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Neurotoxicity	from	accumulation	of	misfolded/mutant	proteins	is	thought	to	drive	pathogenesis	in	neurode-
generative	diseases.	Since	decreasing	levels	of	proteins	responsible	for	such	accumulations	is	likely	to	amelio-
rate	disease,	a	therapeutic	strategy	has	been	developed	to	downregulate	almost	any	gene	in	the	CNS.	Modified	
antisense	oligonucleotides,	continuously	infused	intraventricularly,	have	been	demonstrated	to	distribute	
widely	throughout	the	CNS	of	rodents	and	primates,	including	the	regions	affected	in	the	major	neurodegen-
erative	diseases.	Using	this	route	of	administration,	we	found	that	antisense	oligonucleotides	to	superoxide	
dismutase	1	(SOD1),	one	of	the	most	abundant	brain	proteins,	reduced	both	SOD1	protein	and	mRNA	levels	
throughout	the	brain	and	spinal	cord.	Treatment	initiated	near	onset	significantly	slowed	disease	progres-
sion	in	a	model	of	amyotrophic	lateral	sclerosis	(ALS)	caused	by	a	mutation	in	SOD1.	This	suggests	that	direct	
delivery	of	antisense	oligonucleotides	could	be	an	effective,	dosage-regulatable	means	of	treating	neurodegen-
erative	diseases,	including	ALS,	where	appropriate	target	proteins	are	known.

Introduction
Neurodegenerative diseases such as Alzheimer disease, Parkin-
son disease, Huntington disease, and amyotrophic lateral sclero-
sis (ALS) have been linked to aggregated, toxic proteins (1). One 
therapeutic approach for such diseases is to reduce the levels of the 
accumulated proteins. Accomplishing this task is a challenge due 
in part to the limited permeability of the blood-brain barrier. This 
difficulty can be surmounted by directly injecting a viral vector 
encoding a transcription-based siRNA into a specific brain (2–4) or 
spinal cord (5) region or by exploiting retrograde delivery to spinal 
motor neurons after viral injection into muscle (3, 5–8). Current 
viral vectors, however, provide no mechanism for altering dosage 
or discontinuance of therapy and face significant challenges for 
reaching widespread areas of the CNS.

Short, synthetic oligonucleotides (15–25 nucleotides) bind by 
Watson-Crick hybridization to target mRNA in a sequence-specific 
manner. The mRNA in such a heteroduplex is a substrate for cata-
lytic, intranuclear degradation by endogenous RNase H (9). The 
main hurdle for using antisense oligonucleotides in the brain and 
spinal cord is effective delivery to these tissues. Cerebral ventricles 
are cavities within the brain that contain cerebrospinal fluid (CSF) 
that is produced by the choroid plexus (10). Once produced, CSF 
circulates from the ventricles to all regions of the CNS, yielding 
complete replacement approximately 3 times a day (10). Exploiting 
this and the enhanced tolerability and potency of second-genera-
tion oligonucleotides (9) and the fact that drug administration by 

direct pumping into the CSF is routinely done in humans (11, 12), 
we describe herein an effective, dosage-regulatable method of gene 
therapy capable of reducing expression of genes within the CNS 
regions involved in the major human neurodegenerative diseases.

Results
A 20-mer oligonucleotide (SODr146192) targeting superoxide dis-
mutase 1 (SOD1) with phosphorothioate modifications through-
out and 2′-O-(2-methoxy)ethyl substitutions on the sugars of the 
first and last 5 nucleotides to increase biological half-lives and 
binding affinity (refs. 13–15; see Methods) was continuously 
pumped into the right lateral ventricle of a normal rat via a cath-
eter surgically implanted through the skull and connected to an 
osmotic pump imbedded subcutaneously. Brain and spinal cord 
tissues were collected after 14 days of infusion, and concentrations 
of accumulated oligonucleotide were directly measured (Figure 
1A). Significant oligonucleotide concentrations (3.5–7 mM) were 
achieved not only in the brain and brainstem but also in all levels 
of the spinal cord after delivery to rats (Figure 1A). Similar con-
centrations were achieved after infusion into a nonhuman primate 
(Figure 1B), including in the lumbar spinal cord more that 25 cm 
from the site of infusion. These micromolar tissue concentrations 
are on par with the 1–6 micromolar concentrations of commonly 
used CNS active drugs such as antiseizure medications (16).

