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Abstract
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease character-

ized by loss of motor neurons. The mechanisms leading to motor neuron degeneration in

ALS are unclear. However, there is evidence for involvement of endoplasmic reticulum (ER)

stress and the unfolded protein response (UPR) in ALS, notably in mutant SOD1 mediated

models of ALS. Stress induced phosphorylation of the eIF2 alpha subunit by eukaryotic

translation initiation factor 2-alpha kinase 3 Perk activates the UPR. Guanabenz is a cen-

trally acting alpha2 adrenergic receptor agonist shown to interact with a regulatory subunit

of the protein phosphatase, Pp1/Gadd34, and selectively disrupt the dephosphorylation of

the alpha subunit of eukaryotic initiation factor 2 (eif2alpha). Here we demonstrate that gua-

nabenz is protective in fibroblasts expressing G93A mutant SOD1 when they are exposed

to tunicamycin mediated ER stress. However, in contrast to other reports, guanabenz treat-

ment accelerated ALS-like disease progression in a strain of mutant SOD1 transgenic ALS

mice. This study highlights challenges of pharmacological interventions of cellular stress

responses in whole animal models of ALS.

Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease characterized
by dysfunction of upper and lower motor neurons [1]. Until now, only riluzole has been
approved as a treatment aimed at slowing ALS disease progression. It has been shown to extend
patient life by 2–3 months. One approach to quickly address the unmet medical need presented
by ALS is to “repurpose” therapeutics that are used to treat other conditions by testing them
preclinically or clinically for ALS. Despite various successes with repurposed or repositioned
drugs across myriad disease indications [2], results from this approach have thus far been dis-
appointing with nearly a dozen failures in large multicenter randomized placebo controlled
clinical trials for ALS between 2004 and 2014 [3]. Still, because repurposing remains an expedi-
tious path toward development of therapeutics for people living with ALS, we have tested doz-
ens of FDA approved therapeutics in the B6SJL(G93A-SOD1)/Gur1 model of ALS (hereafter
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referred to as G93A-SOD1 mice) to evaluate their potential as clinical candidates with limited
success [4, 5, 6, 7].

Recently there have been reports of efficacy by guanabenz, an FDA approved antihyperten-
sive drug, in G93A-SOD1 mice [8, 9]. Guanabenz is an alpha2 adrenergic receptor agonist
shown to interact with a regulatory subunit of the protein phosphatase, Pp1/Gadd34, and selec-
tively disrupt the dephosphorylation of the alpha subunit of eukaryotic initiation factor 2 [10].

Eukaryotic initiation factor 2 (eIF2) is essential for protein translation. Stress induced phos-
phorylation of the eIF2 alpha subunit by eukaryotic translation initiation factor 2-alpha kinase
3 Perk is one of three signal transduction pathways that activates the unfolded protein response
(UPR) and reduces global protein production to levels more readily managed by available
chaperone proteins for proper folding [11]. The other two arms of the UPR involve Atf6 and
Ire1. UPR induction can enhance cellular survival [10]. However, while the presence of phos-
phorylated eIF2alpha reduces global translation and cellular demand for energy and enhances
robustness against cellular stress, it also reprograms cellular transcription and translation
machinery to ultimately increase levels of CHOP (aliases GADD153, Ddit3), a transcription
factor that drives apoptosis [12]. This eIF2 mediated stress response circuit is a nexus point of
a delicately balanced network optimizing cellular functionality, robustness, and controlled cell
death in conditions of endoplasmic reticulum (ER) stress. Any pharmacological approach
attempting to modulate cellular responses to stress caused by protein misfolding must balance
these competing elements.

A series of genetic experiments have been performed with transgenic mice to study the role
of the UPR in SOD1 mice. The first study crossed Perk haplo-insufficient mice with transgenic
G85R-SOD1 mice. These Perk haplo-insufficient SOD1 mice displayed accelerated disease.
This suggested that diminished capacity to respond to ER stress is deleterious [13]. Next they
developed a SOD1 transgenic mouse harboring a Gadd34 mutation. The mutation retarded its
capacity for dephosphorylation of the eIF2 alpha subunit. These mice had a delayed and less
severe disease phenotype [14]. These results suggested that treatment with a drug that could
also reduce GADD34 activity might be protective. Salubrinal, another small molecule Gadd34
inhibitor has been reported as efficacious in SOD1 mice [15]. However, it has a poor in vivo
pharmacology profile. Guanabenz, a central acting drug with similar inhibitory effects on Pp1/
Gadd34, was tested in SOD1 mice by the Roos lab and the Feng Lab (First Affiliated Hospital
of Harbin Medical University in Harbin China) at doses of 8 mg/kg or 4 mg/kg every other day
respectively. Both labs reported significant extension of survival. Additionally, guanabenz
treatment of 4 mg/kg three times weekly demonstrated efficacy in a mouse model of prion dis-
ease [16].

