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Abstract
Spinal muscular atrophy (SMA) is recessive motor neuron disease that affects motor neurons in the
anterior horn of the spinal cord. SMA results from the reduction of SMN (survival motor neuron)
protein. Even though SMN is ubiquitously expressed, motor neurons are more sensitive to the
reduction in SMN than other cell types. We have previously generated mouse models of SMA with
varying degrees of clinical severity. So as to more clearly understand the pathogenesis of motor
neuron degeneration in SMA, we have characterized the phenotype of the SMNΔ7 SMA mouse
which normally lives for 13.6 ± 0.7 days. These mice are smaller than their non-SMA littermates
and begin to lose body mass at 10.4 ± 0.4 days. SMNΔ7 SMA mice exhibit impaired responses to
surface righting, negative geotaxis and cliff aversion but not to tactile stimulation. Spontaneous motor
activity and grip strength are also significantly impaired in SMNΔ7 SMA mice. In summary, we
have demonstrated an impairment of neonatal motor responses in SMNΔ7 SMA mice. This
phenotype characterization could be used to assess the effectiveness of potential therapies for SMA.
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INTRODUCTION
Proximal spinal muscular atrophy (SMA) is an autosomal recessive degenerative disease
characterized by selective loss of α motor neurons of the anterior horn of the spinal cord
(Crawford and Pardo, 1996). The loss of motor neurons results in atrophy of limb and trunk
muscles. SMA has a different spectrum of clinical signs which can be roughly divided into
three groups based on age of onset and clinical severity (Crawford and Pardo, 1996). SMA
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results from the loss or mutation of the SMN1 (survival motor neuron 1) gene but retention of
SMN2 (Lefebvre et al., 1995). SMN is ubiquitously expressed and its expression is depressed
in all SMA tissues including motor neurons (Coovert et al., 1997; Lefebvre et al., 1997). In
humans, the SMN gene is duplicated to yield two SMN genes (SMN1 and SMN2). SMN1 and
SMN2 differ by a single nucleotide (C→T) within an exon splice enhancer of exon 7 (Lorson
et al., 1999; Monani et al., 1999). Transcripts derived from SMN1 contain exon 7 while most
of the transcripts from SMN2 lack exon 7. The severity of the SMA phenotype 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 required for the assembly of small nuclear ribonucleoproteins (snRNPs) which are
essential for splicing of premessenger RNA transcripts (Liu and Dreyfuss, 1996). snRNP
biogenesis is defective in cell lines from SMA patients (Pellizzoni et al., 1999; Wan et al.,
2005); Shpargel and Matera (Shpargel and Matera, 2005), however, demonstrated that some
SMN mutants found in severe SMA patients have normal snRNP biogenesis. Furthermore, a
recent study using a zebrafish model for Smn knockdown show that there is a novel function
in motor neuron axons that is independent of snRNP biogenesis (Carrel et al., 2006). The
mechanism which accounts for the motor neuron specificity of SMA is presently unclear.

Unlike humans, mice carry only one SMN gene (mSmn) which is equivalent to SMN1
(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). Conditional knockdown of mSmn in various cell types including
neurons, differentiated myocytes and hepatocytes also leads to death of those cells (Cifuentes-
Diaz et al., 2002; Nicole et al., 2003; Vitte et al., 2004). Furthermore, reduction of SMN protein
levels in zebrafish results in abnormalities in motor neuron-specific axon pathfinding
(McWhorter et al., 2003). In developing motor neurons with low SMN levels, axons are
truncated and branch excessively. Insertion of SMN2 into mSmn null mice by transgenesis
rescues the embryonic lethality phenotype (Monani et al., 2000). Mice with low copy numbers
(i.e. 1–2) of SMN2 develop severe (type I-like) SMA and die at 6–8 days (Monani et al.,
2000; Hsieh-Li et al., 2000) while those mice with higher copy numbers (i.e. 8) of SMN2 are
phenotypically normal when compared to nontransgenic littermates (Monani et al., 2000)
demonstrating that the SMN2 gene product can correct the SMA phenotype. Introducing SMN
lacking exon 7 (SMNΔ7) into SMN2;mSmn−/− mice partially ameliorates the SMA phenotype
and these mice die at 14–15 days (Le et al., 2005). The SMNΔ7;SMN2;mSmn−/− mice show
that SMNΔ7 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
III-like SMA) (Monani et al., 2003). SMN(A2G) alone is not sufficient to rescue the embryonic
lethality observed in mSmn null mice.