Similar infusion performed for 14 days with a tracking oligonucle-
otide (Isis13920) that shares the same chemical structure and is recog-
nized by the monoclonal antibody 2E1 (17) confirmed delivery to all 
levels of the spinal cord, with prominent uptake in the ventral horn 
(Figure 1, C–E) as well as robust cellular uptake by lumbar motor 
neurons and the non-neuronal cells surrounding them, especially 
in primates (Figure 1, F–I). In addition, uptake of oligonucleotide 
in primates was demonstrated in the brain parenchyma relevant to 
neurodegenerative diseases, including the hippocampus, substantia 
nigra, pons, and cerebellum (Figure 1, J–M). Thus antisense oligo-
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nucleotides not only distribute widely throughout the CNS of both 
rats and monkeys, but also penetrate deeply within tissues.

SOD1 accumulates to approximately 1% of total brain protein 
(18), and mutations in the gene encoding it are responsible for 20% 
of familial ALS (19), a progressive neurodegenerative disease caused 
by preferential loss of neurons in the upper and lower motor path-
ways and for which current treatments are marginally beneficial 
at best. Oligonucleotides complementary to rat SOD1 mRNA that 
were effective in targeting it for degradation were identified initially 
by transfection into a cultured rat cell line (Figure 2A). Reduction 
of SOD1 mRNA levels in tissue culture was dose dependent (Figure 
2B). Intraperitoneal injection into normal rats of 3 such oligonu-

cleotides, SODr/h146144, SODr/h146145, 
and SODr146192 (in which “r” and “h” 
denote complete complementarity 
to rat and human SOD1 mRNAs, 
respectively), reduced SOD1 mRNA 
(Figure 2C) and protein (Figure 
2D; kidney data not shown) in rat 
liver and kidney. The most effective 
one, SODr146192, reduced mRNA 
and SOD1 protein levels in liver to 
only 5% (Figure 2A) and 10% (Fig-
ure 2D) of normal, respectively, 
thus demonstrating decreased lev-
els of the highly expressed SOD1 
protein in tissues where adequate 
oligonucleotide concentrations are 
achieved. However, intraperitoneal 
administration did not affect brain 
or spinal cord SOD1 mRNA (Figure 
2C) or protein (data not shown), as 
expected from the minimal oligo-
nucleotide concentrations in the 
CNS after peripheral administra-
tion (20, 21).

Continuous infusion of the 
SOD1 antisense oligonucleotide 
(SODr146192), found to be most effec-
tive in cell culture, for 14 days into 
the right ventricle of normal rats 
effectively suppressed endogenous 
rat SOD1 mRNA, producing a dose-
dependent reduction to approxi-
mately 40% the normal level in cer-
vical spinal cord (data not shown). 
An optimal dose of 100 mg/d was 
determined, above which no fur-
ther reduction was seen. Infusion 
at this dosage for 28 days produced 
reduction in SOD1 mRNA levels to 
25–40% of normal within the brain 
and at all spinal cord levels relative 
to infusion of saline only (Figure 
3A). No diminution of accumu-
lated SOD1 protein was seen after 
only 14 days of infusion, consistent 
with the long protein half-life of 
this very stably folded polypeptide 
(22). Infusion for 28 days, however, 

was accompanied by a 50% reduction in SOD1 protein levels in 
right frontal cortex and lumbar and cervical spinal cord (Figure 3, 
B–D). In each CNS compartment examined, suppression of SOD1 
required complementarity of the oligonucleotide to SOD1 mRNA, 
as infusion of a scrambled oligonucleotide with identical composi-
tion and chemical modifications but altered sequence produced no 
change in either SOD1 mRNA or protein (Figure 3, A–D).