The experiments and results detailed in this report were mostly completed before reports of
efficacy by Jiang et al and Wang et al. and were catalyzed by the 2011 findings that guanabenz
interferes with eIf2alpha dephosphorylation. Herein we report the effects of guanabenz on via-
bility of SOD1 mouse fibroblasts exposed to tunicamycin induced cell stress. Further, we dem-
onstrate guanabenz dependent effects on levels of UPR related transcripts and proteins from
G93A-SOD1 spinal cord. Finally, we demonstrate disease acceleration by guanabenz in
G93A-SOD1 mice by two treatment regimens: 1) 4.5 mg/kg/day by osmotic minipump contin-
uous infusion and 2) a repeat of the 4 mg/kg qod protocol reported by the Feng Lab.

Results
Guanabenz treatment enhances viability of HeLa cells that have been stressed by tunicamycin
[17]. Tunicamycin is a mixture of homologous nucleoside antibiotics that inhibits N-linked
glycosylation and reproducibly induces the UPR in cells that are exposed to it [18, 19]. Here we
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repeated these experiments using primary fibroblasts derived from tail tips (TTF) from
G93A-SOD1 mice and in TTF derived from littermates that harbor no mutant transgenes.
These primary cells were used to take into account the role of SOD1 over-expression on the
UPR induction and whether that would influence effects by guanabenz on the pathways. Simi-
larly to the reported HeLa cell results, guanabenz treatment at low micromolar concentrations
enhanced viability against tunicamycin induced cell death in fibroblasts in both WT TTFs and
SOD1 TTFs at 3 and 10 uM concentrations (Fig 1A and 1B) and shifted the EC50 of tunicamy-
cin significantly (Fig 1C). Guanabenz treatment shifted tunicamycin EC50 values higher to a
greater extent in nontransgenic fibroblast experiments than in the G93A-SOD1 fibroblast
experiments. The cell viability assay that was used relies on the cleavage of water soluble tetra-
zolium salt 1 (WST1) to formazan by mitochondrial dehydrogenase enzymes in viable cells.
There is a measurable difference in absorbance when WST1 is converted to formazan and
changes color. A greater shift to yellow indicates a higher number of viable cells.

Next, in vivo experiments were completed to determine a well-tolerated treatment regimen
that would maintain levels of guanabenz in spinal cord at low micromolar concentrations. A
pharmacokinetics experiment was conducted in G93A-SOD1 mice where 10 mg/kg guanabenz
was administered by intraperitoneal (i.p.) bolus injection. Plasma and spinal cord were har-
vested and analyzed. The plasma half-life of guanabenz was 1.8 hours (Fig 2A, Table 1). Peak
spinal cord levels after a single 10 mg/kg bolus were approximately 7 uM. Using these pharma-
cokinetics parameters, a dosing regimen was modeled employing continuous infusion of
approximately 4.5 mg/kg/day guanabenz by subcutaneous minipump that would achieve 1 uM
continuous exposure of guanabenz in spinal cord.

A study was then completed to determine if 28 days of guanabenz treatment at 0.45, 1.5, or
4.5 mg/kg administered by subcutaneous minipump would influence transcript levels of genes
relating to the unfolded protein response in G93A-SOD1 mouse spinal cord. Mice were
approximately 90 days old when tissues were harvested. Levels of Atf4, Bcl2, Bip, Ccnd1, and
Chop transcripts were measured. Of these, only Bip was altered statistically significantly and
only at 4.5 mg/kg/day. (Fig 2B, S1 Fig). Chop, Bcl2, and Bip protein levels in spinal cord of
4.5 mg/kg/day guanabenz-treated mice were compared to vehicle control by western blot. Only
Chop levels were significantly altered, having been reduced by approximately 47% as measured
by fluorescence intensity normalized to Gapdh fluorescence intensity (Fig 2C and 2D). In the
same study, body weights were captured daily. Guanabenz appeared to reduce body weight
gain in SOD1 mice at the dose levels being explored (Fig 3), though the differences were not
significant by ordinary one-way ANOVA applying Dunnett’s multiple comparisons test.