There are now mouse models of SMA with varying degrees of phenotypic severity (reviewed
in Butchbach and Burghes, 2004). These models are currently being used to test various
therapies for the amelioration of the SMA phenotype. In order to properly assess the therapeutic
effect of a given agent, a thorough understanding of the motor degenerative phenotype is
needed. In this study, we characterize the motor phenotype of SMNΔ7 SMA mice. Motor
behaviors such as surface righting reflex, negative geotaxis, spontaneous motor activity and
grip strength are severely affected in SMNΔ7 SMA mice. Additionally, we show two
applications of motor behavior analysis: identification of SMA mice and design of therapeutic
screening experiments by determining the number of mice that would be required to observe
a certain beneficial effect on a phenotype.
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MATERIALS AND METHODS
Animals

Intermediate SMA mice were generated from males and females of the genotype
SMN2+/+;SmnΔ7+/+;mSmn+/− (line 4299; FVB.Cg-Tg(SMN2*delta7)4299Ahmb Tg(SMN2)
89Ahmb Smn1tm1Msd). These mice originated from our colony but can be obtained from
Jackson (#005025). Mice were maintained on a 12 h:12 h light:dark cycle (light period 06:00
until 18:00) with ad libitum 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) 01. Each pup in the litter was marked with an
identification code at PND01. All experiments were conducted in accordance with the
protocols described in the National Institutes 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.

Genotyping
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; Butchbach et al.,
2007). To determine the presence of mSmn knockout allele, the following PCR primers were
used: NeoB, 5′-gcagctgtgctcgacgttgtc-3′ and SmnInt2R, 5′-taagaaagcctcgacgttgtc-3′ (PCR
conditions: 95°C for 4 min, 35 cycles of 95°C for 1 min, 63°C for 1.5 min and 72°C for 1 min
followed by a final extension at 72°C for 4 min). PCR primers designed to detect an intact
mSmn allele were used to distinguish SMA pups from carrier pups: mSmnEx2AF, 5′-
ttttctccctcttcagagtgat-3′ and mSmnEx2BR, 5′-ctgtttcaagggagttgtggc-3′ (PCR conditions: 95°C
for 4 min, 32 cycles of 95°C for 1 min, 57°C for 1 min and 72°C for 1 min followed by a final
extension at 72°C for 4 min). Intermediate SMA mice (SMN2+/+;SmnΔ7+/+;mSmn−/−) would
be positive for the mSmn knockout PCR reaction and negative for the intact mSmn PCR
reaction while carrier mice (SMN2+/+;SmnΔ7+/+;mSmn+/−) would be positive for both the
mSmn knockout and intact mSmn PCR reactions. Normal mice
(SMN2+/+;SmnΔ7+/+;mSmn+/+) would test negative for the mSmn knockout PCR but positive
for the intact mSmn PCR reaction. The sex of the pups was determined by PCR for the male-
specific Sry gene. The following PCR primers were used (McClive and Sinclair, 2001): SryF,
5′-tcatgagactgccaaccacag-3′ and SryR, 5′-catgaccaccaccaccaccaa-3′ (PCR conditions: 94°C for
5 min, 30 cycles of 94°C for 1 min, 67°C for 1 min and 72°C for 1 min followed by a final
extension at 72°C for 10 min).

Behavior Analysis
Unless otherwise stated, each mouse pup was analyzed daily for body mass as well as changes
in behavior until the last SMA pup in that litter has died. Pups were also inspected daily for
the following developmental landmarks: incisor eruption, hair growth and eyelid opening. The
tester was blinded to the genotype of each mouse pup. All tests were conducted during the light
period between 14:00 and 17:00. The behavior tests used were based on modifications to the
Fox battery (Fox, 1965) which uses reflex-based assays to monitor the maturation of the motor
and sensory components of the nervous system (Le Roy et al., 2001; Dierssen et al., 2002).
Motor activity was captured using a Canon digital video camcorder (NTSC ZR60) and analyzed
after motor behavior was recorded. The observer was blinded to the genotype of each mouse.

