6.5°C was not observed when using
Method 2, an approach adopted to verify the results of the first approach. Unlike
Method 1, nerves in Method 2 remained in contact with the mylar floor of the
MPC throughout the 24-48 hour cooling period for direct observation of protein
transport. It follows then that perhaps the press and/or the MPC itself allowed
protein transport to occur below 6.5°C.

This chapter presents the results of experiments designed to
investigate: a) whether the temperature along the length of Method 2-treated
nerve preparations was markedly different from Method 1-treated nerve
preparations to allow protein transport to occur below the critical temperature of
6.5°C, and b) whether the experimental apparatus, namely the MPC, in some

way permitted protein transport to continue below 6.5°C using Method 2.
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3.1 Methods
3.1.0 Approaches to monitoring temperature

In Method 1, the temperature during cooling was recorded from fine
thermocouples placed a few millimetres from the proximal and distal ends of a
raised nerve preparation. At room temperature it was recorded from above or
beneath the proximal and distal ends of the nerve in a pressed situation. In
Method 2, the temperature was noted from fine thermocouples, one secured
beneath the 8th branch of the sciatic nerve at the proximal end, and the other
placed between the branches of the peroneal and tibial nerves at the distal end.

To test whether a temperature gradient existed along the length of
Method-2 treated nerves, allowing protein transport to continue below 6.5°C, the
temperature around an unlabelled nerve preparation was monitored and
recorded from thermocouples tied or placed in different locations along the
length of the nerve. The position of one thermocouple remained secured at the
proximal end of the pressed nerve while the other was varied: above, below, and
distal. The temperature between the 3.6-um thick mylar of the nerve chamber
and the MPC window was also measured and recorded. In addition, a
thermocouple was inserted in the outflow line of the gas-filled MPC to measure

the temperature of the gaseous mixture of argon and carbon dioxide flushing

through the MPC system.

3.1.1 A procedure to mimic both experimental approaches

The techniques used to dissect the sciatic nerve, to create a pulse of
radiolabelled proteins, and to acquire and analyze data from the MPC were as
described in Section 2.1.

A press was designed to mimic both methodologies (Methods 1 and 2)

simultaneously. Coarse gauze was wrapped tightly around the ends of an 80-

48



mm long plastic frame, exposing a 6-mm centre region (Figure 3.1). A “"peephole”
was made at the top of the frame. Once a radiolabelled nerve preparation was
secured in the nerve chamber, it was gently pressed against the MPC window
while a small piece of polyethylene intramedic tubing (1.01 mm in outside
diameter) was passed through the "peephole” and beneath the nerve. Elevation
of the nerve at this "peephole” prevented its contact with the floor of the chamber
and MPC window and allowed physiological saline to circulate throughout the
entire unpressed region of the nerve. Temperature was continuously monitored
by fine thermocouples, one secured beneath the 8th branch and the other a few
millimetres from the exposed region of nerve. Protein transport rates derived
from both methodologies in Chapter 2 were used in these experiments to predict
the length of time that the pulse of radiolabelled proteins would take: a) to reach
the transition between the proximal pressed region and the unpressed mid-
region of the nerve and, b) possibly to pass into the distal portion of the nerve.
These experiments were performed in the absence or presence of the MPC to
examine its effects on protein transport. It must be noted that the MPC remained
enclosed in the thermoregulated refrigerator throughout these experiments. The
presence of the MPC refers to the situation where the nerve tray was positioned
on the MPC so that the nerve was gently pressed against the MPC window. In
the absence of the MPC, the nerve tray was placed on a 2-inch thick Styrofoam
block so that the nerve was gently pressed against the mylar floor of the tray, but
was not in contact with the MPC or its window.

At the conclusion of this set of experiments, the transition points
between the pressed and unpressed regions of nerve were marked with charcoal
powder (Sigma Chemical Co.) and the nerve was subsequently processed for

LSC analysis (Section 2.1.5). The percent distribution of TCA-insoluble
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Nerve Tray

-

Figure 3. 1. Schematic representation of the arrangement used to detect a
radioactively-labelled pulse of proteins in the sciatic nerve of an adult Xenopus
laevis. In this particular case, a press was constructed to mimic the two
experimental approaches (Methods 1 and 2) simultaneously. Throughout the
duration of a 40-hour cooling period, both the proximal and distal ends of the
nerve preparation (70-75 mm in length) were gently pressed against the
aluminized mylar window of the position-sensitive detector, thus mimicking
Method 2. A small piece of plastic tubing was inserted beneath a 6-mm mid
region of the nerve to prevent contact with the MPC window and to allow
physiological saline to circulate around this middle region, thus mimicking
Method 1. At the conclusion of the experiment, the nerve was segmented
according to its position on the MPC window and processed for liqt.;id

scintillation counting.
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radioactivity in each 3.18-mm nerve segment was calculated using the following

equation:

(5) % of radioactivity in segment i= k| =i X 100%
C;
j=1

where C; represents the amount of radioactivity in segment i (usually 1-23 nerve

n
segments), n represents the last nerve segment, and X.C; represents the total
j=1

amount of radioactivity from segments 1 to n.

3.2  Resulis
3.2.0 Temperature readings

In nine experiments performed in the manner outlined in Section 2.1.3
(Method 1), the temperature difference between the proximal and distal ends of
the nerve at room temperature or a desired low teraperature was 0.4 + 0.2°C. A
similar temperature difference was observed at room temperature for Method 2-
treated nerve preparations (n=14) in which one thermocouple was secured
beneath the 8th branch of the sciatic nerve and the other between the branches of
the peroneal and tibial nerves. During the cooling period in the thermoregulated
refrigerator, the temperature difference between proximal and distal ends was
0.3 + 0.1°C. These results indicate that the temperature along the length of
Method 2-treated nerves is not markedly different from Method 1-treated nerves.

In unlabelled Method 2-treated nerve preparations (n=4) (Section
2.1.3), the temperature difference between two proximally-located

thermocouples, one beneath the nerve and the other between the mylar of the
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nerve chamber and the MPC mylar window, was 0.3 £ 0.1°C. A 0.1-0.2°C
difference was observed between a thermocouple situated above or below the
proximal end of the nerve and another placed beneath the mid-region of the
nerve. In two experiments, the nerve preparation remained unlabelled and
sheathed in order to insert and secure a thermocouple at the proximal end of the
nerve. Since the branches of the peroneal and tibial nerves were too narrow, the
second thermocouple was placed and secured beneath them. A temperature
difference of 0.3 + 0.2°C was observed. This result suggested that the entire
length of Method 2-treated nerves was not markedly different between the
proximal and distal ein

The tempera: ‘¢ . nterior of the refrigerator and the gas differed
only by 0.1°C, ind’ :uiny . “emperature of the gas probably did not raise the
nerve temperature enough to allow prowin transport to continue below 6.5°C.
Thus, it appears that the difference in the velocity-temperature relationship

between Methods 1 and 2 cannot be explained by temperature differences.

