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The Axonal Glycolytic Pathway Contributes to Sensory Axon
Extension and Growth Cone Dynamics
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Understanding the bioenergetics of axon extension and maintenance has wide ranging implications for neurodevelopment
and disease states. Glycolysis is a pathway consisting of 10 enzymes and separated into preparatory and payoff phases, the
latter producing ATP. Using embryonic chicken sensory neurons, we report that glycolytic enzymes are found through the
axon and the growth cone. Pharmacological inhibition of glycolysis in the presence of NGF impairs axon extension and
growth cone dynamics within minutes without affecting axon maintenance. Experiments using microfluidic chambers show
that the effect of inhibiting glycolysis on axon extension is local along distal axons and can be reversed by promoting mito-
chondrial respiration. Knockdown of GAPDH simplifies growth cone morphology and is rescued by shRNA-resistant GAPDH
expression. Rescue of GAPDH using KillerRed fused to GAPDH followed by localized chromophore-assisted light inactivation
of KillerRed-GAPDH in distal axons halts growth cone dynamics. Considering filament polymerization requires ATP, inhibi-
tion of glycolysis results in a paradoxical increase in axonal actin filament levels. The effect on actin filaments is because of
enzymes before GAPDH, the first enzyme in the payoff phase. In the absence of NGF, inhibition of glycolysis along distal
axons results in axon degeneration independent of cell death. These data indicate that the glycolytic pathway is operative in
distal axons and contributes to the rate of axon extension and growth cone dynamics in the presence of NGF and that, in the
absence of NGF, the axonal glycolytic pathway is required for axon maintenance.
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Significance Statement

Elucidation of the sources of ATP required for axon extension and maintenance has implications for understanding the mech-
anism of neuronal development and diseases of the nervous system. While recent work has emphasized the importance of mi-
tochondrial oxidative phosphorylation, the role of the glycolytic pathway in axon morphogenesis and maintenance remains
minimally understood. The data reveal that the glycolytic pathway is required for normal sensory axon extension in the pres-
ence of NGF, while in the absence of NGF the glycolytic pathway is required for axon maintenance. The results have implica-
tions for the understanding of the bioenergetics of axon morphogenesis and plasticity and indicate that NGF has protective
effects on sensory axon maintenance in hypoglycemic states.

Introduction
Oxygen and glucose are used to generate ATP to power nervous
system function, and the nervous system utilizes a large propor-
tion of blood oxygen and glucose (Mergenthaler et al., 2013).
Electrically active and morphologically complex cells, such as

neurons, require large amounts of ATP formaintenance of their
physiology. Maintenance of membrane potential, long distance
axonal transport, synaptic function, and cytoskeletal remodeling
underlying aspects of neuronal plasticity are all processes requir-
ing ATP utilization (Bordone et al., 2019). Thus, understanding
the contributions of ATP-generating systems in neurons is of
fundamental importance to understanding neuronal function.

The extension of axons is an energetically expensive process.
The growth cone is the site of axon extension, and it is character-
ized by a complex morphology wholly dependent on the actin fil-
aments that underlie filopodia and lamellipodia formation and
dynamics (Dent and Gertler, 2003). Actin is an ATPase and
must be loaded with ATP to polymerize and subsequently hydro-
lyzes the ATP once incorporated into a filament. Under condi-
tions of suppressed oxidative phosphorylation and glycolysis
actin turnover in developing neurons consumes ;50% of the
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available ATP (Bernstein and Bamburg, 2003), indicating that
actin filament turnover is a major bioenergetic drain. As growth
cones contain the highest density of dynamic actin filaments in
the developing neuron, they represent a subcellular domain of
high ATP consumption. Microtubule-based axonal transport
of organelles and proteins represents an additional component
of axon extension that consumes ATP, although its bioenergetic
drain has not been assessed.

Oxidative phosphorylation in the mitochondrion and glycoly-
sis are the two main sources of ATP generation. Recent investi-
gations have revealed a requirement for mitochondria and
oxidative phosphorylation in developmental and regenerative
axon extension (for review, see Sheng, 2017; Smith and Gallo,
2018; Han et al., 2020). Some extracellular signals that promote
extension and growth cone elaboration (e.g., neurotrophins)
promote mitochondrial respiration and fission (Verburg and
Hollenbeck, 2008; Markham et al., 2012; Su et al., 2014; Armijo-
Weingart et al., 2019), while signals that inhibit extension or
axon branching can decrease respiration and the targeting of mi-
tochondria to growth cones (Pacelli et al., 2015; Sainath et al.,
2017a,b). Roles for both oxidative phosphorylation and glycolysis
have been described in synaptic function in established neuronal
networks (for review, see Ashrafi and Ryan, 2017), and accumu-
lation of glycolytic enzymes at synaptic sites has been reported in
the context of energy stress (Jang et al., 2016). Prior work indi-
cates that glycolysis is an important contributor to ATP levels in
embryonic PNS and CNS neurons (for review, see Gallo, 2020).
In cortical and retinal neurons, ATP production shifts from
being largely dependent on glycolysis in embryonic neurons to
depending more on oxidative phosphorylation in postnatal neu-
rons (Steketee et al., 2012; Surin et al., 2013). Glycolytic enzymes
are associated with fast axonal transport vesicles, and the payoff
phase of glycolysis provides the ATP required for the transport
of the vesicles, but not mitochondria motility, which instead
depends on oxidative phosphorylation in embryonic CNS and
PNS neurons (Spillane et al., 2013; Zala et al., 2013;
Hinckelmann et al., 2016). Inhibition of glycolysis using 2-deox-
yglucose treatment starting at the time of culturing prevents cort-
ical neurons from differentiating an axon from minor processes
(Agostini et al., 2016). However, whether glycolysis contributes
to axon extension and growth cone dynamics, or to neuron via-
bility and axon maintenance in embryonic neurons, has not been
thoroughly explored. Herein we present evidence that the glyco-
lytic pathway is operative in the distal axons of embryonic sen-
sory neurons and locally contributes to axon extension and
growth cone dynamics. The results also unveil that NGF has pro-
tective effects and prevents axons from degenerating when gly-
colysis is inhibited.

Materials and Methods
Explant and dissociated neuron culturing and reagents. Embryonic

day 7 chicken embryos were used throughout. Detailed protocols for the
generation of DRG explants and dissociated sensory neurons and sub-
strata are provided in Lelkes et al. (2005) and were used accordingly.
Culturing was performed on coverslips coated with polylysine (Sigma
Millipore, #P-9011) and then laminin (25mg/ml: Invitrogen, #23017-
015). Microfluidic chambers were prepared and used as previously
described (Sainath et al., 2017b; Armijo-Weingart et al., 2019). Unless
otherwise noted, medium was supplemented with 20ng/ml nerve
growth factor (R&D Systems, #256-GF-100). For these experiments,
control DMEM lacking glucose (Invitrogen, #11966025) was used and
supplemented with 10 mM D-glucose (Sigma Millipore, #G7021), 10 mM

HEPES (Fisher BioReagents, #BP299-100), 1% PSF (penicillin-strepto-
mycin mixture; Thermo Fisher Scientific, #BW17745E), and 1 mM

NaPyruvate (Invitrogen, #11360-070). Glycolysis inhibition medium
(GIM) was made using the same formulation but replacing D-glucose
with 10 mM 2-deoxyglucose (Sigma Millipore, #D8375). Antimycin-A
(AA) and heptelidic acid were obtained from Sigma Millipore (#A8674)
and Santa Cruz Biotechnology (#391051A), respectively. Acetyl-L-carni-
tine (ALC) was obtained from SigmaMillipore (#A6706).

