
UC San Diego
UC San Diego Previously Published Works

Title

Impacts of H2O2, SARM1 inhibition, and high NAm concentrations on Huntington's disease 
laser‐induced degeneration

Permalink

https://escholarship.org/uc/item/2kr0k35c

Authors

Barber, Sophia
Gomez‐Godinez, Veronica
Young, Joy
et al.

Publication Date

2024-01-07

DOI

10.1002/jbio.202300370
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2kr0k35c
https://escholarship.org/uc/item/2kr0k35c#author
https://escholarship.org
http://www.cdlib.org/


R E S E A R CH AR T I C L E

Impacts of H2O2, SARM1 inhibition, and high
NAm concentrations on Huntington's disease
laser-induced degeneration

Sophia Barber1,2 | Veronica Gomez-Godinez1 | Joy Young1 | Abigail Wei1 |

Sarah Chen1 | Anna Snissarenko2 | Sze Sze Chan2 | Chengbiao Wu1,2 |

Linda Shi1

1Institute of Engineering in Medicine,
University of California San Diego,
La Jolla, California, USA
2Department of Neurosciences, University
of California San Diego, La Jolla,
California, USA

Correspondence
Veronica Gomez-Godinez and Linda Shi,
Institute of Engineering in Medicine,
University of California San Diego,
La Jolla, CA 92093, USA.
Email: vgomez-godinez@ucsd.edu and
zshi@ucsd.edu

Funding information
Beckman Laser Inc

Abstract

Axonal degeneration is a key component

of neurodegenerative diseases such as

Huntington's disease (HD), Alzheimer's

disease, and amyotrophic lateral sclerosis.

Nicotinamide, an NAD+ precursor, has

long since been implicated in axonal pro-

tection and reduction of degeneration. However, studies on nicotinamide

(NAm) supplementation in humans indicate that NAm has no protective effect.

Sterile alpha and toll/interleukin receptor motif-containing protein 1 (SARM1)

regulates several cell responses to axonal damage and has been implicated in

promoting neuronal degeneration. SARM1 inhibition seems to result in protec-

tion from neuronal degeneration while hydrogen peroxide has been implicated

in oxidative stress and axonal degeneration. The effects of laser-induced axonal

damage in wild-type and HD dorsal root ganglion cells treated with NAm,

hydrogen peroxide (H2O2), and SARM1 inhibitor DSRM-3716 were investigated

and the cell body width, axon width, axonal strength, and axon shrinkage post

laser-induced injury were measured.

KEYWORD S

axonal damage, cell morphology, dorsal root ganglion cells, Huntington's disease, laser
cutting, neurons

Sophia Barber and Veronica Gomez-Godinez contributed equally to this work.

The statements, opinions, and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of Journal of
Biophotonics and/or the editor(s). Journal of Biophotonics and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Received: 9 September 2023 Revised: 2 December 2023 Accepted: 3 December 2023

DOI: 10.1002/jbio.202300370

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2024 The Authors. Journal of Biophotonics published by Wiley-VCH GmbH.

J. Biophotonics. 2024;e202300370. www.biophotonics-journal.org 1 of 14

https://doi.org/10.1002/jbio.202300370

https://orcid.org/0009-0004-8602-2813
mailto:vgomez-godinez@ucsd.edu
mailto:zshi@ucsd.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.biophotonics-journal.org
https://doi.org/10.1002/jbio.202300370
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbio.202300370&domain=pdf&date_stamp=2024-01-07


1 | INTRODUCTION

Huntington's disease (HD) is a progressive, autosomal
dominant, and fatal neurodegenerative disorder charac-
terized by cognitive, psychiatric, and motor decline [1].
Huntington's disease onset occurs between the ages of
35 and 44 and results from an expanded CAG repeat
(>36) in exon 1 of the huntingtin (HTT) gene which
encodes for an abnormally long polyglutamine repeat
(polyQ) [2–6]. The accumulation of mutant huntingtin
(mHTT) within neurons leads to general shrinkage of the
brain and preferential degeneration of the striatum, espe-
cially in the medium spiny neurons (MSNs) and
parvalbumin-expressing interneurons within the striatum
[7–11]. In addition, mHTT results in regionally specific het-
erogeneous thinning of the cortical ribbon [12]. MSNs and
cortical projection neurons seem to be particularly affected
by mHTT accumulation due to the length and prominence
of their axons [13]. HD patients generally survive 15–
20 years after manifestation of definitive motor symptoms
suggestive of HD with no other explanation [5, 14].