3.2.1 Protein transport along the newly constructed press

These experiments were conducted at 2-3°C because protein transport
ceases at this low temperature in Method 1, but not Method 2. The press was
constructed (Figure 3.1) with a "peephole" to test whether the state of the nerve,
either pressed or raised, would affect protein transport. First, three nerve
preparations were cooled for 38-42 hours in the absence of the MPC and then
processed for LSC analysis. In all three nerve preparations the proximal pressed
region of nerve was 0.3 £ 0.1°C cooler than the middle raised region of nerve.
The prediction was that if the press alone insulated the nerve preparation at cold
temperatures, then protein transport should occur in the pressed proximal region

of nerve at a rate of about 13 mm/d as seen in Method 2, but not the raised

52



region as observed in Method 1. At 13 mm/d, the distance travelled by the pulse
should be 21-23 mm (6-7 segments) in 38-42 hours. Since all the experiments
from Chapter 2 show that a pulse of radiolabelled proteins spanned about 7-8
nerve segments and the modified press covered only 10-11 segments of the
proximal end of the nerve, it was expected that an accumulation would be
observed at the transition site between the proximal pressed and raised regions
of the nerve.

Figure 3.2A represents results from an experiment performed without
the presence of the MPC. Here, the percentage of TCA-insoluble radioactivity
was examined in each 3.18-mm nerve segment, particularly at the transition
between the pressed (segments 9-11) and raised (segments 12-13) portion f the
nerve. The low percent distribution of radioactivity in segments 10-19 seemed to
indicate that at 2.8 + 0.1°C the pulse of radiolabelled proteins did not move either
in the pressed or raised region of nerve. Hence, these results suggested that the
press alone does not allow protein transport to continue below 6.5°C as seen in
Method 2.

Secondly, three experiments were conducted in the presence of the
MPC. MPC and LSC data were collected from nerves cooled for 38-42 hours to
determine the effects of both the MPC and the modified press upon the
movement of protein transport. In all three nerve preparations the proximal
pressed region of nerve was 0.5 + 0.2°C cooler than the middle raised region of
nerve. MPC data from one experiment revealed that the rate of protein transport
in the proximally pressed region of the nerve was within the range of 12-16
mm/d (0.14-0.18 um/s), values which were not only predicted but also similar to
protein transport rates in Method-2 treated nerves at 2-3°C (Figure 2.6). With the
exception of this experiment, however, no information concerning the rate of

protein transport was derived from the MPC data collected due to technical and



Figure 3. 2.

Percentage of TCA-insoluble radioactivity in each 3.18-millimetre segment of
nerve, particularly segments 9-19, as assayed by liquid scintillation. The
segments before and after the broken lines represent the proximal and distal
pressed regions of nerve. The area between the broken line represents the
elevated nerve segments.

A: This panel represents a nerve preparation cooled for 42 hours at 2-3°C with
only the modified press present (no MPC present) and then processed for liquid
scintillation analysis. The low percentage distribution of TCA-insoluble
radioactivity from segments 11-19 shows that the radiolabelled pulse did not
move in the pressed proximal region or into the elevated region (6 mm in length).
This result indicated that the pressed or raised condition of the nerve was not a
factor in allowing protein transport to occur at 2-3°C.

B: Here both MPC and LSC data were collected from a nerve preparation cooled
at 2-3°C for 45 hours. In comparison to the above panel, the high percentage of
TCA-insoluble radioactivity in nerve segments 9-12 shows that the radiolabelled
proteins were transported through the pressed proximal region (segments 9-10)
into the elevated region (9mm in length) of the nerve. This indicated that the

MPC was somehow allowing protein transport to occur at 2-3°C.
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computational difficulties. Figure 3.2B represents the LSC analysis of a nerve
preparation on the MPC during cooling at 2.4 * 0.4°C in which the percentage of
TCA-insoluble radioactivity was determined in each 3.18-mm nerve segment. It
shows a redistribution of radioactivity from the pressed proximal region
(segments 9-10) of the nerve into the unpressed region (segmients 11-12),
indicating that some radiolabelled proteins may have been transported at 2-3°C.
The low level of radioactivity in the raised nerve segment 13 and in the distal

nerve segments (14-19) indicated that the pulse did not migrate into the distal

pressed portion of the nerve.

3.3 Summary

The investigation of temperature along the length of several nerves,
both labelled and unlabelled, revealed that the temperature difference between
the proximal and distal nerve ends was no greater than around 0.4°C in both
Method 1- and 2-treated nerve preparations. "+his result indicated that
temperature could not explain the difference in results between Metho. . 1 and 2.
In addition, the temperature of the MPC window and the quenching gas could
not have raised the temperature of the nerves sufficiently to allow protein
transport to continue below 6.5°C.

In the set of experiments performed with only the modified press, no
protein transport was detected at 2-3°C. However, in the presence of the MPC
and the modified press, some movement of protein transport was detected at 2-
3°C in the pressed proximal region, which was expected, and in the raised
middle portion of the nerve preparation, which was not expected. These results
suggest that the MPC itself was somehow affecting the rate of protein transport

in Method 2 for reasons that will be discussed later.
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57
4 THE EFFECTS OF TEMPERATURE ON FAST AXONAL TRANSPORT

OF ORGANELLES MOVING IN THE ANTEROGRADE AND
RETROGRADE DIRECTIONS

4.0 Introduction

The work described in this chapter was undertaken primarily to
produce a description of the transpori dynamics of organelles in sciatic axons of
Xenopus laevis over a range of temperatutes so that a con'parison might be made
between the temp: rature dependences of protein transport and of organelle
transport. Of pariicular interest was whether a sudden decrease in organelle
velocity occurs as the temperature is dropped below 6.5°C (see Chapter 2).

The temperature dependence of the velocity of retrograde organelle
transport has been described earlier using optical techniques that did not detect
anterogradely-transported sub-resolution organelles (Forman et al., 1977b; Smith
and Cooper, 1981). Therefore, the opportunity was taken to compare the
temperature dependences of anterograde and retrograde organelle transport
using imaging technicues capable of detecting sub-resolution structures (Smith,

1989).

4.1 Methods

The effects of various temperature: on the velocity of fast anterograde
and retrograde organeile transport were observed for different cooling periods.
In the first case, observations and comparison of transport in both the
anterograde and retrograde directions over a range of 0-40°C were made in
nerves acclimated to a desired temperature for no longer than 30 minutes. The

effects of increasing and decreasing the temperature upon organelle transport



were also examined in some nerve preparations. The second case was designed
specifically to determine the effects of prolonged periods of low temperatures (0-
10°C) on the transport of small, circular organelles in both directions. Nerves
were treated in a similar manner as outlined previously (Section 2.1.3) for a 14-24
hour cooling period. In addition, some nerves were bathed in oxygenated
p' vsiological saline containing taxol (10pmol/L), a drug that stabilizes
microtubules and protects them froin cold depolymerization (Smith and Snv<i=r,

1995), for 1 hour at room temperature vefore the taxol-containing saline was

cooled for 16-20 hours.