Microscopy. Neurons were imaged using a Carl Zeiss 200 M micro-
scope equipped with an Orca-ER camera (Hamamatsu) in series with a
PC workstation running Carl Zeiss Axiovision software for image acqui-
sition and analysis. Cultures were placed on a heated microscope stage
(Carl Zeiss temperable insert P with objective heater) for 10min at a
constant 39°C before and during imaging. Imaging was performed using
a Carl Zeiss Pan-Neofluar 100� and 20� objectives. For quantification
of fluorescence intensity, 2� 2 camera binning was used to obtain
images. Phase-contrast time-lapse imaging was performed at 20� to
measure axon extension rates and 100� to analyze growth cone dynam-
ics. Time-lapse imaging of GFP and PercevalHR (Tantama et al., 2013)
were performed at 100� using 2� 2 binning and minimal light.

Immunocytochemistry, quantification of staining intensity, and axon
and cellular metrics. Actin filaments were detected using rhodamine-
phalloidin (Invitrogen, #R415) or Alexa-488-phalloidin (Invitrogen,
#A12379). Tubulin was detected using anti-a-tubulin directly conjugated
to Alexa-488 (DM1A; Sigma Millipore, #16-232), respectively. For actin
filament and tubulin staining, cultures were fixed for 15min using 0.5%
glutaraldehyde and stained as previously described (Spillane et al., 2012,
2013). The following primary antibodies to glycolytic enzymes were
used: anti-GAPDH (1:100; Thermo Fisher Scientific, #MA5-15738),
anti-PKM1/2 (1:150; Cell Signaling Technology, #3190), anti-
Enolase-1 (1:150; Cell Signaling Technology, #3810), anti-TPI1
(1:150; Bethyl Laboratories, #A303-755A-T), and anti-ALDOA
(1:100; Bethyl Laboratories, #A304-494A-T). Secondary antibodies used
were as follows: goat anti-rabbit TRITC (1:200; Sigma Millipore, #T6778)
and goat anti-mouse TRITC (1:400; Sigma Millipore, #T5393). For stain-
ing of glycolytic enzymes, cultures were fixed with a final concentration of
4% PFA (EMS, #15710) and 5% sucrose (Thermo Fisher Scientific, #S5-
500) for 15min. Blocking was performed before each primary antibody
application for 30min using PBS supplemented with 10% goat serum
(Sigma Millipore, #G9023) and 0.1% Triton X-100 (Sigma Millipore
#9002-93-1) (GST). All antibodies were applied using GST. Omission of
primary antibodies resulted in no staining along axons. All antibodies to
glycolytic enzymes were determined to label a single band of the expected
molecular weight byWestern bot analysis.

Quantification of staining intensity along axons was performed as in
our prior work (Spillane et al., 2012, 2013). Briefly, all samples were
processed in parallel from the time of culturing through the fixation and
staining protocols, and images for all groups within an experiment were
acquired at 100� during the same microscopy section. Image acquisition
parameters were set to prevent pixels from being outside the dynamic
range of intensity. The total integrated staining intensity over a fixed
length of axon was the main metric to address net levels of proteins/actin
filaments in distal axons. Measurements of axons excluded the growth
cone, defined as starting at the point when the axon shafts splays to give
rise to the “neck” of the growth cones and central domain, or if the
growth cone was not splayed out as the distal 10 mm of the axon shaft
(excluding filopodia lengths).

Samples labeled for tubulin and actin filaments were also used to
obtain measurements of average axon length from explants as described
by Sainath and Gallo (2015). Scholl analysis was performed by counting
axon profiles intersecting lines at 100 mm intervals starting at 100 mm
from the base of explants, as in Silver et al. (2014).

Determination of the number of neurons in dissociated ganglion cul-
tures was performed using anti-neuron-specific b -III tubulin antibodies
(Biolegend, #801213; 1:100, using same fixation protocol as for glycolytic
antibodies) counterstained with phalloidin. The morphology of neuronal
cell bodies was also qualitatively assessed at 100� using phase contrast
and the staining to determine whether signs of cell death might be evi-
dent (e.g., membrane blebbing, nuclear disruption).

GAPDH, PercevalHR, shRNA expression vectors, and transfection.
The PercevalHR expression plasmid was obtained from Addgene
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(#49083) (Tantama et al., 2013). The vectors expressing the human
sequence of GAPDH open reading frame (ORF) (pET30-2-GAPDH,
Addgene #83910) was used as PCR templates to generate the cDNAs of
GAPDH (GenBank accession no. NM_002046.5). The primers were
engineered to include EcoRI and BamHI restriction sites in the cDNA
product (full ORF, nt 1-1005). The PCR conditions were as follows: 95°
C for 1min, 58°C for 1min, and 72°C for 1min for 35 cycles with a final
72°C extension for 10min. The digested PCR product was subcloned
into pKillerRed-N vector (Evrogen, #FP962) to generate the construct
encoding an in frame KillerRed (KR) protein fused to the C-terminus of
GAPDH (pGAPDH-KR). The vector cortactin-RFP (Spillane et al.,
2012) was used to replace the cortactin sequence by the GAPDH PCR
product by EcoRI/BamHI restriction, generating the vector pGAPDH-
RFP.

Three previously reported shRNA sequences targeting chicken
GAPDH were used to generate expression vectors (Billings et al., 2010).
shRNA sequences were expressed based on pSuper.puro (VEC-PBS-
0007/0008, OligoEngine) with modifications. GFP sequence was sub-
cloned PstI/NheI on the plasmid pSuper.puro generating the vector
pSuper.GFP (Pacheco et al., 2020). The GAPDH silencing plasmids
(pSUPERshRNA-GAPDH-GFP) were generated according to the manu-
facturer’s instructions (OligoEngine). The control shRNA-nontarget
(target sequence GCGCGATAGCGCTAATAAT) used was as in
Pacheco et al. (2020). Each of the three shRNA sequences from Billings
et al. (2010) were expressed for 48 h in dissociated neurons before fixa-
tion and quantification of the intensity of GAPDH levels detected
through immunocytochemistry as shown in Figure 5A. Based on the effi-
cacy of knockdown, we selected for further work the target chicken
sequence GAAACTGATCTGTTTGTGTACC (nt 1233-1254, GenBank
accession no. NM_204305), which yielded a 72% decrease in GAPDH
median staining intensity in distal axons relative to expression of the
nontarget sequence control (n=38 and n=37 neurons, respectively;
p= 0.0006, Mann–Whitney test) without affecting the area of the distal
50 mm of axons being measured (p= 0.32, Welch t test). The shRNA
sequence to chicken GAPDH used in the rest of the studies targets a
sequence in the 39UTR of the mRNA. The rescue vectors using the
human GAPDH ORF do not contain the 39UTR and as thus resistant to
the shRNAs (see Fig. 5D).

Transfection was performed as previously described (Armijo-
Weingart et al., 2019). For transfection of plasmids into neurons, 40
chicken DRGs were dissociated and suspended in 100 ml nucleofec-
tor solution (Lonza Walkersville, #VPG-1002) through gentle tritu-
ration. The neuron suspension was transferred to a nucleofector
cuvette containing 10mg of plasmid DNA, and electroporated using
an Amaxa Nucleofector (program G-13; Lonza Walkersville). The
electroporated solution was then immediately transferred to a tube
containing culturing media as described above before plating.