Clinical motor presentations include involuntary
movement in early HD disease and impaired voluntary
movement in advanced HD disease [5, 15]. Chorea,
defined as short-lived, excessive, involuntary movements,
is one of the most striking motor features of HD disease
[5, 15]. Cognitive deficits in HD can occur years before dis-
ease onset. These early deficits are found in visual atten-
tion, psychomotor speed, and visuomotor and spatial
integration, although are often not severe enough for
patients to self-identify [16]. Advanced stages of HD cogni-
tive decline are characterized by subcortical and frontal
dementia [16]. While not related to disease onset, of psy-
chiatric problems in HD, depression and anxiety are the
most common, with depression affecting �40% of patients
[17, 18]. Apathy, characterized by a general loss of interest,
passivity, and difficulty initiating activities, is directly
linked to the disease stage HD, worsens over time, and is
resistant to medication [19]. Other psychiatric symptoms
include obsessive and compulsive thoughts and behaviors,
irritability, and even psychosis which occurs more rarely
and in more advanced stages of HD [17, 20, 21]. Addition-
ally, according to a study of 4171 HD patients, 10% of
patients had attempted suicide and 17.5% indicated that
they had suicidal thoughts [22].

Despite HD classification as a central nervous system
(CNS) disease, recent studies have shown systemwide
impacts of mHTT on peripheral tissues as well [23]. Thus, it
is imperative that the effects of mHTT accumulation on
peripheral neurons also be studied. Dorsal root ganglions
(DRGs), peripheral neurons which are responsible for the
transmission of pain and proprioception to the CNS, pro-
vide a unique avenue to study the impacts of Huntington's
disease on the peripheral nervous system [24]. DRGs are

pseudo-unipolar with a single axon that branches into long
distal and proximal processes [25]. The increased vulnera-
bility of longer and more prominent axons to accumulation
of mHTT as seen in MSN and cortical projection neurons
makes the pseudo-unipolar structure of DRGs particularly
useful in studying and assessing the HD impacts in axons of
the peripheral nervous system (PNS) neurons.

We used a robotic laser microscope system (RoboLase)
to investigate the impacts of mHTT on the axonal resis-
tance to damage in DRGs. The RoboLase system allowed
for high precision in axonal cutting, creating just enough
damage to sever the axon without destroying the cell. The
effects of oxidative stress, high concentrations of nicotin-
amide, and SARM1 inhibition on axonal strength and
resistance to damage in HD neurons were studied to pro-
vide insight into the impacts of mHTT accumulation on
treatment susceptibility to axonal stressors and axonal pro-
tective compounds. Hydrogen peroxide (H2O2) creates oxi-
dative stress in neurons and results in axonal degeneration
[26, 27]. Nicotinamide (NAm) has been demonstrated to
have axonal protective effects, and neurons treated with
nicotinamide have shown a reduction in degeneration [28].
However, recent studies on the effects of NAm supplemen-
tation in humans have demonstrated no effect [29].
Studies on the effects of high concentrations of NAm on
cancer cells have shown a cytotoxic effect [30]. Recent
studies have found also that SARM1 (sterile alpha and
toll/ interleukin receptor [TIR] motif-containing protein 1)
plays an important role in promoting neuronal degenera-
tion. Studies in SARM1 inhibition found that inhibition
results in protection from neuronal degeneration [31]. We
hope to elucidate the distinct effects of H2O2, nicotinamide,
and SARM1 inhibition on wild-type and Huntington's dis-
ease DRGs and determine if there are differences in their
effects between the three models.

2 | MATERIALS AND METHODS

2.1 | RoboLase set up

The robotic laser microscope system III (RoboLase III)
was used to cut the axons of DRGs. The RoboLase III sys-
tem employed a Mai Tai femtosecond laser. The beam was
coupled to Zeiss inverted microscope via a series of highly
reflective coated mirrors. A wavelength of 790 nm, a pulse
energy of 4 nJ, and an average power of 395 mW was set
before a 40x objective targeting the desired axon. Several
different powers were tested to determine a power which
would cut cleanly though the axon while inflicting the
least damage possible. The ablation was applied precisely
along a drawn line and images were captured using a
QuantEM camera. Figure 1 demonstrates the RoboLase III
system graphically and was created with BioRender.com.
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2.2 | Animals

