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With long axons1 and elaborate dendritic branching1,2 like boughs of a tree, Purkinje cells
of the cerebellum are distinguished by their idiosyncratic morphology3. As the sole output
neurons of the cerebellar cortex4,5, a region that regulates motor learning6 and coordination7-9,
Purkinje cells play a vital role in relaying information about movement. Since this information is
propagated by the axons of Purkinje cells10, axonal morphology is a crucial consideration in the
study of cerebellar development and disease.
In disorders such as ataxias11-13, essential tremor14,15, and other neurological conditions
like Parkinson’s disease16, swellings in Purkinje cell axons have been observed. As such, these
focal axonal swellings17—also termed “torpedoes”18—were thought to be a hallmark of
neurodegeneration13,19. However, torpedoes have also been identified in the developing
cerebellum19,20 and, in these cases, they are unlikely to coincide with elimination processes like
axonal pruning19. In fact, torpedoes could constitute a compensatory mechanism that responds to
neuronal firing gone awry. Findings in the Watt laboratory have shown that Purkinje cell axons
with torpedoes are significantly less likely to exhibit failures in action potential propagation
compared to Purkinje cell axons without torpedoes (Lang-Ouellette, unpublished). Indeed, this
observation has led our lab to propose that torpedoes may be acting homeostatically, enabling
Purkinje cells to improve in firing fidelity. Given this supposed homeostatic function, all
Purkinje cells should generate torpedoes to sustain optimal firing. Yet, torpedo formation only
occurs on select axons: in the developing mouse cerebellum, the proportion of Purkinje cells
with torpedoes peaks at 40% during postnatal day 1119. It is unclear why the remaining Purkinje
cells do not form torpedoes.
To probe potential mechanisms that contribute to torpedo formation, I undertook the
investigation of Purkinje cell axonal morphology. While the physiological changes due to
torpedo formation have been well described (Lang-Ouellette, unpublished), the physical changes,
including magnitude and rate of growth, are not fully understood. Since torpedoes are broadly
defined as marked swellings19,21, I sought to delineate the morphology and dynamics of torpedo
growth. We hypothesized that axons exploit existing matter for torpedo formation; ergo, axons
with segments of greater volume may be more likely to develop torpedoes. If there is a
morphological “signature” that could differentiate between torpedo-forming and non-torpedoforming Purkinje cells, we could harness this predictive power to understand if cerebella with
more torpedoes have a heightened resilience to movement-impairing diseases.
In order to visualize torpedoes, our lab employs an original protocol to model torpedo
development in mice. Live slices are procured from the cerebellar vermis of L7-tau-GFP mice
(male and female). This transgenic construct labels Purkinje cells with green fluorescent protein
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(GFP)22. To incite torpedo formation, a bath containing 10 nM of tetrodotoxin (TTX) is applied
to each slice. At this concentration, TTX blocks a fraction of all sodium channels in Purkinje
cells. This mimics failures in action potential propagation and subsequently triggers torpedo
formation (Lang-Ouellette, unpublished). By simultaneously applying this bath and imaging the
slices with two-photon microscopy, torpedo growth can be recorded at hourly intervals. With
these time-lapse images as a template, I manually designed axonal reconstructions in
Neurolucida, a tool for 3-dimensional modelling of histological samples23. Undertaking these
comprehensive morphological analyses allowed micron-level fluctuations in axon diameter and
volume to be recorded.
Imaging Purkinje cells at hourly intervals captured seemingly negligible changes in
axonal morphology. The magnitude of change distinguished torpedo-forming axons from nontorpedo-forming axons (i.e. “control axons”). As predicted, torpedoes do not form on all axons in
a given vicinity. Some axons do not change over time, maintaining a thin and uniform axon
diameter (Figure 1B, grey arrow). Meanwhile, some axons seem to be a “control axon,” but later
produce a swelling over three hours (Figure 1B, orange arrow). In contrast, other swellings are
fully formed prior to imaging, and could be dubbed, “static torpedoes,” which do not grow over
time (Figure 1B, white arrow). Quantifying diameter changes led to a more nuanced
understanding of the magnitude of growth. While control axons have an axon diameter of 0.5 to
1.5 µm, torpedo-forming axons can swell beyond 4 µm, and also have a wider range of
fluctuation.