GAPDH rescue followed by chromophore-assisted light inactivation
(CALI) of KR. CALI of KR was performed using the microscopy setup
and illumination previously described for ablation of KR targeted to mi-
tochondria (Spillane et al., 2013). Based on the expression levels of
GAPDH-KR, a 25 s illumination bleached the KR signal by .95% and
25 s illumination was thus used throughout. For the CALI of KR-
GAPDH and RFP-GAPDH (see Fig. 5H-K), similar lengths of distal
axon were illuminated (54.86 2.1 and 55.76 2.5mm, respectively, mean
6 SEM and n= 13 for each group; p = 0.78, Welch t test). The number
of growth cone filopodia also did not differ between the two groups
before illumination (8.56 0.9 and 106 1.2, respectively, mean 6
SEM; p = 0.33, Welch t test).

Experimental design and statistical analysis. All data were analyzed
using Instat software (GraphPad Software). Determination of the nor-
malcy of datasets was performed using the Kolmogorov–Smirnov test.
Normal datasets were analyzed using the Welch t test for independent
groups or the paired t test for before-after treatment experimental
designs. If non-normal datasets were present, then nonparametric analy-
sis was used (Mann–Whitney test). For multiple comparison tests within
experimental designs, parametric Bonferroni or nonparametric Dunn’s
post hoc tests were used according to the normalcy of the datasets. For
datasets representing categorical data falling into bins, the Fisher’s exact

test was used on the raw categorical data, although the data are expressed
as percentages for visual presentation. One- or two-tailed p values are
reported based on whether the hypothesis predicted the directionality of
the expected difference in mean or median, respectively. Graphs were
generated using Prism (GraphPad Software). Sample sizes and qualita-
tive statistical presentation are denoted in figure legends or figures.

For experiments involving live imaging and pre-/post-treatment ex-
perimental design wherein the readout comes from a single subject/
growth cone tracked over time each datum comes from a single culture.
In this type of design, for any day of imaging, we sampled equally across
the multiple groups in the experimental design, usually yielding 4-10
data points per day. Thus, the data are ultimately representative of multi-
ple cultures in each group equal to the number of data points shown and
over multiple separate sets of cultures derived from an equivalent num-
ber of embryos.

For experiments involving the quantification of growth cones sub-
jected to shRNA, rescue or overexpression, population-based analysis
was performed across growth cones sampled from multiple cultures
derived from multiple embryos and rounds of culturing and transfec-
tion. In our transfection and culturing system, we obtain ;5 to at most
15 growth cones that are transfected and fit criteria for sampling per
transfection, each transfection representing by technical necessity cells
pooled from 2 or 3 embryos generating ;6 coverslips. In order to be
sampled for morphometric analysis, growth cones cannot be contacting
any other cells or be fasciculated.

For experiments collecting categorical datasets on proportions of
axon degenerating, axons were sampled from a minimum of three repli-
cate cultures per experimental condition. The data were then pooled
into one population and analyzed using the Fisher’s exact test. Only dis-
tal axons that were not contacting other axons or cells were counted in
the analysis.

Results
Sensory axon growth cones contain glycolytic enzymes
Glycolysis is considered of consisting of two main phases: the
preparatory and the payoff phases. In the preparatory phase,
ATP is used to convert glucose into triose sugars. The payoff
phase, starting with GAPDH, uses the triose sugars derived from
the preparatory phase and results in the net gain of ATP.
Immunocytochemistry to detect 5 of the 10 glycolytic enzymes
representative of the preparatory and payoff phases of glycolysis
revealed that enzymes are present in growth cones (Fig. 1A,A9)
as well as throughout the axon. All enzymes exhibited a mostly
punctate distribution, consistent with their reported targeting to
membranous vesicles (Zala et al., 2013; Hinckelmann et al.,
2016) and localized to the central domain and lamellipodia.
Although for all the enzymes analyzed the signal was predomi-
nantly punctate, some domains of more diffuse signal could also
be detected within the central and peripheral domains. The tar-
geting of enzymes within filopodia at growth cones varied
between enzymes (Fig. 1A,B). These observations indicate that
the glycolytic apparatus is present in growth cones and distal
axons, and that at least one of the ATP-generating enzymes
(PKM) targets to both the central and peripheral domains of the
growth cone. GAPDH binds actin filaments (for review, see
DeWane et al., 2021); and consistently, we found a positive cor-
relation between the mean intensity of actin filaments in growth
cone filopodia and the mean intensity of GAPDH staining (Fig.
1C), indicating it may be recruited to regions of high filament
content.

Acute inhibition of glycolysis rapidly halts axon extension
and growth cone dynamics
To rapidly inhibit glycolysis, we exchanged the culturing me-
dium with medium containing no glucose and the glycolysis
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inhibitor 2-deoxyglucose, which is hereafter referred to as GIM.
2-Deoxyglucose is phosphorylated by the first kinase in the pre-
paratory phase (hexokinase), and its product cannot be further
metabolized by phosphoglucoisomerase (second step in the pre-
paratory phase). GIM and control medium were both supple-
mented with pyruvate to prevent impairment of oxidative
phosphorylation downstream of glycolysis inhibition. Unless oth-
erwise stated, all experiments were performed in the presence of
NGF. Imaging the ATP/ADP ratio in the growth cones of
PercevalHR-expressing neurons showed that both GIM and treat-
ment with the oxidative phosphorylation inhibitor AA rapidly
decrease the ATP/ADP ratio (Fig. 2A,B). The initial effects of GIM

and AA were additive (Fig. 2A), consistent with oxidative phos-
phorylation not being impaired by GIM treatment. Exchange of
control medium with GIM resulted in the cessation of growth
cone dynamics within minutes (Fig. 2C–F) and halted axon exten-
sion (Fig. 2G). By 5min of treatment with GIM, protrusive activity
ceased and the growth cone area decreased as the edges contracted
(Fig. 2C,D). Filopodia were not initially retracted but rather stabi-
lized in place. As the edges of growth cones or filopodia under-
went contraction they often generated retraction fibers (Fig. 2C,
arrowheads labeled RF at 60-180 s), indicating that substratum
attachment points within filopodia and lamellipodia were main-
tained as the rest of the structure contracted or dislocated. A

Figure 1. Axons and growth cones contain glycolytic enzymes. A, Both preparatory (aldolase [ALDO] and triosephosphate isomerase [TPI1]) and payoff (GAPDH, enolase [ENO], and the ATP-
generating pyruvate kinase [PKM]) enzymes targeted to the central and peripheral domains of growth cones (A9). B, Percentage of growth cone domains containing glycolytic enzymes. n =
total number of growth cones sampled, shown in bars for C-domain. n shown in other categories reflects the number of growth cones with lamellipodia, a subset of the total, and the total
number of filopodia sampled at growth cones. C, Correlation analysis of the mean intensity of actin filaments in growth cone filopodia and the mean intensity of GAPDH staining (r= 0.79,
95% CI 0.71-0.85; n= 111 filopodia from 13 growth cones).
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Figure 2. Glycolysis is required for growth cone dynamics. A, Ratiometric ATP/ADP measurements in growth cones. Treatment with either GIM and AA rapidly decreases the ATP/ADP ratio
(p values color-coded for GIM [red] and AA [green] relative to control treatment, and GIM1AA relative to GIM or AA [purple]). n = growth cones. Bonferroni multiple comparison tests between
groups within time point. B, Examples of ATP/ADP ratio before and after GIM treatment. C, Example of the response of growth cones to GIM. In pretreatment period (top row of panels), exam-
ples of filopodial retraction (FR) and extension (FE) are shown. Post-GIM examples of retraction fibers (RF) representing no change in the position of the stabilized filopodium are denoted at
60-180 s after treatment. At 660 s, the original outline of the growth cone is shown in yellow. D-F, Repeated-measures ANOVA for control. Dunn’s multiple comparison tests between each
time point and Pre for GIM treatment. Each symbol represents a growth cone. D, Growth cone area as a function of GIM treatment. E, Percentage of dynamic filopodia (i.e., filopodia that exhib-
ited extension and/or retraction of their tips). F, Number of new filopodia formed/5 min. G, Axon extension or retraction (negative values) during a 45min period after control (black) or GIM
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general contraction of the growth cone was apparent and between
10 and 55min of GIM treatment, and 38% of axon tips underwent
transient retraction as their growth cones became simplified losing
lamellipodia and filopodia (Fig. 2G). The effects of a 10 or 60min
treatment with GIM on axon extension rate were partially reversed
with 55min of exchanging GIM with control medium, although
statistically different (Fig. 2G). Treatment with a heptelidic/konin-
gic acid, a GAPDH inhibitor (Endo et al., 1985; Sakai et al., 1988;
Kato et al., 1992; Kumagai et al., 2008), for 1 h decreased growth
cone area and the number of filopodia (Fig. 2H–J), indicating the
effects of inhibition of glycolysis on growth cones are downstream
of GAPDH. Similar to GIM treatment, axon extension was stalled
after acute treatment with heptelidic acid and 21% of axons under-
went retraction (Fig. 2K).