All experiments involving the use of animals have been
approved by the Institutional Animal Care and Use Com-
mittee of University of California San Diego. All experi-
mental procedures were performed in accordance with
relevant guidelines and regulations established by NIH
Guide for the Care and Use of Laboratory Animals. All
animals were bred and maintained following standard pro-
cedures. Wild-type mice and mice from a bacterial artifi-
cial chromosome (BAC)-mediated transgenic mouse
model (BACHD) were bred to create wild-type and trans-
genic embryos and pups [32]. E18 through P0 pups were
used to collect and culture Dorsal Root Ganglions (DRGs).

2.3 | Genotyping

Established protocols were followed to perform genotyping
procedures [32]. The BACHD model expressed the full-
length human mutant huntingtin (fl-mhtt) with 97 gluta-
mine repeats on the BAC [32]. 1 cm tail pieces were
removed from pups and were digested in 50 mM NaOH for
30 min at 95�C. Once digested, the NaOH was quenched
using 0.5 M Tris, and the tubes were centrifuged for 10 min
at 13 k rpm to generate the tail supernatant. The PCR was
performed with BACHD primers in line with the BACHD

PCR settings outlined in Gray et al. [32]. The primers used
were Htt5: 50 GAG CCA TGA TTG TGC TAT CG 30 and
Htt3: 50AGC TAC GCT GCT CAC AGA AA 30. Once the
PCR was completed, the PCR products were run on a 2%
agarose gel for 20 min under 120 V. The presence of a
400 bp was used to determine the transgenic genotype while
the wild-type samples did not yield this 400 bp PCR product.

2.4 | Chemicals, reagents, and media

The chemicals and reagents purchased for the primary neu-
ron culture are 10� Hank's Balanced Salt Solution (HBSS)
(Gibco, Cat#14185-052), Pen Strep (100�) (Gibco,
Cat#15140-122), Glutamax (100�) (Gibco, Cat#35050-061),
2.5% Trypsin (10�), no phenol red (Gibco, Catalog #:
15090046), 10� DNase I (Roche, # 10104159001, 100 mg
package, dissolved in 10 mL 1� HBSS to final 10 mg/mL
and filter to sterilize), Poly-D-Lysine (ThermoFisher,
Cat#A3890401), Neurobasal Medium (�Glutamine) (1�)
(Gibco, Cat#10888-022) or 21103-49, B27 Supplements
(50�) (Gibco, Cat#17504–044), and AraC (crystalline, ≥90%
(HPLC)) (Sigma-Aldrich, CAS#147-94-4). The chemicals
and reagents purchased for nicotinamide treatments were
Sigma-Aldrich, #50-188-2894. The chemicals and reagents
purchased for H2O2 treatments were Sigma-Aldrich, CAS#
7722-84-1.

FIGURE 1 Graphical diagram of the RoboLase III system used to perform DRG experiments. Created with BioRender.com.
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2.5 | Primary neuron culture

DRGs were dissected from HD transgenic and WT mouse
pups following established protocols [33, 34]. DRGs were
removed from the dorsal column and placed in HBSS with
1% pen/strep. Neurons were dissociated and resuspended
in plating media with 1% GlutaMAX, 1% B27, 10% FBS,
and 100 ng/mL NGF. Neurons were placed on 35 mm
glass-bottom imaging dishes precoated with Poly-D-Lysine
and were then placed in the incubator for 24 h. The next
day, the media was replaced with anti-mitotic plating
media, consisting of 1% GlutaMAX, 1% B27, 100 ng/mL
NGF, and 5 μm AraC to suppress the Schwann cells. 48 h
later they were transitioned to normal plating media, con-
sisting only of 1% GlutaMAX, 1% B27, and 100 ng/mL
NGF. Axonal cutting, treatment, and imaging using the
RoboLase III system took place on DIV 3 and DIV 4.

2.6 | Untreated neurons

Untreated neurons were used to determine treatment
effectiveness. Untreated neurons were stored in a 37�C, 5%
CO2 humidified incubator with treated neurons before
imaging.

2.7 | Neurons treated with 100μM H2O2

To test the degenerative effect of H2O2, established proto-
cols by Fang et al. were followed [27]. WT and BACHD
DRGs in the H2O2 treatment group were treated with
100 μM H2O2 in plating media and placed in a 5% CO2

humidified incubator for 1 h before imaging.