The feasibility of this gene downregulation strategy was fur-
ther demonstrated by identifying antisense oligonucleotides that 
direct degradation of mRNAs encoding target proteins involved 
in Alzheimer disease, including presenilin 1, part of the g-secre-
tase complex that processes amyloid precursor protein to produce 

Figure 1
Distribution of antisense oligonucleotides after infusion into the right lateral ventricle in rats and Rhesus 
monkeys. (A and B) Antisense oligonucleotides were continuously infused for 2 weeks via infusion pump 
into the right lateral ventricle of normal rats at 100 mg/d (A) or Rhesus monkeys at 1 mg/d (B). Tissues 
were collected, and extracts were analyzed for oligonucleotide content by capillary gel electrophoresis. 
Mean ± SD are shown (n = 6 [A]; 2 [B]). (C–M) A 24-mer modified oligonucleotide, Isis13920, was infused 
for 2 weeks into the right lateral ventricle at 100 mg/d in rats (C–E) or 1 mg/d in Rhesus monkeys (F–M). 
After perfusion, distribution of the oligonucleotide was determined by immunohistochemistry using a 
monoclonal antibody that recognizes the oligonucleotide (C–E, F, H, and J–M) or astrocytes (GFAP; 
G and I). No oligonucleotide staining was seen in animals infused with saline only (D and H), nor in an 
animal infused with oligonucleotide but using secondary antibody only (E). Scale bars: 50 mm.
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the Ab peptide (23), and glycogen synthase kinase–3b (GSK-3b), 
a kinase thought to be responsible for the aberrant phosphory-
lation of tau in intraneuronal tangles (24–26). Oligonucleotides 
effective in targeting presenilin 1 or GSK-3b mRNAs were identified 
by screening a series of oligonucleotides in cell culture for inhi-
bition of their respective targets (data not shown). Intraventricu-
lar administration of the most effective of these for 14 days into 
normal mice substantially reduced the corresponding mRNAs in 
regions primarily affected in Alzheimer disease, including the right 
frontal/temporal cortex (Figure 3E).

Antisense oligonucleotides 
completely complementary to 
human SOD1 mRNA were syn-
thesized, and the most effec-
tive at targeting human SOD1 
mRNA degradation was deter-
mined by transfection into a 
human cell line. The best of 
these was tested for efficacy in 
a rat model that develops ALS-
like progressive motor neuron 
disease from expression of a 
multicopy transgene encoding 
human ALS-linked mutant 
SOD1G93A to approximately 5% 
of total brain protein (27), that 
is, between 5 and 10 times the 
already abundant level found 
in endogenous wild-type rat 
SOD1. SODr/h333611, the lead 
human oligonucleotide, sup-
pressed mRNA and protein in 
vivo both after intraperitoneal 
administration (Figure 4A) 
and following intraventricu-
lar infusion for 1 month into 
SOD1G93A transgenic rats 
(Figure 4, B–D). Directed deg-
radation to approximately 
20% the initial level of human 
SOD1 mRNA in the context of 
human RNA binding and pro-
cessing components was dem-
onstrated after introduction 
(by transfection) of oligonucle-
otide SODr/h333611 into fibro-
blasts from a symptomatic 
ALS patient carrying a mutant 
SOD1A4V gene (Figure 5).

Oligonucleotide treatment 
to lower mutant human  
SOD1G93A accumulation in the 
rat ALS model was initiated at 
65 days of age (~30 days prior 
to the age of disease onset; ref. 
28) and rats were monitored 
for changes in weight, clinical 
signs of weakness, and sur-
vival. Infusion of saline only, 
SODr/h333611, and a scrambled 

oligonucleotide control produced indistinguishable disease onsets 
of 95 ± 8 (n = 11), 95 ± 10 (n = 12), and 97 ± 13 days (n = 8), respec-
tively (Figure 6A). Early disease, as measured by loss of 10% of peak 
body weight, was similarly unaffected by treatment (saline, 111 ± 6 
days; SODr/h333611, 112 ± 7 days; scrambled oligonucleotide, 112 ± 13 
days; Figure 6B). Remarkably, despite human SOD1G93A accumula-
tion to greater than 5% of total brain protein and the absence of 
slowing of early disease, infusion of SODr/h333611 slowed disease pro-
gression, extending survival to 132 ± 7 days compared with 122 ± 8 
days in saline-infused rats (Figure 6C), a 37% extension of the typical  