Chronic inhibition of glycolysis reversibly halts axons
extension in the absence of axon degeneration
Continuous treatment with GIM for 24 h, starting at 24 h of
culturing, resulted in the persistent stalling of axon extension
without further axon retraction or degeneration (Fig. 3A) as evi-
denced by the maintenance of a normal microtubule array, axo-
nal morphology, the absence of axonal beading, and unaffected
density of axons emanating from explants (Fig. 3A; also see Fig.
6C) and no change in the area of distal axons or tubulin content
(Fig. 3B,C). The density of mitochondria in distal axons (mito-
chondria/unit length of axon; assayed as in Armijo-Weingart et
al., 2019) was also not affected by GIM treatment (p=0.52,
Mann–Whitney test, n= 42 and n= 47 axons for control and
GIM). The stalling of axons in GIM treatment conditions was
verified using phase-contrast live imaging to measure extension
rates. Axon tips exhibited minimal to no extension or retraction
after 24 h of GIM treatment (Fig. 3D, leftmost dataset) and up to
48 h of GIM treatment (Fig. 3D, rightmost data set, and Fig. 3E)
starting at 24 h after culturing as shown in Figure 3A. Consistent
with prior work using rat embryonic sensory neurons (Press and
Milbrandt, 2008), inhibition of glycolysis did not adversely
impact the survival of dissociated neurons, even when starting at
the beginning of culturing (Fig. 3F), although it prevented axon
extension. Using the experimental design shown in Figure 3A, a
24 h treatment with heptelidic acid starting at 24 h of culturing
similarly stalled axon extension without any signs of axon degen-
eration (Fig. 3G).

Exchange of GIM with control medium after an initial 24 h
GIM treatment (as in Fig. 3A reflective of 24-48 h of culturing)
resulted in restoration of the rate axon extension by 12 h (Fig.
3D,E). The delayed recovery of the rate axon extension after pro-
longed GIM treatment and the reported dependency of glycolytic
enzymes on glycolysis for their transport along axons (Zala et al.,
2013; Hinckelmann et al., 2016) led us to consider whether there
may be alterations in the levels of glycolytic enzymes in axons

after prolonged inhibition of glycolysis. Although not adversely
impacting axonal structure (Fig. 3A–C), the initial 24-48 h treat-
ment with GIM resulted in a decrease in the levels of GAPDH
and TPI1, but not enolase, in distal axons (Fig. 3H,I). The levels
of GAPDH and TPI1 in distal axons increased as a function of
time after replacing GIM with control medium (Fig. 3I–K). The
delayed time course of the recovery of axon extension after GIM
treatment (Fig. 3D) exhibited a similar time course to the restora-
tion of the relative levels of GAPDH and TPI1 in axons (Fig. 3L).
These data indicate that the delayed resumption of axon exten-
sion after returning axons to normal glucose-containing medium
is because of the relative paucity of at least two required enzymes
in the glycolytic pathway (GAPDH and TPI1) after the initial 24
h treatment with GIM.

Local inhibition of glycolysis inhibits axon extension and
simplifies growth cones
Microfluidic chambers were used to locally expose distal axons
and growth cones to GIM. Neuronal cell bodies were located in
the cell body compartment, and axons grew through micro-
grooves until reaching the entry point into the distal chamber
(Fig. 4A) as in our prior work (Sainath et al., 2017b). The length
of axon extension into the distal chamber was measured from
the entry point into the distal chamber as axons exited the
grooves. Axons exhibited a 52% decrease in length when chal-
lenged with extension into the distal chamber containing GIM
and NGF compared with control medium and NGF (Fig. 4A,B).
In the absence of NGF, GIM largely blocked the entry of axons
into the distal chamber (Fig. 4A). In the absence of NGF, 81%
(n= 156) of grooves containing axons exhibited axons that
entered the distal chamber in control medium in contrast to 25%
(n= 100) of grooves when GIM was present in the distal chamber
(p, 0.001, Fisher’s exact test) and the few axons extended ,100
mm. The surface area of the growth cones of axons that extended
into the GIM- and NGF-containing chamber was decreased rela-
tive to that in control medium and NGF chambers (Fig. 4C,D).
Allowing axons to enter the distal chamber in the presence of
control medium and NGF and then exchanging the medium
with GIM and NGF for 30min decreased the surface area of
growth cones and filopodia number relative to exchange with
control medium and NGF (Fig. 4E,F).

To determine whether the lower extension observed in GIM
containing distal chambers relied on mitochondria respiration
AA, an inhibitor of oxidative phosphorylation, was added to the
GIM. The percentage of grooves in microfluidic chambers that
contained axons that had arrived at the exit of the groove into
the axonal compartment and extended beyond the exit point was
94% (n= 243) and 0% (n= 93) for GIM and GIM1AA cham-
bers, respectively (p, 0.0001, Fisher’s exact test). We have previ-
ously determined that inclusion of AA in the distal chamber
blocks extension into the chamber in control medium with NGF
(Sainath et al., 2017b) and consistently AA blocked entry into
GIM and NGF containing distal chambers indicating the
remaining axon extension in GIM is dependent on mitochondria
respiration. Axons that entered the distal chamber in the pres-
ence of GIM did not differ in their density of mitochondria rela-
tive to those in control medium (assessed as in Armijo-Weingart
et al., 2019) relative to controls (p= 0.425, Mann–Whitney test,
n= 49 and n=63 axons for control and GIM conditions, respec-
tively). To address whether increasing mitochondrial respiration
could impact the inhibitory effects of GIM, we considered the
effects of including ALC, which promotes mitochondrial bioen-
ergetic function and ATP generation (Rosca et al., 2009; Onofrj