2.8 | Neurons treated with 24.5 mM
nicotinamide

To test the protective effect of Nicotinamide, established
protocols by Wang et al. were followed [35]. The current
range of safe concentrations of nicotinamide is 5–25 mM.
WT and BACHD DRGs in the Nicotinamide treatment
group were treated with 24.5 mM Nicotinamide in plat-
ing media and placed in a 5% CO2 humidified incubator
for 24 h before imaging.

2.9 | Neurons treated with 30μM SARM1
inhibitor

To test the protective effect of SARM1 inhibition, estab-
lished protocols by Hughes et al. were followed [36]. WT

and BACHD DRGs in the SARM1 inhibitor treatment
group were treated with 30 μM SARM1 inhibitor
(DSRM-3716) in plating media and placed in a 5% CO2

humidified incubator for 10 min before imaging.

2.10 | Data collection

Images were taken before the DRGs were cut with Robo-
Lase III (pre-cut), immediately after they were cut (post-
cut), and at 5, 10, 15, and 20 min post-cut. Axons were
cut 19.23 microns away from the cell body. Cell bodies
were identified by their round shape and the halo of light
around them. Fiji was used to analyze collected images
for variation in cell body widths, axonal widths, and axo-
nal shrinkage and segmentation post-cut.

2.11 | Statistical analysis

Statistical significance analysis was performed using
Prism. Significances were calculated using One Way
ANOVA or Two Way ANOVA. The specific methods are
indicated in their respective figures. The mean ± SD
values are indicated for each bar graph. Ns: non signifi-
cance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

3 | RESULTS

3.1 | Cell body and axonal width
variation

Innate and treatment-induced morphology changes were
the first metrics we used to study the impacts of Hunting-
ton's disease on PNS neurons. To determine this, we mea-
sured the cell body width and axonal width of each DRGs
from the studied models: Wild-type (WT) control,
Huntington's disease (HD) control, WT treated with
H2O2, HD treated with H2O2, WT treated with NAm, HD
treated with NAm, WT treated with DSRM-3716, and HD
treated with DSRM-3716. Figure 2A–H are representative
images of a WT Control DRG, an HD Control DRG, a
WT H2O2 DRG, an HD H2O2 DRG, a WT NAm DRG, an
HD NAm DRG, a WT DSRM-3716 DRG, and an HD
DSRM-3716 DRG, respectively, before being sliced by the
RoboLase laser. Within the white box is the DRG cell
body and the part of the axon that was measured. The
white lines going across the cell body and across the axon
represent the distinctive cell body width and axonal
width measurements.

Figure 2I graphically compares the cell body widths
and axonal widths of WT and HD models, and their

4 of 14 BARBER ET AL.
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respective treatment groups. We found a significant dif-
ference between WT Control and WT NAm cell body
widths such that WT DRGs treated with NAm on average
have smaller cell body widths. While NAm does seem to

have a shrinkage effect on WT DRG cell bodies, NAm
does not have a similar effect on HD DRGs. No difference
was found in the widths of the cell bodies of HD Control
DRGs and HD DRGs treated with NAm. HD DRGs seem

FIGURE 2 Legend on next page.
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to be more resistant to NAm induced cell body shrinkage.
We however did find a significant difference in the cell
body widths of WT DRGs treated with H2O2 and the
cell body widths of HD DRGs treated with H2O2. HD
DRGs treated with H2O2 on average have smaller cell
body widths, indicating that H2O2 may have a shrinkage
effect on HD cell bodies that WT DRGs are more resis-
tant to. Finally, we found no difference in axon sizes
between WT and HD models and across treatments. WT
and HD cell bodies seem to be much more susceptible to
treatment-induced shrinkage than DRG axons are.

3.2 | Axonal strength and neuronal
resistance against laser cutting/slicing

Neuronal resistance against laser cutting was the second
metric used to determine the differences in neuronal
strength in WT and HD DRGs, and in their respective
treatment groups. Figure 3A is a series of images of an
HD Control DRG being cut eight times by the RoboLase
system to fully cut through the axon. As the neuron is cut
it forms scar tissue in a seemingly effective method to
reduce damage from the laser (discussed below). When
the laser hits the scar tissue, it forms a bubble that dissi-
pates over time. The portion of the axon cut is enclosed
within a white box in each image.

