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Abstract

Spinal muscular atrophy (SMA) is a devastating motor neuron disease that is one of the leading genetic causes of infant mortality. Currently, there
is no cure for SMA. Mouse models that genetically and phenotypically resemble SMA have been generated and have the potential to be used for the
discovery of novel therapeutics. Oral administration is a commonly used mode of drug delivery in humans as well as in rodents. Unfortunately, there
is no method of drug delivery that can accurately and reliably deliver drug compounds orally to neonatal mice. In this report, we describe a novel
method to orally administer compounds to neonatal SMA mice. Oral delivery to neonatal mice, usually starting at postnatal day 4 (PNDO04), is both
rapid and safe to the pup. Oral delivery of two different commonly used vehicle formulations, distilled water and 2-hydroxypropyl-B-cyclodextrin,
does not affect the survival of SMA mice. After oral delivery for 3 days, 5-bromo-2’-deoxyuridine could be detected in the kidneys, brains and
spinal cords of treated non-SMA as well as SMA neonatal pups. In conclusion, we have developed a method by which drugs can be safely and
reliably administered orally to neural targets of neonatal mice. This approach offers a simple and rapid means by which potential therapeutics for

SMA can be identified.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Proximal spinal muscular atrophy (SMA) is an autosomal
recessive degenerative disease characterized by selective loss of
o motor neurons in the anterior horn of the spinal cord (Crawford
and Pardo, 1996). SMA is one of the leading genetic causes of
infant death in the world. SMA results from the loss or muta-
tion of the SMNI (survival motor neuron) gene with retention
of SMN2 (Lefebvre et al., 1995). The severity of the SMA phe-
notype depends on the copy number of SMN2 and the levels
of SMN protein (Coovert et al., 1997; McAndrew et al., 1997;
Lefebvre et al., 1997). SMN is ubiquitously expressed and its
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levels are reduced in all tissues of SMA patients especially in
type I, severe patients (Coovert et al., 1997; Lefebvre et al.,
1997). The mechanism which accounts for the motor neuron
specificity of SMA is presently unclear.

We now have mouse models of SMA with varying degrees
of phenotypic severity (reviewed in Butchbach and Burghes,
2004). Unlike humans, mice carry only one SMN gene (mSmn)
which is equivalent to SMNI (DiDonato et al., 1997; Viollet et
al., 1997). Loss of mSmn results in embryonic lethality in the
mouse suggesting that the mSmn gene product is essential for
cell function and survival (Schrank et al., 1997). Insertion of
SMN2 into mSmn null mice by transgenesis rescues the embry-
onic lethality phenotype (Monani et al., 2000). However, mice
with low copy numbers (i.e. 1-2) of SMN2 develop severe (type
I-like) SMA and die at 68 days (Monani et al., 2000; Hsieh-Li
et al., 2000). Introducing SMN lacking exon 7 (SMNA7) into
SMN2; mSmn~'~ mice partially ameliorates the SMA phenotype
and these mice die at 14—15 days (Le et al., 2005). The SMN2;
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SMNA7:; mSmn—'— mice show that SMNA7 is functional but it
does not produce enough functional SMN protein to completely
rescue SMA-like motor neuron degeneration. Introduction of a
missense mutation (SMN(A2G)) found in type III SMA patients
(Parsons et al., 1998) into SMN2; mSmn~'~ mice modulates the
SMA phenotype such that the transgenic mice can survive for
over 1 year (type Il SMA) (Monani et al., 2003).