/

(red) treatment. Extension/retraction during a 45 min period after an initial 10 (green) or
60min (purple) treatment with GIM followed by return to control medium. Each symbol is
one axon. Insets, Examples of extension (Ex), stalling (S), and retraction (R) and percentage
of axons in R or S categories are also shown. H, Examples of the morphology and cytoskele-
ton of axons treated for 1 h with DMSO (control) of heptelidic acid (5mM). I, Effects of a 1 h
treatment with varying concentrations of heptelidic acid on growth cone area. Dunn’s multi-
ple comparison tests relative to control. J, Effects of a 1 h treatment with varying concentra-
tions of heptelidic acid on the number of growth cone filopodia. Dunn’s multiple comparison
tests relative to control. K, Measurements of axon extension as in G following a 1 h treat-
ment with heptelidic acid (5 mM). Mann–Whitney test. A, Mean 6 SEM is shown in A and
medians are shown in F and G and I-K.
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Figure 3. Long-term inhibition of glycolysis reversibly stalls axon extension. A, Examples of the extent of axon growth from the edges of sensory explants (black dots) cultured for varying
time points under different experimental conditions (samples have been stained with anti-a-tubulin to reveal axons). Diagram below the images represents the basic experimental design
used in the rest of similar experiments. After a 24 h culturing period, axons further cultured in control medium (CNT) for an additional 24 h continued to extend (p, 0.001 for 24 h compared
with 48 h in control medium, Welch t test; n= 34 and n= 48, respectively). Those treated with GIM between 24 and 48 h of culturing remained the same length as at the time of initiation of
GIM treatment (p= 0.54 for 24 h in control medium compared with 24 h in control medium followed by 24 h in GIM, Welch t test; n= 34 and n= 29, respectively). B, Measurement of tubulin
intensity in axons cultured for 24 h, starting at 24 h of culturing as in A, in control medium or GIM. Welch t test. C, Measurement of the area of distal axons under the same conditions as in B.
Welch t test. D, Measurements of axon extension using phase-contrast imaging (as in Fig. 2G,K) at various times after an initial culturing of explants following the design in A. CNT to CNT
(black) means that, after the 24-48 h period in CNT, the culture was treated with CNT; GIM to GIM (red) means that, after the 24-48 h period in GIM, the culture was treated with GIM; GIM to
CNT (green) means that, after the 24-48 h period in GIM, the culture was treated with CNT. Dunn’s multiple comparisons relative to the CNT to CNT group in each of the 5 time categories rep-
resenting 3-24 h of treatment starting at 48 h of culturing. Each data point represents one axon. E, Examples from the rightmost dataset in D (24 h treatments starting at 48 h in culture)
showing axon extension and growth cone morphology in the three experimental groups at the final treatment time point (48-72 h total in culture). The treatment during the 24-48 h period is
not bolded; the subsequent treatment between 48 and 72 h is shown in bold. F, Counts of dissociated neurons (Tuj-1-positive cells) per unit area cultured in control medium or GIM. Welch t
test. Inset, Morphology (Tuj-1 stain) of neurons at 24 h of culturing in GIM. No evidence of membrane blebbing or nuclear disintegration is noted. G, Examples as in A of the extent of the
growth of axons from explants at 48 h of culturing in control medium with 24-48 h being treated with DMSO or heptelidic acid (5mM) treatment. The heptelidic acid-treated axons are approx-
imately half the length of the DMSO group, indicating a stall of extension following treatment. H, Quantitative measurements of glycolytic enzymes in distal axons at 48 h as in A. Welch t tests.
I, Examples of immunocytochemical staining of GAPDH and TPI1 from the datasets used in H and J, K. Counterstained to reveal actin filaments. J, Quantification, as in H, of the levels of
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et al., 2013), in the distal chamber. We previously reported that,
in control medium in the presence of NGF, as well as in the ab-
sence of NGF, ALC increases axon extension on permissive sub-
strates and partially restores axon length on inhibitory substrates
that decrease mitochondria membrane potential (Sainath et al.,
2017b). ALC supplementation in GIM-containing distal cham-
bers containing NGF restored axon extension to control levels
(Fig. 4A,B), and ALC partially increased growth cone area rela-
tive to GIM alone (Fig. 4C,D).

Regulation of growth cone morphology by GAPDH
knockdown and overexpression
GAPDH was knocked down through expression of shRNA using
previously published sequences for chicken GAPDH (Fig. 5A;
for details and efficacy, see Materials and Methods) (Billings et
al., 2010). Expression of GAPDH-shRNA resulted in an increase
in the number of collapsed growth cones (having 1 or less filopo-
dia and no lamellipodia), decreased the percentage of growth
cones exhibiting lamellipodial protrusions, and decreased the
number of filopodia at growth cones (Fig. 5B,C). Rescue with an
shRNA-resistant RFP-GAPDH construct reversed the effects of

GAPDH knockdown on growth cone morphology (Fig. 5B-
D). Overexpression of GAPDH decreased the percentage of
collapsed growth cones, increased growth cone filopodia
number and the percentage of growth cones with filopodia,
but did not alter the percentage of growth cones exhibiting
lamellae (Fig. 5E,F).

“Rescue and then kill” (RATK) of GAPDH in growth cones
suppresses growth cone motility
KR is a fluorescent protein that on illumination generates reac-
tive oxygen species that can inactivate immediately adjacent pro-
teins in CALI experimental designs (Bulina et al., 2006). In order
to manipulate glycolysis in a spatiotemporal manner, we rea-
soned that, if neurons with shRNA-mediated knockdown of
GAPDH were rescued through expression of KR-GAPDH, we
could then locally impair glycolysis through CALI of KR-
GAPDH specifically in distal axons. This strategy was inspired
by the prior use of KR-b 1 integrin to rescue the effects of b 1
loss in b 1 KO cells followed by CALI of KR-b 1 (Destaing et al.,
2010). As in our prior work using mitochondrially targeted KR
to ablate mitochondria in axon segments, and as indicated by the
standard protocol for the use of KR (Bulina et al., 2006), we used
rescue with RFP-GAPDH as a control for CALI. Based on pre-
liminary studies, we found that 25 s illumination was sufficient
to bleach .90% of the KR-GAPDH signal in distal axons, and
this duration of illumination in the absence of KR or RFP expres-
sion did not adversely affect growth cone filopodial dynamics or
area during the subsequent 10min period (not shown). In all res-
cue experiments, GFP was expressed by the shRNA plasmid and
used to track axon morphology and growth cone behavior. CALI
of KR-GAPDH did not adversely affect the integrity of axonal

/

GAPDH at 3-12 h of further GIM treatment or exchange to CNT starting at 48 h (as in D).
Bonferroni multiple comparison tests within time point. K, Quantification, as in H, of the lev-
els of TPI1 at 3-12 h of further GIM treatment or exchange to CNT starting at 48 h (as in D).
Bonferroni multiple comparison tests within time point. L, Graphical representation of the
relative recovery of axon extension rate and GAPDH and TPI1 levels between 3 and 12 h.
Data from D, J, and K were used. The range of recovery was determined by using the GIM to
GIM and CNT to CNT values to set the range (0%-100%, respectively). Mean 6 SEM is
shown in B,C,H,J,K and medians are shown in D,F.