Figure 3B demonstrates the total time needed to cut
through each DRG axon. The formation of scar tissue on
the axon is accounted for in this figure as the total time
measured included waiting for the bubble formed from
slicing at scar tissue to shrink down enough so the cut
site was once again visible. We found a significant differ-
ence in the time it took to cut through an untreated WT
axon compared to the time that it took to cut through a
wild-type axon treated with NAm. We found a similar
difference between the time it took to cut through a WT

axon treated with H2O2 compared to the time that it took
to cut through a wild-type axon treated with NAm.
Despite being shown to have a rescuing effect in other
experiments [20], treatment with NAm reduced the total
length of time needed to cut through wild-type DRGs,
and therefore seems to reduce the axonal resistance
against laser cutting. It, however, does not have the same
effect on HD DRGs.

No difference was found between HD Control DRGs
and HD DRGs treated with NAm. There is however a sig-
nificant difference in the time it takes to cut through a
WT axon treated with H2O2 compared to the time that it
takes to cut through an HD axon treated with H2O2.
There is an additional significant difference in the time it
takes to cut through an HD untreated (control) axon
compared to the time that it takes to cut through an HD
axon treated with H2O2. While H2O2 treatment doesn't
seem to have an effect on the resistance of WT neurons
against axonal damage, treatment with H2O2 reduces the
total time to cut in HD neurons indicating that H2O2

treatment reduces the axonal strength and in doing so
reduces the ability of HD DRGs to resist damage.

Surprisingly, Figure 3B demonstrates that treatment
with DSRM-3716 significantly reduces the time it takes to
cut through the axon in both WT and HD DRGs. We
found a significant difference between WT Control and
WT DSRM-3716, between WT H2O2 and WT DSRM-
3716, and between HD Control and HD DSRM-3716. In
all these cases, treatment with DSRM-3716 reduced the
total time it took to cut through the axon.

Each data point in Figure 3C represents the total
number of RoboLase system slices needed to fully cut
through the axon of each DRG from each model. We
found a significant difference in the number of laser
slices needed to cut through an untreated WT axon com-
pared to the number of laser slices needed to cut through
a wild-type axon treated with NAm. We found this same

FIGURE 2 (A) Representative image of cell body and axon width measurements for a WT Control dorsal root ganglion (DRG).

(B) Representative image of cell body and axon widths measurements for an HD Control DRG. (C) Representative image of cell body and

axon width measurements for a WT H2O2 DRG. (D) Representative image of cell body and axon widths measurements for an HD H2O2

DRG. (E) Representative image of cell body and axon width measurements for a WT NAm DRG. (F) Representative image of cell body and

axon widths measurements for an HD NAm DRG. (G) Representative image of cell body and axon width measurements for a WT DSRM-

3716 DRG. (H) Representative image of cell body and axon widths measurements for an HD DSRM-3716 DRG. (I) Bar graph demonstrating

the differences in average cell body and axon width for WT and HD models and their respective treatments. Significant difference between

WT Control and WT NAm cell body widths such that WT NAm DRGs on average have smaller cell body widths. ****p < 0.0001. Significant

difference between WT H2O2 and WT NAm cell body widths such that WT NAm DRGs on average have smaller cell body widths.

***p < 0.001. Significant difference between WT H2O2 and HD H2O2 cell body widths such that HD H2O2 DRGs on average have smaller cell

body widths. *p < 0.05. Significant difference between WT NAm and WT DSRM-3416 such that WT NAm DRGs on average have smaller

cell body widths. ***p < 0.001 WT Control cell body n = 27; HD Control cell body n = 31; WT H2O2 cell body n = 35; HD H2O2 cell body

n = 26; WT NAm cell body n = 31; HD NAm cell body n = 27; WT DSMR-3716 cell body n = 19; HD DSMR-3716 cell body n = 16. WT

Control axon n = 33; HD Control axon n = 32; WT H2O2 axon n = 43; HD H2O2 axon n = 26; WT NAm axon n = 42; HD NAm axon

n = 24; WT DSMR-3716 axon n = 20; HD DSMR-3716 axon n = 16.
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FIGURE 3 (A) Robotic laser system slicing an HD Control dorsal root ganglion (DRG) eight times before the axon is fully severed. Scar

tissue forms at the cut site making the axon more difficult to cut. The cut location in each image contained within the superimposed box.