Fig 1. (A) WST1 absorbance as an indicator of cell viability in a tunicamycin challenge assay using fibroblasts derived from G93A-SOD1 mice. (B) WST
absorbance indicator a tunicamycin challenge assay using fibroblasts derived from non-transgenic mice. (C) Tunicamycin EC50s as a function of guanabenz
concentration in G93A-SOD1 and non-transgenic mouse fibroblasts.

doi:10.1371/journal.pone.0135570.g001
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Further, the study observers noted that guanabenz-treated mice exhibited aggressive behavior
during the first 14 days, but no toxicity was obvious during the 28 day study.

Fig 2. a) Guanabenz plasma drug levels in G93A-SOD1 mice after i.p. bolus injection of 10 mg/kg guanabenz. b) Relative mRNA expression in spinal cord
of mice after continuous subcutaneous infusion of guanabenz at 0.45, 1.5, or 4.5 mg/kg or vehicle control. c) Western blot analysis of Bip, Chop, Bcl2, and
Ccnd1 in spinal cord samples frommice treated with 4.5 mg/kg/day guanabenz or vehicle control. d) Relative quantitation of Chop protein determined by
western blot in 4.5 mg/kg/day guanabenz treated mice or vehicle treated mice.

doi:10.1371/journal.pone.0135570.g002

Table 1. Guanabenz Mouse Pharmacokinetics. Guanabenz plasma pharmacokinetics parameters in
G93A-SOD1 mice after i.p. injection of 10 mg/kg guanabenz.

Guanabenz PK Non-Compartmental Analysis 10 mg/kg

Parameter Units Plasma

Half-life Lambda z hr 1.8

Tmax hr 0.083

Cmax ng/mL 1029.0

doi:10.1371/journal.pone.0135570.t001
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Guanabenz was then tested for efficacy against disease progression and survival endpoints
in the G93A-SOD1 mice. 16 male and 16 female guanabenz-treated mice and 16 male and
16 female vehicle-treated mice were assigned. The cohorts were litter matched. Observers were
blinded. The study was initiated when mice were approximately 50 days old. Osmotic mini-
pumps were implanted delivering approximately 4.5 mg/kg/day in 6 ul of vehicle or 6 ul of vehi-
cle alone. Of the 32 mice that were assigned to the guanabenz treatment cohort, only 20 survived
until ALS related disease end-stage. The other 12 were euthanized according to IACUC protocols
ensuring humane treatment of animals where 8 animals died during or did not recover from
pump replacement surgery and 4 animals suffered injuries from self-mutilation (S1 Table). These
animals were euthanized because they displayed signs of self-mutilation at the site of osmotic
minipump implantation or because they did not recover from anesthesia after surgery. In com-
parison, the vehicle cohort included two non-ALS related death events where two mice did not
recover from anesthesia following osmotic minipump replacement surgery. (S1 Table) An expla-
nation for the increased mortality in the guanabenz treatment group is that both guanabenz and
one component of our anesthesia cocktail, medetomidine, are alpha 2 agonists. The combination
of the agents may not have been well tolerated in these mice.

The remaining 20 guanabenz-treated and 30 vehicle-treated mice were analyzed for efficacy
against ALS related endpoints. Guanabenz-treated male G93A-SOD1 mice exhibited acceler-
ated age of onset of paresis and age at ALS-related death by 10 and 4.5 days respectively (p val-
ues = 0.02 and 0.02) (Fig 4A and 4B, Table 2, Table 3). No effect by guanabenz was observed
on age at onset or age of death in female G93A-SOD1(Fig 4C and 4D, Table 2, Table 3).

Fig 3. Average percent mouse body weight change after 28 days.

doi:10.1371/journal.pone.0135570.g003
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Fig 4. Kaplanmeier curves of results from efficacy study 4.5 mg/kg/day subcutaneous infusion of guanabenz compared to vehicle control in
G93A-SOD1mice (A) onset of paralysis of male G93A-SOD1mice, (B) survival of G93A-SOD1mice, (C) onset of paralysis of female G93A-SOD1
mice, (D) survival of G93A-SOD1mice, (E) onset of paralysis of all G93A-SOD1mice, (F) survival of all G93A-SOD1mice.

doi:10.1371/journal.pone.0135570.g004
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After completion of the previously described studies, reports by other groups were pub-
lished describing efficacy by guanabenz in G93A-SOD1 mice. In these reports, mice were
treated on alternate days with either 4 or 8 mg/kg by i.p. administration. These reports com-
pelled a follow up ALS disease endpoint efficacy study by our group. This was done to test
whether pulsatile exposure might mitigate untoward effects observed in the continuous infu-
sion study and reveal efficacy.