One of the many potential uses for these mouse models of
SMA is the testing of potential therapeutic agents for the ame-
lioration of the neurodegenerative phenotype seen in these mice.
A common route of administration of drugs to humans as well as
to rodents is oral delivery. In rodents, oral administration is usu-
ally accomplished by placing the drug of interest into the water
supply. For example, treatment of type II/IIl SMA-like mice
(SMN2; mSmn(A7)~'~) with sodium butyrate (0.8—-8.0 mg/mL)
via the drinking water increased their survival by 4-5 days (29%)
(Chang et al., 2001). Delivery of drugs via voluntary consump-
tion of water does not account for individual variability in the
amount of water — and, hence, drug — consumed in a given day.
To further complicate drug delivery to neonatal mice, the drug
which is consumed by the dam via the water supply must be able
to accumulate in the dam’s milk so that it can delivered to the
suckling pups. Administration of drugs ad libitum via the water
supply, therefore, does not reliably deliver the drug to individual
neonatal mice.

Unfortunately, there is no method of minimally invasive drug
delivery that can accurately and reliably deliver drug compounds
orally to neonatal mice. In this paper, we describe a novel method
by which a drug can be safely administered to neonatal mouse
pups. This method of oral administration is similar to gavage
except that the feeding needle in our method is not delivered
to the stomach thereby preventing any potential damage to the
esophagus. The effect of various vehicle formulations on the
lifespans of SMNA7 SMA mice was assessed. Additionally, we
determined if a compound — in this case, BrdU — can reach the
brain and spinal cord of neonatal pups when administered orally.
This method of drug delivery could be used to test the effect of
a given drug on the amelioration of the degenerative phenotype
observed in SMA mice as well as other mouse models for other
early onset neurological disorders.

2. Methods
2.1. Animals

SMNA7 SMA mice were generated from males and females
of the genotype SMN2**; SmnA7**; mSmn*'~ (FVB.Cg.Tg
(SMN*delta7)4299Ahmb Tg(SMN2)89Ahmb Smnl™Msd; 1 e et
al., 2005). These mice are on a FVB/N genetic background.
Although the mice used in these experiments were derived from
our colony, they are available from Jackson Laboratories. Mice
were maintained on a 12h light:12h dark cycle (light period
06:00 until 18:00) with ad Ilibitum access to food and water.
All breeding dams were provided with nesting material before
parturitation and delivered their pups spontaneously. The date
of birth was designated as postnatal day (PND) O1. Neonatal
offspring were genotyped using a PCR-based assay on genomic

DNA from tail biopsies — obtained after death — as described
previously (Le et al., 2005). All experiments were conducted in
accordance with the protocols described in the National Insti-
tutes of Health Guide for the Care and Use of Animals and were
approved by the Ohio State University Institutional Laboratory
Animal Care and Use Committee.

2.2. Oral delivery of drugs

Oral delivery of compounds to neonatal pups was accom-
plished using a modified gavage procedure. A stainless
steel, 24-gauge feeding needle (Harvard Apparatus; needle
length =25.4 mm, ball diameter = 1.25 mm) was bent to form a
curve as shown in Fig. 1. The mouse pup was gently but securely
grasped by the skin on the back of its neck and the feeding nee-
dle was gently inserted into the oral cavity just until the needle
reached the pharynx (Fig. 2). The drug compound was slowly
injected into the oral cavity after which the feeding needle was
slowly removed from the mouth. The Supplemental Video shows
in detail the approach used to administer a given drug orally.
Mice were sometimes lightly sedated with the gaseous anes-
thetic isoflurane prior to administration of drug so as to minimize
any potential harm to the animal (Murphy et al., 2001). Sedation
does not affect the mortality of mice receiving oral administra-
tion of a drug. Drugs were administered to mice until the last
SMA pup in the litter exhibited prolonged periods (>10 min) of
lethargy and >20% loss of body mass over a 24-h period.

2-Hydroxypropyl-3-cyclodextrin (HPCD; Sigma—Aldrich)
was dissolved in sterile water to a final concentration of 40%
(w/v) and filter sterilized into small aliquots. HPCD as well
filter sterilized ddH,O were administered to neonatal pups

Fig. 1. Feeding needles used in oral delivery of drug compounds to neonatal
mice. This photograph shows a stainless steel, 24-gauge feeding needle which
has been bent ~30° (on right) so as to facilitate insertion into the oral cavity. An
unbent feeding needle is shown on the left.
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