Figure 4. Inhibition of glycolysis in distal axons impairs axon extension in the presence of NGF and blocks it in the absence of NGF. A, Representative examples of axon extension to the
axon chamber of microfluidic chambers. Inset, Design of the microfluidic chambers. Yellow dots represent the entry points into the axon chambers. B, Measurements of axon length in axon
chambers. Bonferroni multiple comparisons tests. C, Examples of actin filaments (F-actin) in growth cones and distal axons in axon chambers. D, Growth cone measurement area in axon cham-
bers as in A. Bonferroni multiple comparisons tests. Effect of a 30min treatment with GIM or control medium in the distal chambers after axons had already grown into the chamber on growth
cone area (E) and number of filopodia (F). Welch t tests. Mean6 SEM is shown throughout.
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Figure 5. Suppression of GAPDH expression simplifies growth cones, and local ablation of GAPDH in distal axons impairs growth cone dynamics. A, Example of shRNA-medi-
ated knockdown of GAPDH. GFP is expressed by the shRNA expression vector and used to track morphology in transfected neurons. B, Knockdown of GAPDH decreases filopo-
dia number and is rescued by shRNA-resistant GAPDH expression. Mann–Whitney tests. Median shown. C, Knockdown of GAPDH simplifies growth cone morphology and is
rescued by shRNA-resistant GAPDH expression. x 2 tests for independence. We note that, without live imaging, growth cones scored as having only filopodia may represent
growth cones undergoing retraction as the filopodia cannot be strictly differentiated from the retraction fibers in static images. D, Examples of growth cones expressing
GAPDH shRNA and expressing RFP (control) or rescue RFP-GAPDH. E, GAPDH overexpression increased the number of growth cone filopodia. Mann–Whitney test. Medians
shown. F, GAPDH overexpression increases growth cones with filopodia and decreases the proportion of collapsed growth cone. x 2 tests for independence. G, CALI of KR-
GAPDH in a RATK experimental design does not adversely affect the morphology of the axon shaft as evidenced by the absence of thinning and/or beading. H, Two examples
of RATK in KR-GAPDH-expressing distal axons. Time in seconds is shown. Following illumination/CALI, the dynamic remodeling of the growth cones greatly decreases. Yellow
arrow at 600 s qualitatively indicates growth cone retraction in the top sequence. The base of the yellow arrow at 600 s indicates the initial distalmost position of the lead-
ing edge of the growth cone (arrowhead at 0 s after illumination) and the tip the current position. Scale bars, 5 mm. I, Example of RATK in RFP-GAPDH-expressing distal
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shafts (Fig. 5G), indicating no widespread damage to microtu-
bules as axons would then be expected to thin and undergo bead-
ing. CALI of KR-GAPDH, but not RFP-GAPDH (control),
resulted in the cessation of filopodial and lamellipodial dynamics
within 0-10min after illumination (Fig. 5H–J) and the termina-
tion of the formation of new filopodia (Fig. 5K). Growth cones
that exhibited lamellipodia before CALI of KR-GAPDH similarly
lost protrusive activity as the lamellipodia contracted (Fig. 5H),
and 31% of growth cones underwent retraction (Fig. 5H), similar
to the effects of acute GIM and heptelidic acid treatment (Fig.
2G,K). CALI of RFP-GAPDH did not result in retraction by any
of the growth cones.

Inhibition of glycolysis alters the axonal actin filament
cytoskeleton
Growth cones exhibit higher levels of actin filaments in lamellipodia
and lower levels in the central domain (Figs. 1A9, 6A). The initial
termination of growth cone dynamics in response to GIM corre-
lated with the loss of preferentially distally located lamellipodial

meshworks of filaments and the development of a network of actin
filaments throughout growth cones (Fig. 6A). Although growth
cones subsequently decreased in size and lost protrusive actin fil-
ament based structures (lamellipodia and filopodia) in response
to GIM treatment (Fig. 2; Fig. 6A, 30 min GIM), the axonal actin
filament content proximal to and excluding the growth cone (see
Materials and Methods) was increased as early as 10min after
GIM treatment (Fig. 6A,B) and up to 24 h of continuous GIM
treatment starting at 24 h of culturing as in Figure 3A (Fig. 6C;
also see actin filament stains in Fig. 3I). Sensory axons normally
exhibit sparse actin filament levels characterized by focal puncta
of actin filaments that serve as platforms for the formation of
axonal filopodia (Gallo, 2011) (Fig. 6A) and submembranous
actin filament rings (Unsain et al., 2018; G. Wang et al., 2019),
the latter not detectable without the use of super resolution
microscopy. In contrast, GIM-treated axons exhibited what
appeared to be longitudinal bundles of actin filaments (Fig. 6A)
qualitatively similar to those we previously described forming in
response to semaphorin-3A treatment (Gallo, 2006). Axons
growing into the axonal compartment of microfluidic chambers
containing NGF with GIM similarly showed increased axonal
actin filament content compared with axons in control medium
with NGF (Fig. 6D; for examples of actin filament staining, see
also Fig. 4C), indicating the effect is local. Supplementation of
GIM with ALC, as in Figure 4, did not impact the increase in
axonal actin levels induced by GIM treatment (Fig. 6D; for

/

axons. After illumination, the growth cone remains dynamic. Scale bar, 5 mm.
Percentage of dynamic filopodia (J) and new filopodia (K) formed before and after
illumination in RATK using RFP-GAPDH (control) and KR-GAPDH. Repeated-measures
ANOVA for control. Dunn’s multiple comparison tests between each time point and
Pre for KR-GAPDH. Each symbol represents a growth cone. Medians are shown.

Figure 6. Inhibition of glycolysis impacts the axonal actin filament cytoskeleton. A, Examples of distal axons and growth cones labeled to reveal tubulin/microtubules and actin filaments (F-
actin). The control growth cone exhibits the characteristic higher level of filaments in the lamellipodia relative to the central domain, and low levels along the axon shaft. In contrast, during
the early response to GIM treatment (10 min), growth cones axons exhibit a relatively high level of actin filaments that are also found in the central domain. By 30min of GIM treatment
growth, cones have decreased in area. At both 10 and 30min after GIM treatment, the actin filament content of the axon proximal to the growth cone is elevated. B, Quantification of the inte-
grated intensity of phalloidin staining reflective of actin filaments in the distal 60 mm of axons, excluding growth cones (the distal most 10 mm if collapsed), as a function of time after GIM
treatment and relative to time-matched control medium treatment groups. Welch t tests. C, Examples of distal axons emanating from explants initially cultured for 24 h in control medium and
then an additional 24 h in either GIM or control medium (as in Fig. 3A) stained to revealed tubulin and actin filaments. The axons of the GIM-treated explant show high levels of actin filaments
along their lengths, whereas the control axons show the expected local accumulation of filaments at growth cones (as in A). The GIM-treated axons appear more densely packed because they
stopped extending on GIM treatment, whereas the control axons splayed out as they continued extending radially away from the explant. D, Quantification of actin filament levels in distal
axons, as in B, for axons in the axonal chamber of microfluidic chambers (for representative examples of actin filament staining in these conditions, see Fig. 4C). Bonferroni multiple comparison
tests. E, Quantification of actin filament levels in distal axons, as in B and D, following a 1 h treatment with 5 mM heptelidic acid (HA) or DMSO. Welch t test. Mean 6 SEM is shown
throughout.
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examples of actin filament staining, see also Fig. 4C). Treatment
with heptelidic acid did not increase the axonal actin filament
content (Fig. 6E; for an example of actin filaments staining pat-
tern, see also Fig. 2H), indicating the effect of GIM is before
GAPDH in the glycolytic pathway. In contrast, and as expected
for partial ATP depletion because of inhibition of the first
enzyme in the payoff phase of glycolysis, inhibition of GAPDH
partially decreased axonal actin filament content.