(B) Bar graph demonstrating the total time in minutes needed to fully cut through the DRG axon. Significant difference between WT Control

and WT NAm such that WT NAm took much less time to cut through. ***p < 0.001. Significant difference between WT H2O2 and WT NAm

such that WT NAm took less time to cut through. ***p < 0.001. Significant difference between HD Control and HD H2O2 such that HD H2O2

took less time to cut through. *p < 0.05. Significant difference between WT H2O2 and HD H2O2 such that HD H2O2 took less time to cut

through. *p < 0.05. Significant difference between WT Control and WT DSRM-3716 such that WT DSRM-3716 took less time to cut through.

***p < 0.001. Significant difference between HD Control and HD DSRM-3716 such that HD DSRM-3716 took less time to cut through.

**p < 0.01. Significant difference between WT H2O2 and WT DSRM-3716 such that WT DSRM-3716 took less time to cut through.

***p < 0.001. WT Control n = 33; HD Control n = 32; WT H2O2 n = 50; HD H2O2 n = 26; WT NAm n = 43; HD NAm n = 27; WT DSRM-

3716 n = 20; HD DSRM-3716 n = 16. (C) Bar graph demonstrating the number of laser slices to cut through DRG axons in various models.

Significant difference between WT Control and WT H2O2 such that WT H2O2 took more laser slices to cut through. *p < 0.05. Significant

difference between WT Control and WT NAm such that WT NAm took fewer laser slices to cut through. *p < 0.05. Significant difference

between HD Control and HD NAm such that HD NAm took fewer laser slices to cut through. **p < 0.01. Significant difference between WT

H2O2 and WT NAm such that WT NAm took much fewer laser slices to cut through. ****p < 0.0001. Significant difference between WT

H2O2 and WT DSRM-3716 such that WT NAm took much fewer laser slices to cut through. ***p < 0.001. WT Control n = 33; HD Control

n = 32; WT H2O2 n = 50; HD H2O2 n = 26; WT NAm n = 43; HD NAm n = 27; WT DSRM-3716 n = 20; HD DSRM-3716 n = 16.
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FIGURE 4 Legend on next page.
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difference when comparing WT DRGs treated with NAm
to WT DRGs treated with H2O2 and also to WT DRGs
treated with DSRM-3716. NAm reduces the total number
of laser slices needed to cut through WT DRGs, which
supports the results from Figure 3B. Figure 3C demon-
strates similar effects of NAm treatment on HD DRGs.
Treatment with NAm significantly reduces the number
of laser slices needed to fully cut through the axon, indi-
cating that NAm might also reduce axonal strength and
neuronal resistance against laser cutting in HD DRGs.
Finally, Figure 3C demonstrates that it takes significantly
more laser cuts to cut through WT H2O2 DRGs compared
to WT Control DRGs. WT H2O2 DRGs seem to have
increased axonal resistance against neuronal damage
compared to WT Control DRGs.

3.3 | DRG shrinkage post-RoboLase cut

Finally, we wanted to determine if Huntington's disease,
oxidative stress, nicotinamide, or SARM1 inhibition had
any effect on axonal shrinkage post-RoboLase cut.
Figure 4A shows a series of images of an HD Control
DRG before being cut by the RoboLase system (pre-cut),
after 13 slices from the RoboLase system (post-cut), 5 min
post-cut, 10 min post-cut, 15 min post-cut, and 20 min
post-cut. The images clearly show the axon shrinking
after being cut by the laser. The images also clearly show
the scar tissue that builds up as a result of the laser dam-
age. This scar tissue is boxed in white in the post-cut
image.

To calculate the amount of shrinkage the distance
from one cut end to the other cut end was measured. An
example of this measurement is shown in the 20 min
post-cut image of Figure 4A. Figure 4B,C demonstrates
two different visualizations of the axonal shrinkage data
at three different time intervals: immediately post Robo-
Lase system cut (0.5 min), 10 min after RoboLase system

cut, and 20 min after RoboLase system cut. Figure 4B rep-
resents the data in bar graph style with the individual
values for each DRG superimposed on top of the bar
graph. Figure 4B also clearly shows the high levels of vari-
ation in shrinkage within each model. Shrinkage variation
was especially high in the HD Control model. Figure 4C
represents data in summary form with superimposed sym-
bols demonstrating the average shrinkage for each model
post-cut (0.5 min), at 10 min post-cut, and at 20 min post-
cut. Figure 4C demonstrates that HD models may shrink
slightly more than WT models, but this difference is
non-significant. Additionally, comparisons between WT
and HD Control and respective H2O2 and NAm treatment
groups in Figure 4B,C were also non-significant. However,
we did find significant differences in shrinkage patterns of
DRGs treated with DSRM-3716.