4.1.0 Nerve Preparation

Adult female Xenopus laevis toads were anaesthetized by immersion in
a 2% solution of urethane (Sigma Chemical Co.). A 50-60 mm length of sciatic
nerve was dissected -1t from the hip to just below the knee joint. The perineuza)
sheath was removed according to the method outlined by Chan et al. (1980) to
expose a bundle of single myelinated axons. During dissection and desheathing,
the nerve was bathed in an oxygenated physiological saline of the same
composition as in the protein studies (Section 2.1.0). The desheathed nerve was
mounted on a microscope slide and gently teased a! the centre of its length with
two firie needles to reveal individual axons.

During the experiment, a thin layer of physioinsical saline bathed the
entire nerve. Since the detection of the smallest moving organelles required a
mechanically stable preparation, a drop of inert silicone fluid (Dow Corning 710)
was applied to the teased axons. A #0 coverslip was applied over the nerve and
the microscope slide. To support it above the nerve, the coverslip was ringed

with a thin layer of silicone grease (Dow Corning Silicone Lubricant).

58



4.1.1 Temperature Measurement and Control

To measure the temperature of the nerve preparation, a fine
thermocouple was passed through the thin layer of silicone grease so that its tip
rested in the drop of the silicone fluid close to the isolated axons. Temperatures
above the specimen's ambient temperature (23°C) were achieved by heating the
microscope stage with a thermostatically actuated infra-red lamp. Experiments
below the specimen's ambient temperature were performed in a cold room at
4°C. Altering the temperature of the nerve preparation between 0° and 23°C
within the cold room required either heating the microscope stage with the infra-
red lamp or cooling the stage with pieces of dry ice. After the nerve preparation
was acclimated for a maximum of 30 minutes to the desired tempcrature,
computer enhanced video microscopy was used to image organelles undoerpoing,

transport in isolated myelinated axons.

4.1.2 Computer Enhanced Video Light Microscopy

The basic optical system for imaging organelles has been described in
detail by Allen et al. (1981) and Inoué (1986). Briefly, isolated ax: s were viewed
by Zeiss differential interference-contrast (DIC) optics using a 63v ~il immersion
objective with a numerical aperture of 1.4. Illumination was provided by a 50 W
mercury arc lamp and a green interference filter (60 nm bandpass centred at 550
nm), heat filters were also placed in the light path. The microscope image was
detected with a DAGE Newvicon iarget television camera, the output of which
was electronically processed with digital processors (Quar.iex Corp.) to detect the
smallest, 50-100 nm diameter, organelles travelling in the anterograde direction.
A full description of the digital processing procedure is given in detail elsewhere
(Smith, 1989). Essentially, the microscope image obtained with DIC optics was

obscured by low frequency shadows and highlights emanating from the myelin
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sheath. To attenuate these low spatial frequencies and to accentuate fine detail,
the DIC microscope image was subject to high-pass spatial filtering. The
resulting filtered image displayed few diffraction images of the 50-100 nm
anterogradely-moving organelles. Consequently, detection of these images was
achieved by a subtraction method of motion detection. A running exponential
average of adjacent high-pass filtered TV frames (about 16 frames) was produced
to obtain an image of the stationary parts of the axis cylinder. To eliminate the
stationary structural detail of the axon from the image, its representation was
continuously updated in computer memory and subtracted from the spatially
filtered, but unaveraged, image of thc wurrent TV frame. This resulted in an
image of moving organelles only. Attenuating the background noise in this
"subtracted" image was achieved by running a short exponential time average;
the black level and gain were adjusted to increase contrast. The enhanced real-

time images of moving organelles were then recorded on video tape for

subsequent analysis.

4.1.3 Othwr Methods

A variation on the above methods was to treat the nerves under the
conditions of previous methods. Excluding the radiolabelling step and the runs
at room temperature, the same procedure outlined in Section 2.1.3 was followed.
Once secured in the nerve tray, the nerve was immediately cooled for 14 hours to
a desired low temperature either with or without the press. Temperature was
continually monitored throughout the experiment by fine thermocouples. After
cooling, the nerve was removed from the tray. To maintain the desir.d
tempeiaiure of the unlabelled nerve, the desheathing of the nerve and its
subsequent preparation for visualizing organelle transport were performed in a

cold room at 4°C.
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4, 1.4 Data Analysis of Organelle Transport

The classification of organelles on the basis of their direction of
transport, their apparent size (sub or supra resolution), and their shape (circular
or rod-shaped) (Table 4.1) was achieved by visualizing the organelles from a
television display at a magnification of 10,000x. Organelle speeds were estimated
by recording transit times in seconds across a 5 to 10 um “gate.” Cricket Graph
1.3.2 (Cricket Software) was used to fit a simple exponential curve through the
collected data points. The influence of temperature on the reaction involved in
the mechanism of anterograde and retrograde transport was also evaluated by
determining the Q,, value and E, from the mean organelle velocities. The E,
could be derived from equation (2) where V, and V, were the mean organelle
velocities in pm/s at the corresponding absolute temperatures (K), or from the
slope of the line (b) of an Arrhenius plot (b=-E,/2.3R) in which the natural
logar’.am of mean organelle velocity was plotted as a function of the reciprocal
of the absolute temperature (K). The Qy value was calculated by equation (3)
where V; and V, were the mean organelle velocities in pm/s at the respective
temperatures (°C). These values were later comp=red to those values obtained
from the protein transport studies.

To determine whether there was a reduction in the number of
organelles transported antercgradely at 6.5°C, organelle flux over 0-12°C was
estimated by recording the number of organelles passing a vertically-placed 10
um "gate” in a 2-3 minute interval. The organelle flux over 0-12°C was
normalized to 6.5°C. This was done by dividing it by the corresponding mean
vesicle velocity and then multiplying it by the mean vesicle velocity at 6.5°C.

Statistical comparison of data sets was carried out using Systat 5.2.1

(SYSTAT, Inc.).
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Table 4. 1.

Characterization of rapidly transported organelles on the basis of their

apparent image size and shape (NA = not applicable)

Image
Organelle type Diameter (um) Length (um)
Small, circular (SC) ~02 NA
Large, circular (LC) >02 NA
Small, rod-shaped (SR) ~0.2 <13

Large, rod-shaped (LR) >02 >13



4.2  Results
4.2.0 The effects of temperature on organelles with circular images

Figure 4.1 shows the results obtained from 20 nerve preparations that
were acclimated for a maximum of 30 minutes to the desired temperature before
organelle transport was visualized for up to 1.5 hours. Organelle speeds in both
anterograde and retrograde directions were studied between 0°C and 37°C.
From these speeds, the mean velocities of small circular (SC) (Figures 4.1A and
4.1B) and large circular (LC) vesicles (Figures 4.1C and 4.1D) in the anterograde
and retrograde directions wete plotted as a function of temperature. Over a
range of 5-30°C, the mean velocities of anterogradely-moving SC and LC vesicles
were fitted by simple exponential curves, V=0.227(1.09)" and V=0.156(1.10)",
respectively, where V is the velocity in pm/s. Over the same range of
temperatures, the equations describing the temperature dependent propertics of
retrogradely-moving SC and LC vesicles were V=0.151(1.11)" and V=0.116(1.10)',
respectively. These results were reproducible when the nerve temperature was
decreased and then warmed up. In both classes of circular vesicles the
correlation coefficients (r) for the exponential fits were greater than 0.9.