Figure 2
Identifying antisense oligonucleotides that reduce rat SOD1 in vitro and in vivo. (A) We synthesized seventy-
eight 24-mer, modified oligonucleotides complementary to rat SOD1 mRNA and transfected them at 150 nM 
into primary rat A10 cells. RNA was prepared 24 hours after transfection, and SOD1 mRNA levels were mea-
sured by quantitative RT-PCR. Oligonucleotides are displayed relative to their positions on the 462-nucleotide 
SOD1 coding sequence. Mean ± SD are shown (n = 4). UTR, untranslated region; ASOs, antisense oligo-
nucleotides. (B) Oligonucleotides identified by the in vitro screen in A were evaluated in a similar transfection 
paradigm again using rat A10 cells and transfection of increasing concentrations of oligonucleotide to produce 
a dose-response curve. (C) Oligonucleotides SODr/h146144, SODr/h146145, SODr146192, and SODscrambled (a control 
oligonucleotide) were injected (37.5 mg/kg) 3 times per week intraperitoneally into adult rats for 3 weeks, 
after which time mRNA levels were measured in the liver, kidney, and brain. Mean ± SD are shown (n = 6). 
(D) SOD1 protein levels in liver extracts from animals treated with oligonucleotides SODr/h146144, SODr/h146145, 
SODr146192, and SODscrambled were measured by immunoblotting with an antibody to SOD1 (18). An immunoblot 
for tubulin was performed to verify protein loading.
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27-day disease duration after onset. Survival after scrambled oligo-
nucleotide infusion (121 ± 9 days) was no different than saline.

Discussion
The strategy reported here provides an effective method for gene 
downregulation that may be applicable to multiple neurodegen-
erative diseases and incorporates 2 central advantages over current 
viral gene therapy approaches (29–31). Antisense oligonucleotide 
infusion can be regulated or stopped should there be any unfore-
seen side effects, a key consideration for human application. Well-
established and sophisticated pump technology allows dosing to 

be adjusted noninvasively by remote signaling (11, 
12). Surgical implantation and pump replenishing 
is routine, allowing infusion indefinitely (11, 12). 
Safety of locally and systemically administered 
oligonucleotides in patients is well established, 
with over 500 human subjects already exposed 
to oligonucleotides with the chemical backbone 
modifications used here (32). While siRNA to 
direct selective mRNA degradation using the 
multicomponent RNA-induced silencing complex 
(33) is an alternative to DNA oligonucleotides, the 

more rapid turnover of siRNAs (even when modified to enhance 
stability) requires infusion of substantially higher dosages to tar-
get even relatively rare mRNAs in the CNS (34). Moreover, since 
siRNAs obligatorily bind to and can saturate components required 
for endogenous small RNA pathways, this can produce serious 
“off-target” consequences, including death, from dysregulation of 
endogenous small RNAs (35).

Figure 3
Antisense oligonucleotides reduce rat SOD1 in vivo. 
(A–D) Antisense SOD1 oligonucleotides SODr146192 
or SODscrambled were infused for 28 days into the right 
lateral ventricle of normal rats at 100 mg/d. (A) Endog-
enous SOD1 mRNA levels from brain and spinal cord 
regions were measured by quantitative real-time | 
RT-PCR. Mean ± SD are shown (n = 6). (B) SOD1 
and a-tubulin protein levels were analyzed by immu-
noblotting following infusion. The Coomassie-stained 
gel at top demonstrates equal loading. (C and D) 
Protein levels for tubulin and SOD1 were quantified 
for right cortex, cervical cord, and lumbar cord after 
infusion as in B. Mean ± SD are shown (n = 6). (E) 
Antisense oligonucleotides against presenilin 1 or 
GSK-3b were infused for 2 weeks into the right lateral 
ventricle of nontransgenic mice, and mRNA levels 
were measured by quantitative RT-PCR in the right 
frontal/temporal cortex (n = 6).