WT DRGs treated with DSRM-3716 demonstrated
decreased shrinkage at 0.5 min post-cut, 10 min post-cut,
and 20 min post-cut compared to WT DRGs treated with
NAm and WT DRGs treated with H2O2. At 10 min post-
cut, WT DRGs treated with DSRM-3716 demonstrated
decreased shrinkage compared to WT Control DRGs as
well. HD DRGs treated with DSRM-3716 demonstrated
decreased shrinkage at 0.5 min post-cut, 10 min post-cut,
and 20 min post-cut compared to HD Control DRGs and
HD DRGs treated with NAm.

4 | DISCUSSION

Previous studies on Huntington's disease patients and
transgenic mice have found that mHTT accumulates in
the nuclei and processes of the neuron [37–40]. The accu-
mulation of mHTT proteins in the cell body could pro-
vide an explanation for why the wild-type DRG cell
bodies substantially shrunk in response to NAm while
Huntington's disease DRG cell bodies did not change in
response to NAm treatment (Figure 2I). Upon treatment

FIGURE 4 (A) Images of an HD Control dorsal root ganglion (DRG) before slicing from the RoboLase system (pre-cut), after 13 slices

from the RoboLase system (post-cut), 5 min post-cut, 10 min post-cut, 15 min post-cut, and 20 min post-cut. (B) Bar graph representing the

amount of shrinkage of each model post-cut (0.5 min), 10 min post-cut, and 20 min post-cut. High variation within Control, H2O2, and NAm

models. Significant difference between WT H2O2 and WT DSRM-3716 such that WT DSRM-3716 demonstrated less shrinkage at all time

points. **p < 0.01. Significant difference between WT NAm and WT DSRM-3716 such that WT DSRM-3716 demonstrated less shrinkage at

all time points. ***p < 0.001 at 0.5 min, ****p < 0.0001 at 10 min and 20 min. Significant difference between WT Control and WT DSRM-

3716 at 10 min such that WT DSRM-3716 demonstrated less shrinkage. *p < 0.05. Significant difference between HD Control and HD

DSRM-3716 such that HD DSRM-3716 demonstrated less shrinkage at all time points. ***p < 0.001 at 0.5 min, **p < 0.01 at 10 min and

20 min. Significant difference between HD NAm and HD DSRM-3716 such that HD DSRM-3716 demonstrated less shrinkage at all time

points. ***p < 0.001 at 0.5 min, **p < 0.01 at 10 min and 20 min. (C) Superimposed symbols graph representing the amount of shrinkage of

each model post-cut (0.5 min), 10 min post-cut, and 20 min post-cut. Bars represent the standard error of the mean for each model. WT

Control n = 17; HD Control n = 26; WT H2O2 n = 36; HD H2O2 n = 22; WT NAm n = 34; HD NAm n = 18; WT DSRM-3716 n = 20; HD

DSRM-3716 n = 16.
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with H2O2, a difference in cell body size was seen between
wild-type and Huntington's disease DRGs, with Hunting-
ton's disease DRGs having slightly smaller cell bodies
(Figure 2I). We can conclude that wild-type DRGs are
more susceptible to NAm-induced morphology changes
than oxidative stress-induced morphology changes. Addi-
tionally, despite the accumulation of mHTT proteins,
Huntington's disease DRGs do seem to be somewhat sus-
ceptible to oxidative stress-induced morphology changes.
In contrast, neither wild-type nor Huntington's disease
DRGs demonstrated any cell body shrinkage when
exposed to SARM1 inhibitor DSRM-3716. Cell shrinkage is
linked to programmed cell death signals [41]. We can con-
clude that both NAm and H2O2 have cytotoxic effects on
wild type and HD neurons, respectively. We can further
conclude that DSRM-3716 does not have cytotoxic effects
on wild type or HD neurons.