Figure 4.2 shows semilog plots of the same data. The mean velocities
in both directions from about 5-30°C fitted well with a straight line, indicaling
that the anterograde and retrograde transport of the circular vesicles was
exponentially related with temperature. Although the slope of the lines were
similar, the shift in the position of the lines indicated that anterogradely- and
retrogradely-moving LC vesicles (solid line) were transported at slower mean
velocities than anterogradely- and retrogradely-moving SC vesicles (broken line).

An analysis of residuals about the fitted lines indicated two possible
deviations from the exponential curve in both classes of vesicles. Between 25°

and 30°C the mean vesicle velocities apparently reached their maximum as
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Figure 4. 1.

Mean velocities of anterograde (Panels A and C) and retrograde (Panels B and D)
transport of small (open circle and triangles) and large (solid circles and
triangles) circular organelles, otherwise known as vesicles, over a temperature
range of 0°-40°C. The error bar of each point represents + 1 SEM. The
exponential curve for each graph was a least squares fit to the data points

between 5°C and 30°C.



Mean velocity of small, circular organelles (jum/s)

Mean velocity of large, circular organelles (tm/s)
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Figure 4. 2.

Semilog plot of the data from Figure 4.1. Mean velocities of anterogradely- (A)
and retrogradely-transported (B) vesicles were plotted on a logarithmic scale
against temperature.

A: The open circles represent mean velocities of small vesicles whose
relationship with temperature is described by the dotted line. The solid circles
represent mean velocities of large vesicles. Their relationship with temperature
is describec: by the solid line. Note that the mean anterograde vesicle velocity
was exponentially related to temperature over a range of 5-30°C. The shift in the
position of the lines indicates that at all temperatures anterogradely-transport.d
large vesicles moved on average more slowly than small vesicles. Two possibie
discontinuities in the relationship between velocity and temperature occurred
below about 5°C and above 30°C.

B: The triangles and lines here correspond to the same classes of organelles as in
A but in the retrograde direction. Note that the influence of temperature upon
the velocity of retrogradely-transported small and large vesicles was similar to

that of anterogradely-transported vesicles.
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indicated by the deviation in velocity from the straight line. Between 5° and 0°C
vesicle velocities showed a deviation from the fitted line such that vesicles
moved more slowly than the fitted line predicted. However, vesicles contirue to
move in the anterograde and retrograde directions down to 0°C.

There was no statistical difference observed between the mean
number of SC vesicles above and below 6.5°C based on a one-tailed Student'’s t-
test (p>0.05). If there was a reduction in vesicle traffic below 6.5°C, it was less
than 15%. This indicated that the observed deviation in mean vesicle velocity

was not accompanied by a reduction in vesicle numbers.

4.2.1 The effects of temperature on the transport of rod-shaped organelles
Between 10° and 30°C, an exponential curve seemed to fit the mean
velocities calculated for anterogradely- and retrogradely-moving small rod-
shaped (SR) organelles (Figures 4.3A and B). The equations describing these fits
were V=0.281(1.08)" and V=0.135(1.11)", with r values of 0.95 and 0.92, indicating
/nat the anterograde and retrograde transport of SR organelles were
exponentially related with temperature. However, a simple exponential curve
was not a good fit to the mean velocities of large rod-shaped organelles in either
the anterograde (r=0.16) or retrograde direction (r=0.77) (Figures 4.3C and D).
This can be clearly observed in Figure 4.4 which shows semilog plots of the same
set of data illustrated in Figure 4.3. The mean velocities of anterogradely- and
retrogradely-transported LR organelles were scattered about the best-fit line.
Similar to the circular classes of organelles, at around 30°C the mean velocity of
SR organelles apparently reached its maximum as indicated by the drop in
velocity at that temperature. Below 10°C no rod-shaped organelles of either size
were observed to move, demonstrating that rod-shaped organelles could not be

the carriers of newly synthesized proteins.
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Figure 4. 3.

Mean velocities of anterograde (Panels A and C) and retrograde transport (Panels
B and D) of small (open squares and diamonds) and large (solid squares and
diamonds) rod-shaped organelles over a temperature range of 3°-37°C. The error
bar of each point indicates + 1 SEM. The exponential curve for each graph was a

least squares fit to the data points between 10°C and 30°C.
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Figure 4. 4.

Semilog , - of the data f~ .., " ‘qure 4.3. Mean velocities of anterogradely- (A)
and retrogradely-frans, . " (B) rod-shaped organelles were plotted on a
logarithmic scale #gainst temperature.

A: The open and sou. - Juares represent the mean velocities of small and large
rod-shaped organelles, respectively. Their relationship with temperature is
described by the dotted and solid lines, respectively. Notc that the mean velocily
of anterogradely-transported small rod-shaped organelles was exponentially
related to temperature over a range of 10°-30°C. Similar to circular vesicles, 2
possible discontinuity in the relationship between v«locity and temperature
occurred above 27°-30°C. The velocity of large rod-shaped organelles was only
poorly descrited by an exponential fit. Very few small or large rod-sk:ped
organelles were transported below 10°C.

B: The open and sclid diamonds represent the same cizsses of organelles as in A
with the reiationships indicated by the dotted and siic lines, respectively. Here
the mear: elocity of retrogradely-transported small rod-shaped organclias was
approximately exponentially related with temperature over a temperature range
of about 12°-30°C. The velocity of large rod-shaped organelles with temperature

was poorly described by an exponential fit.
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4.2.2 Q, values and the E, values

Table 4.2 lists the Q,, values calculated between 10° and 20°C a=d the
E, values of the different classes of organelles. With the exception of LR
organelles, anterogradely-moving SC, LC, and SR organelies possess similar Qo
values ranging between 2.2 and 2.8, whiie their retrogradely-moving
counterpart. have slightly higher Qo v2'.es vetween 29 and 3.1. The
subsequent F, values appear to follow a similar trend. Activation energies of 13-
17 kcal/mole were observed for anterogradely-moving organelles, excluding LR
organelies. Activation energies of 17-19 kcal /mol were calculated for

retrogradely-moving organelles.