Our second guanabenz efficacy study aimed to repeat major attributes of the Jiang et al
study with few alterations. B6SJL-G93A-SOD1 mice were used in both studies. Jiang et al only
studied female mice (n = 30). Our experiment employed n = 32 female mice and n = 32 male
mice. Jiang et al randomly assigned mice while our study employed a litter matched protocol
because it has been shown that G93A-SOD1 mice from the same litter tend to live to approxi-
mately the same ages [6].

Unlike the osmotic minipump efficacy study, guanabenz-treated animals in the intraperito-
neal injection qod study did not exhibit more aggressive behavior than vehicle-treated controls.
All guanabenz-treated mice achieved ALS related death endpoints. Overall, guanabenz-treated
mice exhibited earlier age at onset of paresis (8.5 days, p-value = 0.001) and earlier age at ALS-
related death (6 days, p-value = 0.003) (Fig 5E and 5F, Table 2, Table 3). While both guana-
benz-treated genders exhibited earlier median ages at onset and death, only males were

Table 2. Guanabenz Efficacy Study Paralysis Onset Results Summary. Age at onset of paresis in 4.0 mg/kg qod efficacy study and 4.5 mg/kg/day effi-
cacy study.

Study Gender Vehicle Treated Median Age at Paralysis
Onset (days)

Median Age at Paralysis Onset
(Guanabenz)

Trt—Veh
(days)

P-value (Log-
rank)

4.5 mg/kg/day
Guanabenz

Male 113 103 -10 0.0272

4.5 mg/kg/day
Guanabenz

Female 116.5 113 -3.5 0.7418

4.5 mg/kg/day
Guanabenz

All 113.5 107 -6.5 0.1229

4 mg/kg qod
Guanabenz

Male 116 103 -13 0.0143

4 mg/kg qod
Guanabenz

Female 112.5 107 -5.5 0.051

4 mg/kg qod
Guanabenz

All 114 105.5 -8.5 0.001

doi:10.1371/journal.pone.0135570.t002

Table 3. Guanabenz Efficacy Study Survival Results Summary. Age of ALS related death in 4.0 mg/kg qod efficacy study and 4.5 mg/kg/day efficacy
study.

Study Gender Vehicle Treated Median Death
Age (days)

Guanabenz Treated Median Death
Age (days)

Trt—Veh
(days)

P-value (Log-
rank)

4.5 mg/kg/day
Guanabenz

Male 121.5 117 -4.5 0.0266

4.5 mg/kg/day
Guanabenz

Female 129.5 128 -1.5 0.8278

4.5 mg/kg/day
Guanabenz

All 126 121 -5 0.3808

4 mg/kg qod
Guanabenz

Male 128 116 -12 0.0149

4 mg/kg qod
Guanabenz

Female 122.5 118 -4.5 0.0976

4 mg/kg qod
Guanabenz

All 124 118 -6 0.0029

doi:10.1371/journal.pone.0135570.t003

Guanabenz Treatment Accelerates Disease in a SOD1Mouse Model of ALS

PLOSONE | DOI:10.1371/journal.pone.0135570 August 19, 2015 7 / 15



Fig 5. Kaplanmeier curves of results from efficacy study 4.0 mg/kg qod intraperitoneal injection of guanabenz compared to vehicle control in
G93A-SOD1mice (A) onset of paralysis of male G93A-SOD1mice, (B) survival of G93A-SOD1mice, (C) onset of paralysis of female G93A-SOD1
mice, (D) survival of G93A-SOD1mice, (E) onset of paralysis of all G93A-SOD1mice, (F) survival of all G93A-SOD1mice.

doi:10.1371/journal.pone.0135570.g005
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statistically significant when analyzed alone with median onset 13 days earlier (p-value = 0.014)
and median age at death 12 days earlier (p-value = 0.015). than the vehicle-treated cohort (Fig
5A and 5B, Table 2, Table 3).