Inhibition of glycolysis in the absence of NGF results in the
degeneration of axons but not cell death
As described previously, inhibition of glycolysis using GIM for
up to 24 h in the presence of NGF did not adversely affect axons
or result in cell death, consistent with a prior report also noting
the absence of cell death in response to inhibition of glycolysis
using sensory neurons in the presence of NGF (Press and
Milbrandt, 2008). The observation that in microfluidic chambers
axons failed to enter the axon chamber when GIM was present
in the absence of NGF (Fig. 4A) led us to consider whether
inhibition of glycolysis in the absence of NGF might differently
affect axons. Using the same experimental protocol as in Figure
3A, in the absence of NGF a 24 h GIM treatment starting at 24 h
of culturing resulted in the degeneration of axons (Fig. 7A).
Degenerated axons were evident as “beads on a string” profiles
when stained with tubulin antibodies (Fig. 7A,A9). Scholl analysis
of the number of axons that did not have a degenerative mor-
phology revealed that as expected between 24 and 48 h of cultur-
ing in control medium axon continued to extend and also
increased in number as more emanated from the explants rela-
tive to the 24 h time point (Fig. 7B), although branching may
also contribute to this metric. In contrast, GIM treatment
between 24 and 48 h resulted in a decrease in the number of
healthy axons relative to the 24 h time point, consistent with the
degeneration of the axon population initially present at 24 h (Fig.
7B). An increase in the proportion of degenerating axons became
detectable following the exchange to GIM after an initial 24 h pe-
riod of culturing, although at minor levels, as early as after
30min of GIM treatment (Fig. 7C). A concentration response
curve for the protective effect of NGF against GIM treatment
induced axon degeneration showed protective effects starting at
0.05 ng/ml NGF and saturating at 10 ng/ml (Fig. 7D), consistent
with the involvement of the high-affinity TrkA receptor (Kaplan
et al., 1991). In contrast to the ensuing axon degeneration, in the
absence of NGF GIM unexpectedly increased the number of sur-
viving dissociated neurons after 24 h of culturing relative to con-
trol medium without affecting the numbers of non-neuronal
cells in the cultures (reflective of mixture of fibroblasts and
Schwann cells) (Fig. 7E).

Treatment with GIM containing ALC in the absence of NGF,
for 24 h after an initial 24 h of culturing in control medium
lacking NGF, did not decrease the percentage of degenerating
axons (Fig. 7F). However, ALC treatment increased the length of
nondegenerating axons albeit to ;50% of the length increase
observed in the control group (Fig. 7G). These observations indi-
cate that promoting mitochondrial oxidative phosphorylation is
not sufficient to decrease axon degeneration induced by GIM in
the absence of NGF, although it partially restores the extension
of nondegenerating axons consistent with the extension promot-
ing effects of ALC in NGF and GIM treatment conditions (Fig.
4A,B) and our prior demonstration that ALC increases axon
extension in the presence or absence of NGF (Sainath et al.,
2017a).

The overall effects of treatment with GIM on the decline in
the growth cone’s ATP/ADP ratio were not different as a func-
tion of NGF (Fig. 7H). GIM treatment decreased the ratio equally
during the first 30min of treatment in both NGF and no NGF
culturing conditions, with the only difference observed at 2min
after treatment at which point the ratio declined more in the
presence of NGF than its absence. These data indicate that the
ensuing axon degeneration is not dependent on a different effect
of GIM treatment on the ATP/ADP ratio and are generally con-
sistent with the failure to rescue the degeneration via ALC
supplementation.

We next used microfluidic chambers and allowed axons to
enter the axon compartment before exchanging medium with no
NGF medium or no NGF medium and GIM for 24 h. Under
these conditions, GIM treatment resulted in the presence of
degenerating axons profiles (Fig. 7I,J). The length of axons that
did not degenerate in the axon chamber following GIM treat-
ment was 76% shorter than controls in no NGF medium that
had continued extending during the 24 h treatment period (Fig.
7K), indicating a stall of extension. Collectively, the data indicate
that axonal glycolysis is required locally for the maintenance of
axons in the absence of NGF.

Discussion
The data presented herein unveil a requirement for glycolysis in
distal axons in the regulation of embryonic growth cone dynam-
ics and axon extension. In the presence of NGF, inhibition of gly-
colysis throughout the whole neuron did not exhibit cytotoxicity
or axonal toxicity for a period of up to 48 h but stalled axon
extension, and local inhibition of glycolysis in distal axons atte-
nuated axon extension by ;50%. In the absence of NGF, inhibi-
tion of glycolysis in distal axons resulted in axon degeneration
without however impacting neuron survival.

Glycolysis powers the fast axonal transport of some vesicular
cargoes but not mitochondria (Spillane et al., 2013; Zala et al.,
2013; Hinckelmann et al., 2016). The difference between spatially
homogeneous and local inhibition of glycolysis in distal axons
alone on axon extension (full and partial, respectively) may
reflect the absence of an effect on fast transport until the axons
reach the distal chambers in microfluidic chambers. Under ho-
mogeneous inhibition, we observed a decline in the levels of
some axonal glycolytic enzymes, which may reflect a failure to
maintain transport of the glycolytic apparatus in axons with
ensuing degradation of the enzymes in situ. The mechanism for
the decline in enzyme levels will require further consideration.
The restoration of axon extension after prolonged inhibition of
glycolysis correlated with the return of glycolytic enzymes in
axons, consistent with the notion that active glycolysis is required
for axon extension even if glucose is readily available.

In hippocampal neurons, there is a developmental transition
between the embryonic to postnatal period from glycolysis to mi-
tochondrial respiration as the main source of ATP production
(Surin et al., 2013), and glycolysis has been reported to contrib-
ute to synapse function in established networks (Ashrafi and
Ryan, 2017). Although mitochondria respiration is an important
aspect of embryonic axon extension and adult regeneration
(Sheng, 2017; Smith and Gallo, 2018), whether glycolysis may
contribute to regenerative axon extension in adult neurons
remains to be considered. In this context, it will be of interest to
investigate the expression and function of glycolytic enzymes in
regenerating neurons given that injured neurons can undergo
transcriptional changes indicative of an attempt to revert to an
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Figure 7. In the absence of NGF, inhibition of glycolysis results in axon degeneration independent of cell death. A, Examples of axons growing from explants fixed and stained after 24 h in
no NGF control medium, 24 h in no NGF control medium followed by another 24 h in no NGF control medium, and 24 h in no NGF control medium followed by an additional 24 h in no NGF
GIM. Yellow arrows in the latter group point to degenerated axons characterized by sequences of beads. A9, Higher-magnification example of the degenerated axon labeled by the rightmost
arrow in the panel above. B, Scholl analysis of the number of healthy, not beaded, axons crossing lines at 100-400 mm from the base of the explants. The groups are in the same left to right
order as in A. Dunn multiple comparison tests for analysis of the most proximal (100mm) crossing to the base of the axons. C, Quantification of the percentage of axons exhibiting beading fol-
lowing a 30min to 6 h treatment with GIM. Control reflects a 3 h treatment with control medium. Fisher’s exact tests. C9, Example of 6 h treatment with GIM, annotated as in A. D,
Quantification of the percentage of axons exhibiting beading following a 24 h treatment with GIM starting at 24 h in culture (as in A) but raised initially in the various concentrations of NGF
and maintained at such concentrations during the 24-48 h treatment with GIM. Fisher’s exact tests. E, Counts of neurons (Tuj1) and non-neuronal cells (Tuj–) in dissociated sensory ganglion
cultures raised overnight in no NGF in control or GIM medium. Welch t tests. F, Quantification of the percentage of degenerating axons in no NGF conditions with GIM treatment with or with-
out ALC supplementation. In all groups, explants were cultured for 24 h in control medium with no NGF before exchange with control medium, GIM, or GIM and ALC for an additional 24 h.
Fisher’s exact tests. G, Same experimental design as in F, but measuring the lengths of nondegenerating axons. Bonferroni multiple comparisons tests. H, Measurements of ATP/ADP ratio using
PercevalHR, as in Figure 2A, in NGF and no NGF culturing conditions. The ratio after treatment with GIM was analyzed within time point across the NGF and no NGF groups using Bonferroni
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embryonic mode of axon extension (Hilton and Bradke, 2017;
Lee and Cho, 2020).