4.2.3 Organelle transport after 14 hours cooling

‘The results from Figures 4.1A and B and from 18 nerve preparations
treated according to the methods cutlined ir Section 4.1.3 are illustrated as
semilog plots in Figure 4.5. Particular attention was directed towards the
temperature range of 0-10*_ in order to determine whether the variation in the
conditions to which ihe nerve preparation was subjected affected mean vesicle
velccities similarly to protein transport rates. Unlike Figures 2.5 and 2.7, mean
SC vesicle velocities obtained from nerves cooled for 14 hours with or without
the press and MPC were not statistically significant (p>0.05). This indicated that
unlike the transport of radiolabelled proteins, the transport of vesicles is not
affected by the presence of the press and the MPC. In addition, Figure 4.5 shows
that in both 2- and 14-hour cooled nerves, no sudden drop in vesicle velocity
occurred between 5-10°C, the critical temperature at which protein transport
drops rapidly to zero. To investigate whether the gradual drop observed in the
mean velocity of SC vesicle transport resulted from a less of microtubules,

amphibian sciatic nerves were incubated in taxol prior to cooling and during the
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Table 4. 2.

Activation energies and Q,, values over 6.5-25°C for different types of

organe!les rapidly transported in either the anterograde or the retrograde

direction
Organelle type Qu Activationr energy
(+ SEM) (kcal/mole = SEM)
Anterograde, small, circular 24+0.1 148 +0.8
Retrograde, small, circular 3.0+01 18.2 £ 0.8
Anterograde, large, circular 28+04 171+27
Retrograde, large, circular 2903 17.8+1.5
Anterograde, small, rod-shaped 22102 129£15
Retrograde, small, rod-shaped 3.1£07 18.6+3.8
Anterograde, large, rod-shaped 1.1+0.6 1.1+99

Retrograde, large, rod-shaped 29%0.5 17.5+3.0



Figure 4. 5.

Semilog piots of mean velocities of anterogradely- (A) and retrogradely-
transported (B) small vesicles versus temperature.

A: The open circles represent the mean velocities obtained from nerves
acclimated at a desired temperature for a maximum of 30 minutes. The
relationship of these mean velocities with temperature is described by the broken
line. The red circles represert mear. vesicl2 velocitics from nerves cooled for 14-
20 hours in the absence of the press and MPC; green triangles represent those
velocities from nerves cooled for 14-20 hours in the presence of the press and
MPC. The mean vesicle velocities desigrated by the coloured data points (green
and red) were not statistically differeut (p>0.05). The transport «f organelles
after 14 hours cooling occurred at slightly lower velocitics than after a 30 minute
acclimation, but the main point is that no sudden drop in vesicle velocity
occurred at around the critical temperature at which protein transport drops.

B: The representation of open circles and coloured data points is similar to
above. Similar observations as above can be made concerning the mean velocity

of retrogradely-transported vesicles.
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16-20 hour cooling period. Taxol has been shown tc prevent the cold
dupolymerization of microtubules in X+ropus axons (Smith and Siiyder, 1995).
Vesicle velocity in both the anterograde and retrograde directions was similar ir.
taxol-treated and -untreated axons (Figure 4.6), indicating that the number of

microtubules does not affect the velocity of vesicles.

4.3 Summary

Anterograde and retrograde organelle transport was detected by
video microscopy at temperatures down to 0°C. With the exception of large rod-
shaped organelles, the velocities of anterogradely and retrogradely transported
organelles increased with increasing temperature in an approximately
exponential manner. Deviations from the exponential relationship occurred
below approximately 5°C and above approximately 30°C. For anterogradely-
moving SC vesicles, there was no statistically significant difference in vesicle
traffic above and below 6.5°%" Ary reduction in the vesicle traffic below 6.5°C
was less than 15%. This iii...car.z ¢ i:at the sudden drop in protein transport rate
at 6.5°C is not due to a loss of vesicles. Comparison of Qy and E, values over 6.5-
25°C revealed that anterogradely-moving SC, LC, and SR organelles had lower
Q, and E, values than their retrogradely-moving counterparts.

Unlike the transport of radiolabelled proteins, the transport of
organelles under the two conditions (Methods 1 and 2) was not statistically
different. It did appear that the transport of SC vesicles in 14-hour cooled nerves
ywas slower than in nerves cooled for no longer than 2 hours, but unlike protein
transport, no sudden drop in vesicle transport occurred at around 5-10°C in
either 2-hour or 14-hour cooled nerves. Prevention of cold depolymerization by
taxol did not change the observed drop in vesicle velocity, indicating that the

number of microtubules does not affect the velocity of vesicles.
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Figure 4. 6.

Semilog plot of mean velocities of anterogradely-and retrogradely-moving
vesicles in taxol-untreated and -treated nerves at different temperatures.
A: The solid circles represent mean velocities of anterogradely-moving vesicles
in nerves cooled for rio greater than 2 hours. The relationship of these velocities
and temperature is described by the solid line over 5°-30°C. The open squares
represent mean anterograde velocities in nerves bathed in oxygenated
.physiological saline containing 10 pmol/L taxol at room temperature before
cooling the saline for 16-20 hours. Note that despite the length of the cooling
period, the mean vesicle velocity is similar in both taxol-untreated and -treated
nerves.
B: The solid squares represent mean velocities of retrogradely-moving vesicles.
in nerves cooled for no greater than 2 hours. The relationship of these velocities
and temperature is described by the solid line over 5°-30°C. The open triangles
represent mean retrograde velocities in nerves incubated in taxol for 1 hour at
room temperature before cooling fo 16-20 hours. The mean retrograde velocity is

similar in both taxol-untreated and -treated nerves.
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5 DISCUSSION

5.0 Pain findings

In this work, the temperature dependence of the fast anterograde
transport of newly synthesized proteins and their carrier vesicles was studied in
axons from the sciatic nerve of Xenopus laevis. The objectives were to confirm the
presence of the reported discontinuity in the velocity-temperature relationship of
rapidly anterogradely-transported proteins, and then to test whether this
discontinuity was caused by either a loss of proteins to a non-transportable,
stationary phase or a loss of both organelles and their cargo of proteins. The
results show that an approximately exponential relationship exists between the
velocity of protein transport and temperature and that a sudden drop in this
relationship occurs at about 6.5°C. Below this low critical temperature, protein
transport ceases. These findings are in agreement with previous studies (Edstrom
and Hanson, 1973; Ochs and Smiti, 1975; Cosens et al, 1776, Brimijoin et al.,
1979) as shown in Figure 5.1A. However, the sudden drop <+ zround 4-10°C that
was observed in the results of Method 1 and previous studies was not observed
in the results of Method 2 (Figure 5.1B), a discrepancy which will be discussed
later. It was also shown that upon rewarming from all low tcinperatures, the
migration of most newly synthesized proteins resun:2s at about the same, or
slightly lower, velocity as befnre cooling and leaves behind a trail of proteins to a
stationary phase. These findings were also observed in previous studies
(Edstrom and Hanson, 1973; Brimijoin, 1975; Ochs and Smith, 1975; Cosens et
al., 1976; Hanson, 1978; Hanson, 1979; Snyder et al., 1990) and indicate that

newly synthesized proteins are izt entirely off-loaded to a non-transportable,

stationary phase.
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Figure 5. 1.