Discussion
ER stress and the UPR are involved in ALS. Numerous reports have identified activation of the
main signaling branches of the UPR [20]. Enhanced phosphorylation of eIF2alpha has been
demonstrated in post-mortem spinal cord of ALS patients. Also, XBP1, ATF4, and CHOP
expression is increased in human ALS spinal cord [21, 22, 23].

This activation of the UPR is also modeled in transgenic mice over-expressing mutant
human SOD1 genes which are known to cause heritable ALS [15, 24]. Genetic modulation of
the UPR in transgenic mice over-expressing mutant human SOD1 significantly influences
motor neuron disease symptom onset and lifespan. Mice over-expressing G85R mutant human
SOD1 in the context of Perk haplo-insufficiency have earlier disease onset and reduced life-
spans compared to G85R-SOD1 mice on a Perk+/+ background [12]. On the other hand, the
same G85R-SOD1 mice crossed to mice with a mutated GADD34 gene on one allele have
delayed onset and significantly prolonged survival [13].

One function of Perk is to phosphorylate the alpha subunit of eIF2 under stress conditions.
This results in general translation suppression while enhancing transcription and translation of
a number of cytoprotective genes and eventually, if stress is unabated, also genes and proteins
that promote apoptosis. A later stage counterbalance to Perk and its phosphorylation of eIF2al-
pha within the UPR is Pp1/Gadd34, a phosphatase responsible for the dephosphorylation of
eIF2alpha. The murine genetic crosses described above suggest that enhanced phosphorylation
of eIF2alpha, its downstream effects on translation, and the selective expression of protective
stress response proteins could result in improved disease outcomes in ALS animal models and
perhaps in people living with ALS. This is in fact the outcome reported by two independent
groups that tested the Pp1/Gadd34 inhibitor, guanabenz, in G93A-SOD1 mice [8, 9].

In direct contrast to these reports, we observed a statistically significant acceleration of
onset of paresis and shortened lifespan of mice treated with guanabenz by two different treat-
ment regimens. G93A-SOD1 male mice were more sensitive to the deleterious effects of guana-
benz than their female counterparts.

The discrepancies may in part be explained by preclinical study design differences. For
example, Jiang et al tested guanabenz only in female G93A-SOD1 mice while Wang et al do
not report the gender breakdown of the mice in their studies. The most robust disease accelera-
tion observed in our studies were in male mice. Also, while Jiang et al tested guanabenz in
G93A-SOD1 mice on the B6/SJL mixed hybrid background as we did, Wang et al used the
slower progressing C57B6 congenic strain. Finally, treatment start ages are different or incom-
parable across the studies. In our B6SJL background mice, we initiated treatment when mice
were 50 days old while Jiang et al initiated treatment at 40 days of age and Wang et al initiated
in C57B6 mice at 60 days of age. Finally, attempting to adhere to internationally established
guidelines for testing of drugs in preclinical models of ALS, we litter-matched our cohorts to
further reduce the risk of spurious results that can result from phenotypic outcomes clustering
around litters [6, 25, 26]. The other groups did not mention this protocol detail.

There are a number of explanations why treatment with guanabenz might accelerate disease
onset and shorten lifespan in G93A-SOD1 mice. First, by inhibiting dephosphorylation of
eIF2alpha by Pp1/Gadd34, guanabenz treatment may have disrupted optimal intermittent acti-
vation of the UPR. The UPR is a tightly regulated program with built-in counterbalances. Ini-
tial stress induced phosphorylation of eIF2alpha by Perk and downstream impact on
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translation are later countermanded by Pp1/Gadd34 dephosphorylation of eIF2alpha. Without
the appropriate balance, Perk mediated stress responses might ultimately accelerate apoptosis
by way of Atf4/Chop signal transduction pathways. However, the G85R-SOD1/Gadd34 mutant
cross mouse result suggests that Pp1/Gadd34 suppression can be protective. The inconsistency
of our guanabenz pharmacological results and the genetic study results might suggest that UPR
modulation at an earlier stage, perhaps as early as conception, might be essential for efficacy.

Another possible explanation for untoward effects observed in our guanabenz study might
be its activities as an agonist of the alpha-2 adrenergic receptor. The dose levels used in our
studies and of those in the other published reports are above those which cause hypotension in
both hypertensive and normotensive rodent studies [27, 28]. Further, we observed aggressive
behavior and reduced body weight gain in our guanabenz-treated mice indicating overall
increased stress possibly independent of any UPR mechanism of action.