Righting Reflex—Each pup was turned onto its back and the time it takes to stably place all
four paws on the ground was recorded (cutoff time of 60 s). Righting reflex latency was
recorded daily starting at PND02 until PND08 or a latency less than 60 s was observed for 2
consecutive days, whichever occurred first.
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Clasping Response—Each pup was held by the scruff of its neck and footpads of the
forelimbs and hindlimbs were gently stroked with a toothpick. The presence or absence of a
clasping response was recorded. Clasping responses were measured from PND02 until PND08.

Negative Geotaxis—Each pup was placed on a 45° incline with its head pointing down the
incline. The latency for turning 180° (i.e. with its head pointing up the incline) was recorded
(cutoff time of 180 s). If a pup could not maintain a righted position during the assay, then a
maximum latency was recorded. Negative geotaxis responses were measured from PND04
until PND08.

Cliff Aversion—Each pup was placed on the edge of a cliff with its head and forepaws
hanging over the edge to determine if the pup would have turned and crawled to safety. Cliff
aversion was analyzed between PND06 and PND08.

Visual Placing Response—On the day after eyelid opening, each pup was suspended by
its tail and lowered towards the tip of a pencil. The pencil tip did not touch the vibrissae of the
pup. If the pup extended its forepaws toward the tip, then a positive response was recorded.

Spontaneous Locomotor Activity—Each pup was placed in the center of an arena where
the floor has been divided into 28 2.5-cm2 grids (7×4). The floor of the arena was covered with
home bedding. Each pup was videotaped for 60 sec and the number of grids crossed during
this time was counted as well as the latency for walking a distance greater than its body length.
The number of times each mouse slipped from its righted position was also recorded.
Spontaneous locomotor activity measures were collected using Stopwatch+ (Center for
Behavioral Neuroscience, Atlanta, GA) and were monitored on PND04, PND07, PND11 and
PND14.

Pivoting—Each pup was placed in the center of an arena where the floor has been divided
into 28 2.5-cm2 grids (7×4). The floor of the arena was covered with home bedding. Each pup
was videotaped for 60 sec and the number of times the pup turned 90°C (pivots) was counted
during this time. Pivoting was recorded using Stopwatch+ and was monitored on PND04,
PND07, PND11 and PND14. To minimize the stress on the pup, the spontaneous locomotor
activity and pivoting tests was conducted simultaneously.

Homing Test—Each pup was separated from its dam for at least 20 min and then transferred
to an arena with the floor divided into 28 2.5-cm2 grids (7×4). Beddings from the home cage
was evenly spread across one side of the arena (1×4) and the pup was placed on the opposite
side. The time required to place both forepaws within the home scent area was recorded (cut
off time of 180 s) along with the number of grids entered during the test period. The measures
assayed during the homing test were recorded with Stopwatch+. The homing test was
performed on PND11 and PND14.

Hindlimb Splay—Each pup was suspended by its tail for 5 sec and observed for splaying of
hindlimbs. Hindlimb splay was examined on PND11 and PND14.

Grasping Response—Each pup was placed on a 1-cm2 wire mesh and gently dragged
horizontally along the mesh. Any resistance felt by the observed was scored as a positive
response. Grasping response was monitored on PND11 and PND14.

Grip Strength—Grip strength was assessed using a suspension test. Each pup was placed on
a wire mesh (1 cm2 grids) and the mesh with the mouse was inverted. The latency for the pup
to release the mesh was recorded. Grip strength was measured on PND11 and PND14.
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Statistical Analysis
Parametric data are expressed as means ± standard error and were analyzed using one-way
ANOVA with a Bonferonni post hoc test. In most cases, repeated measures data were subjected
to a general linear model (GLM) analysis with sex and/or genotype as the between-subject
factors and age (PNDs) as the within-subjects factors. For GLM analysis, the data was first
analyzed using Mauchly’s test of sphericity followed by ANOVA. Nonparametric data are
expressed as a percentage of each genotype which has that score. All nonparametric data was
analyzed in three pairwise combinations (SMA vs. carrier, SMA vs. normal and carrier vs.
normal) using the Mann-Whitney U test. For identification of SMA mice by phenotype (i.e.
absence of righting reflex or negative geotaxis responses, 2×2 contingency tables were
generated and analyzed by Pearson χ2 with the strength of association being determined by
φ. Kaplan-Meier analysis was performed on lifespan and onset of body mass loss data using
the Mantel-Cox log rank post hoc test. Additionally, onsets of eyelid opening and visual placing
response underwent Kaplan-Meier analyses using eyelid opening and visual placing response
as the survival functions. All statistical analyses were performed with SPSS v. 14.0.