Comparison of protein transport rates observed in this work with those of
previous studies.

A: Anterograde protein transport rates from Method 1 analysis and previous
studies weie plotted on a logarithmic scale against temperature. Note that in all
studies the velocity of protein transport is exponentially related to temperature.
There is a sudden drop in this relationship at around 5-10°C (depending upon
the animal).

s DBH transport rate in rabbit taken from Cosens et al. (1976)
¢ Protein transport rate in bullfrog derived from Edstrom & Hanson (1973)
A Protein transport rate in cat taken from Ochs & Smith (1975)

® Protein transport rate in X. laevis

B: Anterograde protein transport vs. temperature. The solid blue squares and
exponential curve represent the protein transport rate derived from Method 1
analysis and its relationship to temperature. This shows that unlike the results
from Method 1 analysis and previous studies, a sudden drop did not occur in the
results of Method 2 (open circles) at the critical temperature of around 5-10°C.
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This work suggests that subresolution vesicles with small, circular images
(SC vesicles) are most likely the carriers of newly synthesized proteins despite
the difference in temporal and spatial scales of measuring protein and vesicle
transport velocities. The results show that the velocity of SC vesicle transport is
exponentially related to temperature over a range of 5-30°C and smoothly drops
below and above these temperatures. Over the range of 6.5-25°C, the velocily of
protein transport (Method 1) closely matches the mean velocity of SC vesicle
transport, suggesting that proteins are associated with their carrier vesicles.
However, the significant difference in this close protein-vesicle velocily-
temperature relationship is at about 6.5°C. The results of this work show that
below 6.5°C, the protein transport rate rapidly drops to zero while vesicles
continue to move to 0°C, indicating that the discontinuity, both reported and
confirmed here, is not ..--2d by a cessation of anterograde vesicle fransport at
6.5°C. This is supporied by the observation that there was no statistically
significant difference in the SC vesicle traffic below and above 6.5°C. If there was
a difference, it was less than 15%, indicating that the sudden drop in protein
transport rate is not due to a foss of carrier vesicles. Analysis of deposition rates
(Method 1) shows that the drop in protein transport at the low critical
temperature of 6.5°C coincides with an increase in the amount of protein off-
loaded by the migrating wave of radiolabelled proteins (Figure 5.2A). SC
vesicles, how aver, continue to move (Figure 5.2B). Thus, these results support
the second model that a loose association exists between newly synthesized
proteins and their carrier ﬁesicies such that arcund the critical temperature
newly synthesized proteins are lost from their moving carrier vesicles, and upon

rewarming reassociate with other moving vesicles.
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5.1 Protein transport

As stated in the account above, the approximately exponential
relationship between the velocity of protein transport and temperature is seen
both in the results of Method 1 and in previous studies (Edstrém and Hanson,
1973; Ochs and Smith, 1975; Cosens et al., 1976; Brimijoin et al., 1979). However,
in contrast to the reported 2% /mm (Edstrém and Hanson, 1973; Gross and
Beidler, 1975; Mufioz-Martinez, 1982; Snyder et al., 1990), the proportion of
radiolabelled proteins off-loaded to a stationary phase in this work was
4.8%/mm at room temperature. This proportion may represent proteins and
glycoproteins that are deposited to renew membrane components undergoing
turnover, while the remainder is destined for the nerve terminals. It is also
possible that the amount of protein off-loaded may depend upon the
physiological state of the axon (Snyder et al., 1990; Smith and Snyder, 1991).
Unlike the work conducted by Snyder and his colleagues (1990), the work here
involved nerves that were warmed, cooled, and rewarmed for a considerable
length of time. Some of the radiolabelled proteins may have been relocated and
redistributed after warm-uvp. This explanation may be supported by the fact that
in double-ligation studies, deposited radiolabelled material is capable of
undergoing further transport and relocation, resulting in an increase in the
amount of label deposited to the stationary phase between the two ligations
(Ochs, 1975).

The low critical temperature at which the velocity of protein transport
drops appears to be species-specific. This temperature ranges from 4°C in
mollusc (Heslop and Howes, 1972) to 10-13°C in bullfrog (Brimijoin et al., 1979),
cat (Ochs and Smith, 1975; Cosens et al., 1976), and rabbit (Brimijoin et al., 1979)
sciatic nerves. In Edstrém and Hanson's work (1973) on frog (R. temporaria) and

here in toad (X. laevis), the sudden drop occurs at about 6.5°C. Muficz-Martinez



(1982) suggested that the sudden drop in protein velocity at low temperatures is
related to an increase in the amount of material that is deposited from the rapidly
moving phase to a stationary phase. Indeed, the analysis of deposition rates
(Method 1) in this work appears to support such a suggestion. The amount of
radiciabelled material deposited by the pulse after rewarming was nonlinearly
related to temperature. Particularly, at the critical temperature when the velocity
of protein transport dropped, the amount of material deposited by the migrating
wave upon rewarming increased, reaching 7%/mm at 2°C. This implies that the
lower the temperature, the more protein is off-loaded to a stationary phase; this
off-loading is then observed as a reduction in the velocity of protein transport.
So, it appears that low temperatures reduce the velocity of protein transport and
this reduction may be associated with increased protein deposition, particularly
at the critical temperature. However, the question is in what form is this
deposition occurring? Are proteins lost from their carrier vesicles at this critical
temperature or are protein-vesicle complexes lost from the rapidly moving

phase?

5.2  Organelle transport

The temperature dependence of fast anterograde and retrograde
organelle transport was examined since they have not been compared previously
in the same axons. Two main groups of optically detectable organelles have been
identified previously: round or elliptical and rod-shaped (Cooper and Smith,
1974, Hammond and Smith, 1977, Allen et al., 1981; Brady et al,, 1982; Forman
et al., 1983; Forman et al., 1984). In this work, organelles were classified on the
basis of their direction of transport and their apparent size. With the exception of
large rod-shaped organelles, the finding that the transport velocities of most

organelles are exponentially related to temperature in both the anterograde and



retrograde directions is not entirely unexpected (See Section 1.1.2). In particular,
anterogradely-moving organelles moved faster than their retrogradely-moving
counterparts. These findings are in agreement with work done in extruded squid
axoplasm (Brady et al., 1982; Gilbert and Sloboda, 1984; Fahim et al., 1985; Vale
et al., 1985¢) and in bullfrog and toad sciatic nerve (Cooper and Smith, 1974;
Forman et al., 1977b; Smith and Snyder, 1991). This observation appears to be
reflected in the Qo and E, values (Table 4.2). Anterogradely-moving SC, LC, and
SR organelles, on the whole, had lower Q,, and E, values over 6.5-25°C than their
retrogradely-moving counterparts. The high E, values calculated for
retrogradely-moving organelles indicate that the process of retrograde transport
is more sensitive to temperature than anterogradely-moving organelles. Thus,
anterograde and retrograde transport motors can not only be identified
pharmacologically as chserved by Forman and his colleagues (1983) and Smith
and Forman (1988), but also on the basis of their temperature-dependent
properties.