Because of the promising and informative results in genetic studies, further exploration of
pharmacological agents which influence the UPR in in vivomodels of ALS is warranted. Selec-
tive inhibitors of Perk have been developed [29]. Disease acceleration by Perk inhibitors might
support the findings in SOD1/Perk haploinsufficient mice that Perk inhibition can accelerate
disease. On the other hand, pharmacological Perk inhibition was protective in a TDP43 based
drosophila model of neurodegeneration [30]. Another approach to better elucidate how to
modulate the UPR in the context of ALS would be the testing of small molecule drugs that
inhibit Pp1/Gadd34 activity but do not act as alpha2 adrenergic receptor agonists. While the
small molecule, salubrinal, is a good molecular tool for cell-based work, it is suboptimal for
whole animal pharmacology [10]. A molecule with similar or better activity against eIF2alpha
dephosphorylation and with improved formulation, pharmacokinetics, and distribution attri-
butes could be useful for research and possibly as a therapy in ALS or other neurodegenerative
conditions.

Finally, it is important to consider that results from any modulation of the UPR, either
pharmacological or genetic, in cellular or whole animal transgene over-expression models, may
not fairly reflect the human disease condition caused by a single copy gene mutation or an
undefined interplay of multiple genetic risk-factors and environment. Transgenic over-expres-
sion models, by their definition, apply an inordinate stress on cellular protein processing
machinery that may skew results. This enhances the risk that preclinical results will not trans-
late to those observed in humans.

Materials and Methods

Tail tip fibroblast isolation
A 1 to 2 cm length of tail-tips from 8-week-old wild-type and G93A-SOD1 mice were washed
with 70% ethanol and PBS. The superficial dermis was peeled away and the remaining tissue
was cut into 1 mm pieces using a scalpel. Five or six pieces were plated in one well of a six well
plate and cultured with 2 mL of TTF medium (Dulbecco’s modified Eagle’s medium with 10%
FBS and 50 units/mL penicillin/streptomycin) for 7–10 days. Cells migrating out were trypsi-
nized and expanded into T25 flasks (passage 1).

Tail Tip Fibroblast Tunicamycin Challenge Assays
TTFs were plated at 30–35% confluence in 96 well plates in 100 ul/ well using DMEM/high glu-
cose and 10%fetal bovine serum using a trough and multichannel pipette. Cells were incubated
overnight. Guanabenz in 50 ul low glucose DMEM and 1% FBS was added to cells in culture to
achieve concentrations of 0, 3, or 10 ump in a final 200 uL of media. Cells were incubated for 1
hour. Tunicamycin in 50 ul of low glucose DMEM and 1% FBS was added to cells in culture to
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achieve concentrations of 0.01, 0.03, 0.1, 0.3, 1, 3, and 10 uM concentrations in 200 uL per well.
Plates were then incubated for 48 hours @ 37°C and 5%CO2. 20 ul of WST1 substrate was then
added to each well. Cells were incubated for 20 minutes. Absorbances were then read at
450nm.

Animals
The studies were approved by the ALSTDI Institutional Animal Care and Uses Committee
(IACUC) and in accordance with the Institute for Laboratory Animal Research (ILAR) Guide
for Care and Use of Laboratory animals[31]. The SOD1-G93A mouse colony was derived from
the B6SJLTgN(SOD1G93A)1Gur strain, obtained from The Jackson Laboratory (Bar Harbor,
Maine) and originally produced by Gurney et al. The colony was currently being maintained
by Biomedical Research Models, Inc. (Worcester, Massachusetts) by crossing hemizygous
C57BL/6-SJL sires, harboring the transgene, with wild-type C57BL/6-SJL dams. Mice were
shipped to ALS TDI at 35–45 days of age. Mice were allowed at least one week to acclimate to
ALS TDI’s animal facility (12-h light/dark cycle at a temperature of 18–23°C and 40–60%
humidity) before being assigned to a study. In all animal studies described herein, mice were
singly housed. Food and water were provided ad libitum. The diet used was Teklad Global diet
#2918 for rodents (Harlan Laboratories, Houston, TX). Drinking water was refreshed twice
weekly.