Figure 4
Antisense oligonucleotides complementary to human SOD1 mRNA 
decrease SOD1 protein levels in SOD1G93A rat liver and spinal cord. 
(A) An oligonucleotide active against human SOD1 mRNA as well 
as a rat mRNA–specific oligonucleotide (SODr146192) was injected 
intraperitoneally 3 times per week (37.5 mg/kg at a concentration of 
3 M) into adult rats expressing a low copy number human SOD1G93A 
transgene (line L26L; ref. 27). After 3 weeks, liver extracts were pre-
pared and analyzed by immunoblotting using an antibody that recog-
nizes rat and human SOD1 with equal affinity (18). (B–D) Antisense 
oligonucleotides complementary to human SOD1 mRNA were infused 
into the right lateral ventricle of 65-day-old SOD1G93A rats at 100 mg/d 
for 28 days. (B) RNA was prepared from tissue extracts, and SOD1 
RNA levels were measured by real-time RT-PCR. (C and D) Protein 
levels for SOD1 and a-tubulin were analyzed in parallel extracts by 
immunoblotting with an antibody recognizing human and rat SOD1 
with equal affinity (C) and were quantified for cervical cord (D).  
*P < 0.05 versus SODscrambled; Student’s t test. Mean ± SD are shown 
(n = 4 [SODscrambled]; 8 [SODr/h333611]).
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An additional benefit of the antisense oligonucleotide infusion 
method is widespread distribution and uptake in some or all of the 
non-neuronal cells within each CNS domain. For SOD1 mutant–
mediated ALS, toxicity to motor neurons is non–cell autonomous, 
with wild-type non-neuronal cells capable of delaying or eliminat-
ing degeneration and death of mutant-expressing motor neurons, 
and wild-type neurons acquiring damage from mutant-expressing 
neighbors (36). The slowing of disease after onset with oligonu-
cleotide infusion contrasts with earlier gene therapy approaches 
using peripheral injection of an siRNA-encoding virus coupled 
with its delivery to motor neurons through retrograde transport 
(6, 7). These strategies failed to slow disease progression after 
onset, and in one instance disease progression was significantly 
accelerated (by 30%; ref. 7) despite treatment initiated in juvenile 
(7-day-old) mice. These findings may be explained by failure to 
suppress mutant action in the non-neuronal cells.

Since diminished dismutase activity (37) or even complete absence 
of SOD1 (38) does not produce overt disease, compromise lifespan, 
or affect SOD1 mutant–mediated disease in mice (39), our results 
support infusion of antisense oligonucleotides as a treatment of 
familial ALS, especially for patients with the SOD1A4V mutation, 
which accounts for approximately 50% of SOD1-mediated ALS in 
the United States and has an unusually rapid disease course after 

onset (40). The significantly lower normal levels of potential disease 
targets, including amyloid precursor protein (0.05%; refs. 41, 42), 
presenilin 1 (0.0003%; ref. 23), tau (0.01–0.1% of total brain protein; 
ref. 43), and a-synuclein (0.5%; ref. 44), makes this approach even 
more attractive in these other diseases. This is especially so for tar-
gets that are nonessential genes whose absence does not compro-
mise lifespan in mice, including amyloid precursor protein (45), the 
BACE protease, whose action is required to generate the Ab peptide 
in Alzheimer disease (46), and tau (47). Even for gene products for 
which loss of function has a phenotype (e.g., Huntington; refs. 48, 
49; and presenilin 1; ref. 50), and which provide essential roles dur-
ing early embryogenesis (48, 49), expression may not be necessary in 
adult neurons or their non-neuronal neighbors. Widespread oligo-
nucleotide delivery in primates at levels sufficient to suppress even 
a very abundant mRNA (Figure 1) indicates that oligonucleotide 
therapy that effectively decreases the intended target can reach the 
relevant brain regions in human diseases including ALS, Alzheimer 
disease, frontal temporal dementia, Parkinson disease, and Hun-
tington disease. If the formal safety studies underway in animals 
and the planned Phase I trial in human familial ALS patients dem-
onstrate adequate safety (admittedly a substantial hurdle for any 
novel therapy), there are indeed many potential targets with a real 
possible impact on neurodegeneration.

Methods
Oligonucleotide preparation and synthesis and screening. For each target mRNA, 78 
oligonucleotides corresponding to regions within the coding regions and 5′ 
and 3′ untranslated regions were synthesized and purified as described pre-
viously (51). Oligonucleotides were phosphorothioate-modified chimeric 
oligonucleotides composed of five 2′-O-(2-methoxy)ethyl modifications on 
both the 5′ and 3′ ends and 10 oligodeoxynucleotides in the center to support 
RNase H activity (13). Initial in vitro screening was performed by transfection 
of oligonucleotide (at 150 nM with 3.75 mg/ml Lipofectamine; Invitrogen) 
into a rat aortic cell line (A10 cells) for rat oligonucleotides and into a human 
lung cell line (A549 cells) for human oligonucleotides as described (13). 
Twenty-four hours after transfection, cells were harvested, and mRNA levels 
were measured by quantitative RT-PCR as described below. Oligonucleotide 
sequences were as follows, with underlined portions corresponding to 2′-O-
(2-methoxy)ethyl modifications: SODr/h146145, 5′-GTCGCCCTTCAGCACG-
CACA-3′; SODr/h333611, 5′-CCGTCGCCCTTCAGCACGCA-3′; SODr/h141923 
(SODscrambled control oligonucleotide), 5′-CCTTCCCTGAAGGTTCCTCC-3′; 
SODr146192, 5′-CTACAGTTTAGCAGGACAG-3′; GSK-3b, 5′-TCTCATGATCT-
GGAGCTCTC-3′; and presenilin 1, 5′-AGCCATGCGGTCCATTCGGG-3′. We 