The results of this work also show that in both directions, small
organelles move faster than large organelles, supporting the results of Forman et
al. (1977a) and Okabe and Hirokawa (1989). The difference in velocity between
small and large organelles may be explained by understanding the forces acting
on an organelle. A more detailed description is given by Smith (1991). Briefly,
the motion of an organelle is described by F. = bv, where F. is the chemical
driving force, v is the velocity of the organelle, and b is the viscous drag
coefficient. The viscous drag coefficient depends upon the geometry of the
organelle and the viscosity of the axoplasm. If F. remains constant, then to
compensate for the increase ir organelle size, the velocity of the organelle must
decrease. Hence, small vesicles move faster than large organelles at all

temperatures observed in this work.



In this work deviations in the exponential relationship were not observed
as reported by Forman ef al. (1977b) and Smith and Cooper (1981). These
investigators reported that above 36°C the transport of mainly retrogradely-
moving organelles ceased. Transport of microscopically visible anterogradely-
moving organelles ceased at 37.3°C (Smith and Cooper, 1981). The velocity of
organelle transport in either direction was not measured below 5°C. In contrast,
this work shows that vesicle transport continued to drop smoothly to 0°C or less,
and above 30°C the velocity of SC and LC vesicle transport reached a plateau.
The discrepancy between this work and previous findings may, in part, be
explained by the development of optical and digital processing techniques which
are now capable of detecting subresolution structures (Smith, 1989). Greater than
90% of anterogradely-moving organelles and 63% of retrogradely-moving
organelles consist of the small vesicles (50-100 nm in diameter) (Smith and
Snyder, 1991). This population of organelles may not have been detected by the
optical techniques used by Forman et al. (1977b) and Smith and Cooper (1981)
and thus may not have been reflected in their observed velocity-temperature
relationship.

It is reported that the speeds of rod-shaped organelles, assumed to be
mostly mitochondria (Kirkpatrick et al., 1972; Cooper and Smith, 1974), increase
at higher temperatures (Forman et al., 1977b), but the exact relationship between
the velocity of these organelles and temperature has not been extensively
studied. This work shows that the mean velocity of small, rod-shaped (SR)
organelles increased exponentially with temperature over a range of 10°-30°C in
both anterograde and retrograde directions, but LR (large, rod-shaped)
organelles follow this trend poorly. Nevertheless, rod-shaped organelles of
either size were not observed to move below 10°C, indicating that they are not

likely responsible for carrying newly synthesized proteins. Ochs (1983) has
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observed mitochondria to be more sensitive to changes in ATP level. It is
therefore possible that the cessation of SR and LR organelle transport at 10°C

(higher than other vesicles) may be due to the rate of ATP utilization.

5.3 Possible mechanisms of organelle and protein transport

The existing evidence and this work imply that under most conditions
newly synthesized proteins are carried by small, anterogradely-moving vesicles.
It then follows that the transport of these proteins and vesicles (as well as other
organelles) may be guided by similar driving mechanisms. Vesicle and protein
anterograde transport require microtubules and the microtubule-based, ATP-
driven transport motor, kinesin (Smith, 1971; Gilbert and Sloboda, 1984; Fahim
et al., 1985; Miller and Lasek, 1985; Smith, 1991). In that case, the relationship
between the velocity of vesicle and protein transport and temperature observed
from this work may have resulted from an alteration in microtubule structural
integrity and/or from the availability and utilization of ATP. The sudden drop
in protein transport at 6.5°C, however, would seem to suggest that an additional
factor is affecting the association between newly synthesized proteins and their
carrier vesicles.

Microtubule depolymerization induced by antimitotic drugs, such as
colchicine and vinblastine, reduces or inhibits organelle movement (Chang, 1972;
Hammond and Smith, 1977; Forman, 1982; Kendal et al., 1983; Smith and
Kendal, 1985) and protein transport (Edstrom and Mattsson, 1972; Heslop and
Howes, 1972; Hanson and Edstrom, 1977; Dahlstrom et al., 1982; Forman, 1982).
Lowering temperature also induces microtubule depolymerization (Gaskin et al.,
1975; Brimijoin et al., 1979; Alvarez and Fadic, 1992; Smith and Snyder, 1995),
especially at around 4°C, which completely depolymerizes cold-labile

microtubules, resulting in a reduction in both the length and number of
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microtubules (Sahenk and Brady, 1987). Since microtubule disassembly by
antimitotic drugs and low temperatures results in a shortening and then a loss of
intact microtubules, and microtubules are required to stimulate the action of the
ATP-driven motors and act as transport tracks, it may be inferred that the action
of the transport motors depends upon the length and number of microtubules
present. The results from the taxol experiments in this work indicate that the
number of microtubules does not affect the vesicle velocity. From this, it can be
inferred that the velocity of protein transport would also not be affected by the
number of microtubules. Furthermore, Brimijoin et al. (1979) noted no
correspondence between the relationship of protein transport and temperature
and ui microtubules and temperature. Nevertheless, the observation of sustained
organelle velocities below 4°C may be explained by the presence of cold-stable
microtubules which are known to exist in a small pool, but whose physiological
significance is not known (Black et al., 1984; Brady ¢t al., 1984; Sahenk and
Brady, 1987).

The reduced transport velocities may be due to the availability and
utilization of ATP. Organelle movement involves a two-step process: the
utilization of ATP and the conversion of chemical to mechanical energy.
Transport motors require ATP to allow the vesicle-motor complexes to associate
with microtubules; hydrolysis of ATP facilitates the energy required by the
motors to generate movement along microtubules (Adams, 1982; Lasek and
Brady, 1985; Miller and Lasek, 1985). Lasek and Brady (1985) demonstrated that
the non-hydrolyzable analogue of ATP, AMP-PNP, competes with ATP for the
critical ATP binding site of kinesin, thus preventing translocation, but not
binding to microtubules. A decline in ATP levels leads to a decline in organelle
movement (Adams, 1982, Forman et al., 1984; Smith and Forman, 1988). It is

possible that lowering temperatures would reduce the level of ATP and energy-
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rich creatine phosphate (~P) available for translocation. However, these levels
remain unchanged at low temperatures, even after a 64-hour cooling period
(Ochs, 1971; Ochs and Hollingsworth, 1971; Ochs and Smith, 1975).