Mouse Genotyping
Genotyping was performed on ear tissue sampled from mice that were about 35 days old.
100μL of genomic DNA was extracted from approximately 15mg ear samples using the
QIAmp Tissue DNA extraction protocol for the QIAcube HT automated liquid handler.
gDNA quality and quantity was measured on a SpectraMax M5 plate reader taking readings at
260nm and 280nm. A relative quantification qPCR was used to probe for the human SOD1
gene, which is copy-number variable in the SOD1-G93A mouse model, using murine Gapdh
as an endogenous control gene. A standard curve was created using genomic DNA from a
mouse known to be a high-copy SOD1 mouse. This mouse was arbitrarily assigned 24 copies of
the SOD1 gene, and for every qPCR the standard was run alongside the unknowns. The stan-
dard curves were fit with a two-phase decay regression in GraphPad Prism, and the unknown
samples were assigned relative copy numbers by interpolation. Any mouse with less than 24 rela-
tive copies was not used. The SOD1 primer/probe set is custom-made from Life Technologies
using the following sequences: GTAAATCAGCTGTTTTCTTTGTTCAGA for the forward
primer, TTCACTGGTCCATTACTTTCCTTTAA for the reverse primer, and ACTCTCTCCA
ACTTTG for the VIC probe. The Gapdh primer/probe set is a Life Technologies Assay-On-
Demand with Assay ID # Mm00186822_cn.

Guanabenz Analytical Chemistry
Guanabenz acetate for all experiments described in this report was purchased from Sigma
Aldrich (product# G110). For analytical chemistry standard preparations, five microliter ali-
quots were prepared in 1:1 water:acetonitrile and added to 45 uL of blank control plasma or
blank spinal cord homogenate in a 96 deep-well plate. One hundred fifty microliters of acetoni-
trile containing 500 ng/mL of pyrimethamine as an internal standard and 0.1% formic acid
were added to each well. The plate was vortexed vigorously and then centrifuged at 500xg for
30 minutes at 4 degrees C. One hundred microliters of the supernatant were pipetted into a
new 96 well plate for LC-MS/MS analysis. Plasma and spinal cord homogenate samples from
mice assigned to the guanabenz pk study were handled similarly without guanabenz spiking
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steps. Quantitation of guanabenz in tissues from the mice was interpolated by comparison of
the signal to that generated by the standard curve. HPLC and mass spectrometer conditions for
guanabenz were the same as those reported for detection of dexpramipexole in a previous
report [32].

Quantitative PCR
Tissue samples were homogenized in 1 mL Tri Reagent (Sigma #: T9424) by Precellys 24
homogenizer for two 20 second intervals. Next 0.1 mL of bromochloropropane was added the
homogenate and mixed. After 10 minutes, samples were centrifuged at 12,000 x g for 15 min-
utes. RNA purification was carried out using Agencourt RNAdvanced kit on Biomek Labora-
tory Automation Workstation. RNA samples were than used to generate cDNA samples using
Applied Biosystems High Capacity cDNA reverse transcription kits (Life Technologies
#4368814). Quantitative PCR reactions were carried out using Applied Biosystems 7900HT
Fast Real-Time PCR System. Target gene probe sets used were Atf4 (Life Technologies
#Mm00515324_m1), Bcl2 (Life Technologies #Mm00477631), Bip (Life Technologies
#Mm00516023), Ccnd1 (Life Technologies #Mm00432359), and Chop (Life Technologies
#Mm00492097). Endogenous control probe sets used were Gapdh (Life Technologies #
Mm99999915_g1), Canx (Mm00500330_m1), and Ubc (Life Technologies
#Mm01201237_m1). Relative gene expression was determined using the GeNorm expression
normalization algorithm [33]. Transformed relative expression data were then compared using
GraphPad Prism software one-way analysis of variance and Tukey’s post-hoc test.

Western Blots
Western blots were carried out using the following primary rabbit monoclonal antibodies from
Cell Signaling, Inc: Bcl-2 rabbit mAb (#2870), BiP rabbit mAb (#3177), Chop rabbit mAb
(#5554), Cyclin D1 (#2926). All of the above antibodies were incubated overnight at 1:1000
dilutions. A western blot was also carried out for detection of Gapdh using a mouse monoclo-
nal antibody from Santa Cruz Biotechnology (#sc-47724).

Relative levels of Chop, Bcl2, and Bip proteins were compared by calculating fluorescent sig-
nal on western blots using the Leicor Odyssey Infrared Scanner. Chop, Bcl2, and Bip were all
normalized with Gapdh as a loading control. Relative values of each target protein from treated
mice were compared to vehicle control using t-test.