Figure 5
Antisense oligonucleotides decrease SOD1A4V in fibroblasts from an 
ALS patient. Fibroblasts from a patient meeting clinical criteria for ALS 
and heterozygous for the SOD1A4V mutation were transfected with 
300 nM of an oligonucleotide complementary to wild-type and mutant 
human SOD1 mRNA. Extracts were prepared after 48 hours and ana-
lyzed by quantitative RT-PCR for SOD1 mRNA levels (n = 4).

Figure 6
Infusion of oliogonucleotides complementary to human SOD1 mRNA extends survival in SOD1G93A rats. (A–C) Antisense oligonucleotides 
complementary to human SOD1 mRNA were infused into the right lateral ventricle of 65-day-old SOD1G93A rats at 100 mg/d for 28 days  
(n = 11 [saline-infused]; 12 [SODr/h333611]). Disease onset (A) was defined as the peak animal weight, early disease (B) was defined as the point 
at which the animals had lost 10% of their peak weight, and survival (C) was defined as the inability of the animal to right itself within 30 seconds 
of being placed on its side.
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selected SODr/h141923 as a control oligonucleotide because it shares identical 
chemistry and length to the SOD1-targeted oligonucleotides, is not predicted 
to hybridize to any known human or rat genes, and was previously shown not 
to have detectable effects in tissue culture or in mouse models (52, 53).

Quantitative RT-PCR. mRNA levels were measured by a quantitative 
real-time RT-PCR method (54). Total RNA was isolated using an RNeasy 
Mini prep kit (QIAGEN) according to the manufacturer’s protocol. We 
combined 5–10 ng total RNA with 100 nM of each of the gene-specific 
dual-labeled probes and forward and reverse primers in a buffered solu-
tion consisting of 1× TaqMan Buffer A (Applied Biosystems), 5.5 mM 
MgCl2, 200 mM concentrations of each dNTP (Amersham Biosciences),  
2 U RNase inhibitor, 0.625 U AmpliTaq Gold, and 6.25 U murine leukemia 
virus reverse transcriptase. Except for dNTP solutions, all reagents above 
were obtained from Applied Biosystems. Quantitative RT-PCR reactions 
were conducted and analyzed on an ABI Prism 7700 Sequence Detector 
(Applied Biosystems). Glyceraldehyde 3-phosphate dehydrogenase mRNA 
levels were used as an internal reference for normalization among samples. 
Primer probe set sequences for SOD1 were as follows: forward, 5′-TGCT-
GAAGGGCGACGG-3′; reverse, 5′-GTTCACCGCTTGCTTCTG-3′; probe, 
5′-CCGGTGCAGGGCGTCATTCACTT-3′.

Quantitation of oligonucleotide concentrations. In order to determine the tissue 
concentration of oligonucleotides,	approximately 100 mg tissue were homog-
enized (Bio Savant, Bio 101 Inc.), phenol-chloroform was extracted, and solid 
phase was extracted using a phenyl-bonded SPE column (International 
Sorbent Technology) (55). Extracted samples were analyzed by capillary gel 
electrophoresis (CGE) using a Beckman P/ACE MDQ Model 5010 Capillary 
Electrophoresis instrument (Beckman Coulter) with UV detection at 260 nm 
(56). Quantitation of oligonucleotide was performed using standard curves 
of electropherogram peak area ratios (drug/internal standard) versus known 
concentrations over the anticipated concentration range or by the extinction 
coefficient method (56). Calibration curve and quality control samples were 
run with each unknown sample analysis. No oligonucleotide was detected by 
CGE in the saline-treated control samples. The limit of quantitation for the 
assay was estimated to be 0.35 mg/g (0.05 mM) oligonucleotide in tissue.