However, while NAm and H2O2 had demonstrated
effects on wild-type and Huntington's disease DRG cell
body widths, they did not have any effect on axonal widths
(Figure 2I). We hypothesize that this is because axons are
full of cytoskeleton, microtubules, actins, and neuro-
filaments, whereas cell bodies are more fluid [42]. The
additional stability of the axon may confer resistance to
drug-induced morphology changes, resulting in NAm and
H2O2 treatments having no effect on the DRG axon widths
despite having a significant effect on the cell body widths.

Huntington's disease is classified as a CNS disease
with its effects mainly resulting in the degeneration of
the striatum and the thinning of the cortical ribbon
[7–12, 43, 44]. However, our studies on the morphologi-
cal differences between wild-type and Huntington's dis-
ease DRGs, and their treatment groups, indicate that
wild-type and Huntington's disease neurons have differ-
ent reactions to different treatments despite the classifica-
tion of DRGs as PNS neurons. Our axonal strength
studies demonstrated in Figure 3 further support the con-
clusion that Huntington's disease significantly impacts
the PNS. Figure 3B demonstrates similar results to those
in Figure 2I, with NAm treatment detrimentally affecting
the neuron by decreasing axonal strength in wild-type
DRGs. Figure 3C demonstrates an additional significant
difference between the axonal strength of untreated wild-
type DRGs and wild-type DRGs exposed to H2O2. In this
experiment, we found that wild-type DRG axons treated
with H2O2 were more resistant to damage than wild-type
untreated axons, in the sense that it took many more
laser slices to cut through the H2O2 treated wild-type
DRG compared to WT Control axons. A similar increase
in axonal resistance against damage was not found in
Huntington's disease DRGs. Interestingly, we also did not
find a difference in the time it takes to cut through the
H2O2 treated axons, compared to the control (Figure 3B).

Oxidative stress has been found to dramatically increase
microtubule networks inside cardiac myocytes [45]. Since
scar tissue plays a large role in increasing the total time to
cut, our results indicate that in wild-type DRGs, H2O2 may
have a strengthening effect on the microtubule networks,
resulting in an increase in the number of slices needed to
cut through the neuron, while simultaneously having a
preventative effect on the development and strength of scar
tissue, resulting in the non-significant difference in total
time until cut through. Treatment with H2O2 on Hunting-
ton's disease DRGs was found to reduce the total time to
cut through the axon while having no significant effect on
the number of laser slices to cut through the axon
(Figure 3B,C). These results indicate that H2O2 may have a
preventative effect on the development and strength of scar
tissue in Huntington's disease DRGs but doesn't seem to
significantly impact microtubular networks.

Similar to H2O2 treatment, treatment with DSRM-
3716 significantly reduced the amount of time it took to
cut through both wild-type and Huntington's disease
DRG axons (Figure 3B). However, treatment with DSRM-
3716 did not reduce the number of laser slices to cut
through the axon for either model (Figure 3C). These
results indicate that DSRM-3716 may too have a preven-
tative effect on the development and strength of scar tis-
sue in wild-type and Huntington's disease DRGs.

Despite the effect of DSRM-3716 on axonal strength
against damage shown in Figure 3, treatment DSRM-
3716 did reduce degeneration in both wild-type and
Huntington's disease DRGs (Figure 4B,C). This reduction
in degeneration was seen at each time point: immediately
post-cut (0.5 min), 10 min post-cut, and 20 min post-cut.
These results support the longstanding determination
that SARM1 inhibition results in protection from neuro-
nal degeneration [31].

As mentioned above, NAm has conflictingly been
described as having a neuroprotective effect, and as hav-
ing no effect [28, 29]. Our results indicate that NAm
treatment both induced cell body shrinkage in wild-type
DRGs and reduced axonal strength against laser-induced
damage (Figures 2 and 3). This result was highly unex-
pected and is indicative that despite its rescuing effects,
high concentrations NAm can be neurotoxic.

One question we plan to address in future experi-
ments is if the use of embryonic and P0 DRGs played a
role in our shrinkage results, especially given the high
amount of variability of the embryonic and P0 DRG
shrinkage patterns seen in Figure 4B,C. Since Hunting-
ton's disease onset is generally mid to late in life, these
future studies will focus on determining if older DRGs
demonstrate differences in shrinkage patterns. Given that
our use of a NAm concentration of 24.5 mM was in the
range of safe concentrations, yet still proved to be
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neurotoxic, future studies will also work to determine the
specific NAm concentration that the neuroprotective
effects become neurotoxic in DRGs. In the future, we
hope to create a new metric of safe NAm concentrations
in DRGs.
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