Actin is an ATPase and requires ATP loading for polymeriza-
tion. It is thus surprising that inhibition of glycolysis using GIM
to deprive of glucose and inhibit glycolysis with 2-deoxyglucose
results in an increase in axonal actin filaments while growth
cones undergo simplification and contraction and eventually
exhibit decreased filament content. Although ALC treatment
restored axon extension in GIM, it did not impact the increase in
axonal actin filament levels. This observation indicates that the
effect of glycolysis inhibition on axonal actin levels cannot be res-
cued by increased mitochondrial ATP production. The increase
in axonal actin filaments was also not observed in response to
pharmacological inhibition of GAPDH, the first enzyme in the
ATP-generating payoff phase. In contrast, inhibition of GAPDH
resulted in the expected decrease in actin filament content
because of decreased ATP availability. Collectively, the data indi-
cate that the mechanism driving the formation of axonal actin
filaments is upstream of GAPDH and does not involve changes
in ATP availability, suggesting that glycolytic flux in the prepara-
tory phase regulates axonal actin filaments. Glycolytic enzymes
can have roles other than the generation of ATP, including bind-
ing to and regulating the cytoskeleton (Snaebjornsson and
Schulze, 2018), possibly underlying the observed effects on axo-
nal actin filaments. We have previously described that the forma-
tion of axonal actin bundles, which qualitatively are not different
from those detailed herein, is downstream of RhoA-ROCK acti-
vation (Gallo, 2006; Orlova et al., 2007). Whether inhibition of
glycolysis may be activating the RhoA-ROCK signaling axis and
promoting myosin II activity remains to be determined, but such
a hypothetical mechanism is consistent with the inhibition of
axon extension, simplification of growth cones, and the forma-
tion of axonal actin bundles at the expense of growth cone dy-
namics and axon formation. Regardless, the initial formation of
the filament bundles may persist for as long as determined (at
least 24 h) because of decreased ATP levels as a consequence of
conjoined suppression of the payoff phase that may in turn
decrease filament turnover.

In the presence of NGF, the restoration of axon extension by
increasing mitochondrial respiration through treatment of distal
axons with ALC under conditions of GIM treatment in micro-
fluidic chambers argues that the decrease in axon extension is a
consequence of decreases in net axonal ATP levels. Consistent
with this idea, inhibition of glycolysis and oxidative phosphoryla-
tion each partially decreased the ATP/ADP ratio in distal axons,
and GIM treatment of isolated distal axons partially decreased
axon extension that was fully blocked by additional inhibition of
oxidative phosphorylation. The results of the RATK experiments
and pharmacological inhibition of GAPDH indicate that growth
cone dynamics and overall morphology are supported by ele-
ments of the glycolytic pathway at the level of GAPDH or down-
stream thereof. As GAPDH is the first step in the ATP-
generating payoff phase of glycolysis, ATP production may be

the mechanistic contribution of glycolysis to growth cone dy-
namics. This interpretation is also supported by the partial resto-
ration of growth cone morphology observed in the microfluidic
chamber experiments involving ALC supplementation to pro-
mote mitochondrial oxidative phosphorylation. In conclusion,
this report identifies the payoff phase of the glycolytic pathway as
operative in distal axons and indicates that it contributes to the
rate of axon extension and growth cone dynamics. The specific
roles of ATP derived from the payoff phase in the various aspects
of the mechanism of axon extension remain to be determined.

Consistent with a prior report showing that, in NGF, embry-
onic sensory axons do not undergo degeneration on inhibition
of glycolysis using 2-deoxyglucose (Press and Milbrandt, 2008),
in our studies neither GIM nor pharmacological inhibition of
GAPDH resulted in axon degeneration in the presence of NGF.
However, in the absence of NGF, inhibition of glycolysis resulted
in axon degeneration. The mechanism responsible for the ensu-
ing degeneration remains to be addressed. Intra-axonal protein
synthesis may contribute to axon health; and, in its absence,
axons could become more susceptible to degeneration (Kim and
Jung, 2020). NGF drives intra-axonal protein synthesis in the
sensory axon population used in this study (Spillane et al., 2012,
2013), and it will be of interest to address whether the protective
effect of NGF is mediated by local protein synthesis. At face
value, the form of axon degeneration noted here is similar to the
Wallerian degeneration of distal axon segments after axotomy.
ATP levels are known to decline during Wallerian degeneration,
although a causative role for the decline in the degeneration
is not clear (Conforti et al., 2014). Both glycolysis and oxida-
tive phosphorylation are decreased during Wallerian degener-
ation, and rescue of degeneration by Sarm1 KO more strongly
attenuated the decrease in glycolytic ATP output (Godzik and
Coleman, 2015). It remains to be addressed whether degenera-
tion in response to inhibition of glycolysis in the absence of
NGF operates through the same mechanism as Wallerian
degeneration. The susceptibility to inhibition of glycolysis in the
absence of NGF may be linked to lower axonal mitochondrial
function in the absence of NGF (Verburg and Hollenbeck, 2008).
Finally, sensory axons also exhibit a submembranous actin fila-
ment ring cytoskeleton considered to maintain axonal integrity
through its association with spectrin and ankyrin that is also de-
pendent for its maintenance on NGF signaling (Unsain et al.,
2018; G. Wang et al., 2019). Disruption of this submembranous
cytoskeleton disposes axons to degeneration (Hammarlund et
al., 2007; C. Y. Huang et al., 2017; Unsain et al., 2018; G. Wang et
al., 2019), suggesting that NGF may at least in part protect axons
from degeneration through the maintenance of the submembra-
nous cytoskeleton. Insulin acting through its tyrosine receptor
kinase increases the activity of the first kinase in glycolysis (hexo-
kinase) through the PI3K pathway (T. J. Huang et al., 2005;
Arboleda et al., 2007; Z. Wang et al., 2008). This raises the possi-
bility that NGF could also promote glycolytic activity through
Trk-mediated PI3K signaling, but this issue remains to be
addressed, and such an effect of NGF would not impact the
response to GIM, which blocks glycolysis through glucose depri-
vation and 2-deoxyglucose.

In conclusion, this study paves the way for further analysis of
the role of glycolysis in axon morphogenesis, branching, guid-
ance, and the neuronal cytoskeleton. Whether glycolysis may
have a role in axon regeneration, be it in developmental or adult
contexts, remains to be determined. The cytoskeletal and signal-
ing mechanisms underlying axon extension that are impacted by
glycolysis will need specific analysis. Considering the similarities
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post hoc tests. A difference at p, 0.05 was detected only at 2 min after GIM treatment. The
NGF condition group is replicated from Figure 2A. I, Examples of axons in axon chambers of
microfluidic chambers. All were initially cultured in no NGF and then treated for 24 h with
no NGF GIM or no NGF control medium before fixing and staining. Yellow arrows point to
degenerating axons exhibiting beading. J, Quantification of the percentage of axons exhibit-
ing beading following from the experiments shown in G. Fisher’s exact test. K, Length of
axons not exhibiting beading under the same conditions as in G and H. Welch t tests.
Medians are shown in B and Mean6 SEM is shown in E,G,H,K.

Ketschek et al. · Role of Glycolysis in Axon Extension J. Neurosci., August 4, 2021 • 41(31):6637–6651 • 6649



in the effects of, and signaling pathways used by, the multiple
members of the neurotrophin family, it seems likely that the
axon degeneration protective effects of NGF described here are
not specific to NGF. The detection of this form of axon degener-
ation may be of significance for the understanding of axonopa-
thies in hypoglycemic states (Mohseni, 2014) and in diabetic
neuropathy because of decreased expression of NGF in the skin
(Tang et al., 2019).
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