Mouse Survival Efficacy Testing
We used general survival efficacy testing methods previously described. (Scott et al 2008) for
the current studies. For both efficacy studies, transgene copy number was verified and mice
were assigned to either drug treatment or vehicle treatment groups at 50 days of age. Groups
were balanced with respect to gender (16 males, 16 females per group) and body weight within
gender (mean weights at study start were typically within 0.3 grams for either gender between
groups). Litters were evenly represented across treatment and vehicle groups. Observers were
blinded to treatment groups.

For the intraperitoneal dosing study, vehicle was a 5% glucose solution prepared by diluting
a 45% glucose stock solution (Mediatech, #25-037-CL, Lot #25037008) with water. For the
treated cohort, 5.06 mg of guanabenz acetate salt (Sigma #G110, Lot #SLB2777V) was diluted
into 10 mL of 5% glucose solution for a 0.4 mg/ml guanabenz free base solution on each day of
treatment administration. Intraperitoneal injection volumes for both vehicle and guanabenz
treated cohorts were 10 mL/kg body weight.
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For the subcutaneous minipump implantation survival efficacy study, 191 mg of guanabenz
acetate (Sigma #G110, Lot 081M1288V) was dissolved into 1.2 mL of 100% ethanol. Then, 3.6
mL of propylene glycol was added to the solution and vortexed. Last, 3.2 mL of water was
added to the solution and vortexed. Osmotic minipumps (Alzet model 2004, Lot #10284–12)
were loaded with the final solution.

Subcutaneous pumps were implanted when mice were approximately 50 days old.
Exhausted pumps were removed and replaced every 28 days unless the mice exhibited a neuro-
score of 2 in either hind-limb when the surgical procedure would have been carried out. For
each surgical procedure, mice were treated with 0.1 mg/kg buprenorphine (Patterson Logistic
Services: #07 850–2280) by i.p. injection. Mice were anesthetized by i.p. injection of ketamine
(Patterson Logistic Services: #07 803–6637) and medetomidine (Patterson Logistic Services:
#07 867–7105) cocktail including 1 mg/kg of each. Artificial tears ointment was applied to both
eyes of each mouse. Depth of anesthesia was ascertained as sufficient when there was no
response to pedal pressure. The dorsum of each mouse was shaved and incision sites sterilized.
Skin incisions of 0.25 inches length were made between the scapulae. Subcutaneous pockets
were made using sterile curved hemostats. Osmotic minipumps were wiped with 70% ethanol,
allowed to dry, and then inserted into the subcutaneous pockets. Incisions were closed with
4–0 silk suture by simple interrupted pattern. Antibiotic ointment was applied to the closed
incision sites. Mice were administered 1.5 mg/kg atipamezole (Patterson Logistic Services: 07
867–7097) by i.p. injection to reverse the sedative properties of meditomidine. The day follow-
ing surgery, mice were treated with 0.1 mg/kg buprenorphine.

Mice were monitored for neurological disease progression according to the protocol previ-
ously reported (lithium paper). Neurological scoring procedures and body weight measure-
ments were completed on a bench-top in the animal holding room. All neurological score and
body weight data were captured by the custom ALSTDI Laboratory Information Management
System (LIMS). End-stage mice were euthanized in a separate procedure room. Euthanasia for
animals in all studies was carried out by CO2 chamber using 100% CO2 at a flow rate of
approximately 20% of the chamber volume per minute. For the survival efficacy study, animals
were euthanized by CO2 when they reach ALS related end-stage. This was defined by an inabil-
ity of the mouse to right itself within 10 seconds when placed on its side. The observing techni-
cian is required to test the animal by placing the animal of both sides. Failure to right itself
from either side results in the decision to euthanize. Mice were observed twice daily. Neurologi-
cal scoring tests, including humane endpoint tests, were completed once daily. Kaplan-Meier
curves and log-rank tests were used to analyze age at onset of paresis and survival data using
Graphpad Prism6.

Supporting Information
S1 Fig. Additional Relative Abundances of Ccnd1, Chop, Atf4, and Bcl2 transcripts. Rela-
tive abundances of mRNAs of Ccnd1, Chop, Atf4, and Bcl2 in SOD1 mice treated for 30 days
with vehicle control, 0.45, 1.5, or 4.5 mg/kg/day guanabenz.
(PDF)

S1 Table. All raw neurological score data for Guanabenz Survival Efficacy Studies.
(XLSX)
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