Surgical placement of osmotic pumps and harvesting tissues for analysis. Sprague-
Dawley rats (65–75 days old) were anesthetized with intramuscular admin-
istration of ketamine, acepromazine, and xylazine. Subsequently, after steril-
izing the surgical site with betadyne, a midline incision was made over the 
skull, and a subcutaneous pocket was created over the back. An osmotic 
pump (ALZET Osmotic Pumps) that had been filled with oligonucleotide 
and incubated overnight in saline at 37°C was implanted in the pocket. To 
deliver 100 mg/d, oligonucleotides were diluted to 16.7 mg/ml in preserva-
tive-free, sterile 0.9% sodium chloride. The animal was placed in a stereotactic 
frame at which time a small burr hole was made through the skull immedi-
ately above the right lateral ventricle. A cannula, connected to the pump via a 
plastic catheter, was then placed in the ventricle, and the incision was manu-
ally closed with sutures. Depending on the experiment, oligonucleotide was 
infused for either 14 or 28 days, after which animals were anesthetized with 
isoflurane and sacrificed. Brain and spinal cord were rapidly removed (with-
in approximately 5 minutes). RNA was immediately processed as described 
above. Tissues for subsequent analysis were placed in liquid nitrogen and 
stored at –80°C. The SOD1G93A rat line L26L (27) (lower expressing) was 
used for initial evaluation of mRNA and protein levels. All animal protocols 
were approved by the UCSD Institutional Animal Care and Use Committee 
and met ethical standards for animal experimentation.

Assessment of onset and survival. For survival experiments, death was defined 
by paralysis so severe that the animal was unable to right itself within 30 sec-
onds when placed on its side, a common endpoint that is objective and mini-
mizes distress for the experimental animals. Animals were weighed weekly. 
Onset was defined retrospectively by analyzing the first sign of weight loss. We 

defined 10% weight loss as the point when the animals lost 10% of their peak 
body weight. Nontransgenic control animals did not lose weight. For survival 
experiments, the SOD1G93A L26H (higher expressing) rat line was used.

Immunoblotting. Tissues for immunoblotting were thawed on ice and then 
homogenized in lysis buffer (1% Triton X-100; 50 mM Tris-HCl, pH 7.5; 
150 mM NaCl; and protease inhibitor mixture containing 1 mg/ml apro-
tinin, 1 mg/ml leupeptin, and 1 mM PMSF). After centrifugation, the clari-
fied supernatant was used for subsequent analysis. Lysates were resolved by 
12% SDS/PAGE and transferred to nitrocellulose membranes (Schleicher 
& Schuell). Membranes were incubated with SOD1 antibody (18) or  
a-tubulin antibody (Sigma-Aldrich) diluted 1:2,000 or 1:3,000, respective-
ly, in 5% nonfat skim milk/0.1% Tween 20 in PBS, and were then incubated 
with Horseradish Peroxidase–conjugated Anti-Rabbit or Anti-Mouse IgG 
(Amersham Biosciences) and visualized with ECL (Amersham Biosciences). 
Immunoblots were quantified using Image J (a public domain Java image 
processing program inspired by NIH Image; http://rsb.info.nih.gov/ij/). 
Anti-GFAP antibodies were purchased from Abcam.

Infusion of oligonucleotides into Rhesus monkeys. Under anesthesia, catheters 
were surgically implanted in the left lateral ventricles of 5 Rhesus monkeys 
approximately 3 years of age, after which the animals recovered for 5 days. 
Catheters terminated in a subcutaneous titanium access port that was con-
nected to an external pump housed within a jacket on the animal. Isis13920 
(tracking oligonucleotide) was continuously infused into the left lateral 
ventricle of 2 animals at a concentration of 1.7 mg/ml in saline, for a total 
dose of 1 mg/d. Control animals (n = 3) were infused with saline at a similar 
rate. No adverse behavioral effects were noted. After 14 days, animals were 
euthanized, and tissues were collected.

Statistics. Data were analyzed using 2-tailed Student’s t test. P values less 
than 0.05 were considered significant.
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