Upon inspection of all torpedo-forming axons, there seemed to be subsets with
differential magnitudes of change. For instance, as characterized in Figure 1B, some axons look
like a “control axon” at Hour 0, but develop a swelling by Hour 3. Such axons could be
considered to have “newly formed torpedoes” (Figure 1C). On the other hand, other torpedoes
can maintain the same diameter over time—“static torpedoes”—or continue to increase in
diameter—“dynamic torpedoes” (Figure 1C). Although these categories are artificially derived
from morphological analyses, they can inform our understanding of the specificity of torpedo
formation. Ultimately, illustrating torpedo dynamics has uncovered potential points in the “life
cycle” of axonal swellings.
To better understand why some axons displayed a newly formed torpedo (i.e. “swelling”)
while others did not, volumetric changes were investigated. We predicted that initial volume in
axons with swellings would be greater than control axons; however, the results proved to be
contrary. At Hour 0, there are no significant differences in the volume of an axon segment that
will form a torpedo versus one that will not (Figure 1D). Yet, over time, axons with swellings
greatly increase in volume. This unprecedented finding suggests that, even with precise
volumetric analyses, it is not possible to predict if an axon will develop a torpedo.
Future experimentation will involve probing the mechanisms that cause volumetric
increases during torpedo formation. To shed light on sub-cellular structures that may contribute
to swelling, electron microscopy will be used to image of the internal milieu of torpedoes. By
2! of !7

seeking richer descriptions of torpedoes’ morphology and dynamics, we can harness their
association with improved firing fidelity to understand developmental and pathological states of
the cerebellum.
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Figure 1. Axonal reconstructions based on time-lapse images acquired with two-photon
microscopy enable the modelling of differential changes in Purkinje cell morphology.
(A) Schematic diagram depicting the induction and imaging of torpedo growth. A 10 nM bath of
tetrodotoxin (TTX) is sufficient to block a proportion of sodium channels in Purkinje cells. This
disrupts action potential propagation and leads to torpedo formation, which can be imaged with
two-photon microscopy at hourly intervals. The image stacks serve as templates for axonal
reconstructions. (B) (Top) Representative images of lobule III of the cerebellar vermis of L7-tauGFP mice. Scale bar = 10 µm. Each image is a maximal intensity projection with a depth of 20
µm. Points of interest are indicated by arrows: orange arrow highlights an axon that appears
relatively thin at Hour 0 but later produces a torpedo; grey arrow indicates a “control axon” with
a diameter that remains stable over time; white arrow points to a torpedo that has already formed
a torpedo by the time of imaging and also serves as a control. (Bottom left) Precise fluctuations
in axon diameter over time, corresponding to orange arrow. (Bottom right) Precise fluctuations
in axon diameter over time, corresponding to grey arrow. (C) (Top) Comparing slices imaged at a
certain time point (i.e. Hour 0) with the final time point (i.e. Hour 3) reveals differential changes
in maximum axon diameter. Based on the fold change in maximum axon diameter, Purkinje cell
axons can be clustered into one of four broad categories. (Bottom left) Control axon: n = 12;
Newly formed torpedo: n = 12. *** signifies p = 0.00031. (Bottom right) Static torpedo: n = 12;
Dynamic torpedo: n = 10. *** signifies p = 0.000191347. Statistics were conducted with an
unequal variance t-test. (D) (Top) Axonal reconstructions capture changes in volume over time.
20 µm segments were taken from control axons and axons with newly formed torpedoes (i.e.
“swellings”). The segments’ midpoint were aligned to the position at the maximum axon
diameter. (Bottom) Comparing absolute volume of control axons and axons with swellings does
not demonstrate a significant difference at Hour 0. By Hour 3, axons with swellings have a
significantly greater volume than control axons. Control and swelling groups: n = 8 axons from 4
mice. ** signifies p = 0.02414535. Statistics were conducted with an unequal variance t-test.
Error bars: standard error of mean.
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