Varying the experimental conditions to which the nerve was subjected
could explain the difference in behaviour of protein and vesicle transport below
6.5°C. Mean vesicle velocities were determined from nerves cooled for no longer
than 2 hours whereas protein transport rates were derived from nerves cooled
for about 14 hours. Could the temperature sensitivity of vesicle transport behave
similarly to that of protein transport after a 14-hour cooling interval? Nerves
were prepared according to the two methodological approaches, but then video
recorded to examine the effect of prolonged cooling on organelle velocities. Over
2-10°C no sudden drop in mean vesicle velocity was observed in either nerves
cooled for 2 hours or nerves cooled for 14 hours with or without being under the
press. Thus, it may be that the critical temperature of 6.5°C alters the association
between newly synihesized proteins and their carrier vesicles, as indicated by the
deposition rates, the vesicle numbers, and possibly the Q,, and E, values, but
does not alter temporarily deposited proteins in such a way that they cannot be
reassociated with other moving vesicles. Levine and Willard (1980) noted that
two polypeptides associate with two groups of organelles, but travel at different
velocities, indicating that interactions of these polypeptides with other
transported proteins in that group of organelles and/or with the lipid molecules
of the organelles themselves may imply different velocity rates. In their study of
the effects of leupeptin upon reversal of transport, Smith and Snyder (1991)
suggested that axonally transported proteins undergo an anterograde-to-
retrograde conversion via a protein phosphorylation/ dephosphorylation
process. So, it may be that the critical temperature, besides affecting the velocity

of protein and vesicle transport, also affects the interaction between the proteins
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and their carrier vesicles. Since the identity of many rapidly transported
polypeptides has not yet been determined, it would be very interesting to

investigate this possibility.

5.4 Difference in results obtained from Methods 1 and 2

The relationship between protein transport velocity and temperature was
approximately exponential in both the results from the two different
methodologies (Methods 1 and 2). The main difference, however, was the
sudden discontinuity at 6.5°C observed using Method 1 (Figure 5.3). Since these
results are in agreement with previous studies, the question was raised as to
what factors may have caused this internal discrepancy. The difference may
have involved a higher percentage of radiolabelled protein being deposited
during the cooling period in Method 1 than in Method 2, implying that perhaps
the nerves in Method 1 were exposed to cold temperatures more than those in
Method 2. However, no statistically significant difference in deposition rates at
6°C, 10°C, and 23°C was observed. Analysis of liquid scintillation counting,
however, did show that the rate of deposition was affected by the nerve exposure
time to low temperatures and by a 2-5°C cooling.

Temperature differences along the length of the nerve may account for
the observed discrepancies. In Method 2 experiments the nerves remained on
the MPC for a considerable length of time at a desired cooled temperature in
comparison to those in Method 1 experiments. Despite the recorded cooling
temperatures at the proximal and distal ends of the nerve, the temperature along
the length of the nerve may been have sufficiently "warm" to allow for continued
protein transport below 6°C. However, no statistically significant differences in
temperature were recorded.

It has been shown that the manner in which a receptor-ligand complex is
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Figure 5. 3. Semilog plot of anterograde protein and vesicle transport as a
function of temperature. The open squares and circles represent protein
transport rates observed in Methods 1 and 2, respectively. The solid circles and
line represent mean vesicle velocities and their relationship to temperature. The
velocity of protein transport closely matched the mean velocity of SC vesicles
over a range of 6.5-25°C. Below 6.5°C, however, the protein transport rate in
Method 1 rapidly dropped to zero while vesicle transport and the protein

transport rate in Method 2 continued to drop smoothly to 0°C.
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formed depends upon pH (Nilsson and Warren, 1994). For instance, early in the
endocytic and lysosomal pathways a low pH of 6.2 is required for the
dissociation and separation of a receptor-ligand complex. This dissociation and
separation could be prevented with an increase in pH (Griffiths and Simons,
1986; Parton and Dotti, 1993). In these experiments, a gaseous mixture of
argon/carbon dioxide was flushed through the detector. As mentioned, the
nerves in Method 2 experiments were in contact with the thin mylar of the MPC
for a considerable length of time. With the mylar being very thin, carbon dioxide
gas may have diffused into the physiological saline and the axoplasm of the
sciatic nerve itself, shifting the pH. Hence, it was thought that a pH shift in may
affect the charge of the newly synthesized proteins such that their ability to be
rapidly transported is optimized, even at low temperatures. Alternatively,
protein interaction with their carrier vesicles could be stabilized so that proteins
could continue to be transported at low temperatures. The pH of the saline
solution at the beginning and at the end of the experiment was recorded, but no
significant variation was noted. Thus, the carbon dioxide may have altered the
microenvironment of the nerve itself. It would be interesting to test whether
altering the pH of the saline to one or 2 pH units or changing the gas mixture
would affect protein transport. No statistically significant difference was noted
between mean organelle velocities of nerves cooled for 2 hours and those treated
similarly to those prepared for protein transport. This indicates that, unlike the
transport of vesicles, the transport of radiolabelled proteins was somehow
affected by the presence of the press and the MPC.

A series of experiments was performed to mimic both approaches
simultaneously. No migration or redistribution of radioactivity was seen in
nerves cooled in the absence of the MPC, but with the press and MPC present,

some movement of protein transport was seen in the pressed region of the nerve
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and not in the free mid-region. This suggested that the press alone was not
responsible for the reduced protein transport observed below 6.5°C in Method 2.
It must be assumed that the combined presence of the press and the MPC
affected the results seen in Method 2 by some unknown means. Nevertheless, as
already described, it is possible that the release of recently synthesized protein
from vesicles may be regulated by local cellular conditions (Ochs, 1971; Snyder
et al., 1990). If the results of Method 2 were not artifactual, then there must be
some component not yet determined, possibly pH-sensitive, that protects the
protein-vesicle association because similar velocities of protein and vesicle

transport are observed below the critical temperature.

5.5 General conclusion

This work provides evidence to support the second model, namely that a
loose association exists between newly synthesized proteins and their carrier
vesicles so that under certain circumstances these proteins may be lost from the
vesicles. In this work, to further understand this association, the temperature
dependence of both fast anterograde protein and vesicle transport was studied in
axons of the amphibian sciatic nerve.. The velocity of both protein (Method 1
analysis) and vesicle transport was exponentially related to temperature, but
below 6.5°C protein transport rapidly dropped to zero. Vesicle transport
continued to 0°C. This drop in protein transport appeared to be caused by an
increase in th:e off-loading of proteins from their rapidly moving phase to a
stationary phase. This is supported by the observation that no statistically
significant difference in vesicle traffic was observed above and below 6.5°C,
indicating that newly synthesized proteins must be lost from their carrier
vesicles. Upon rewarming from low temperatures, the fast anterograde transport

of proteins and vesicles resumed at about the same, or slightly lower, velocity as
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before cooling. In addition, the off-loading of a portion of radiolabelled proteins
from the migrating wave also resumed at the same rate as before cooling. These
findings suggest that in line with the second model, proteins are capable of
reassociating with other moving vesicles.

In addition, two experimental approaches, one of which was adopted to
verify the results of the first approach (Method 2), were used to examine the
temperature dependence of fast anterograde protein transport. The result that
the sudden drop observed in Method 1 and previous studies did not occur in
Method 2 led to the design of a series of experiments to mimic both approaches
simultaneously. Since temperature differences and solution pH could not
account for the observed discrepancy between the two experimental approaches,
it is possible that the MPC somehow permitted protein transport to continue to

2°C.
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