Using power analysis, we calculated the number of subjects needed to detect a 10%, 20%, 50%
or 100% change in each of the behavioral data collected. In all cases, α=0.05 and power (1
−β)=0.80. For parametric data, the sample size was calculated using the following equation: n
= 1 + 2C(s/d)2 (equation 2 in Dell et al., 2002; s=standard deviation, d=difference and C=7.85
for α=0.05 and 1−β=0.80). For survival and onset of body mass loss data, the following equation
was used for calculating sample size: n = (2s2C2)/d2 (equation 2 in Wittes, 2002).

RESULTS
Survival, growth curves and general appearance

Newborn pups (n=82) from 10 litters of SMNΔ7 carrier (SMN2+/+;SmnΔ7+/+;mSmn+/−)
matings were analyzed for survival as well as changes in motor behavior. Of these pups, 24
had SMA (SMN2+/+;SmnΔ7+/+;mSmn−/−), 35 were carriers and 23 were normal
(SMN2+/+;SmnΔ7+/+;mSmn+/+). Within this testing group, the average lifespan of SMNΔ7
SMA mice was 13.6 ± 0.7 days, which is in close agreement with previous results (Le et al.,
2005). Male SMNΔ7 SMA mice tended to live longer on average than their female littermates
(15.0 ± 0.6 days versus 12.5 ± 1.2 days), however, this trend was not statistically significant
(Figure 1; χ2=0.834, p=0.36). There is no correlation between the mass of SMNΔ7 SMA mice
at birth and their lifespans (Pearson R = 0.054). The size of the litter has no correlation with
lifespans of SMNΔ7 SMA mice (Pearson R = −0.026). Additionally, maternal age has no effect
on the survival of SMNΔ7 SMA mice (Pearson R = 0.176).

During the early stages of the disease—i.e. PND02-PND07, SMNΔ7 SMA mice are not
significantly different in appearance aside from their smaller size when compared to their
carrier and normal (i.e., non-SMA) littermates (Figures 2A–2B). In fact, the appearance of
body fur and the eruption of incisors occur in SMNΔ7 SMA mice at the same times as for non-
SMA mice. SMNΔ7 SMA mice are smaller and appear emaciated at PND11 and PND14
(Figures 2C–2D) presumably due to neurogenic muscle atrophy. Postnatal growth curves were
analyzed for SMNΔ7 SMA, carrier and normal mice of both sexes. Both male and female
carriers as well as normal pups have a continuous growth curve (Figure 3A–B). The growth
curves for both male and female SMNΔ7 SMA mice are different from their non-SMA
littermates (testing day F13,858 = 1263, p < 0.001; testing day×genotype F65,858 = 43.2, p =
0.002). For male pups (Figure 3A), the mean body masses between SMNΔ7 SMA and normal
mice are significant different beginning at PND03; however, the differences in mean body
mass between SMNΔ7 SMA and carrier mice are significant starting at PND05. There is a
significant difference in body mass between female SMNΔ7 SMA mice and their normal
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littermates beginning at PND02 while body masses of female SMNΔ7 SMA mice are
significantly different from carrier mice starting at PND03 (Figure 3B). Male and female
SMNΔ7 SMA mice continue to gain body mass until PND09-PND11 where after they start
losing body mass. The mean onset of body mass loss (Figure 3C) occurs later in male
SMNΔ7 SMA mice (11.1 ± 0.3 days) than in female SMNΔ7 SMA mice (9.8 ± 0.7 days after
birth) but, as with survival, this difference is not significant (χ2 = 0.252, p=0.62).

Onset of Reflexological Responses
Neonatal mice will normally reposition themselves to a prone position within 5 seconds after
being placed on their backs (righting reflex response). The righting reflex response can be seen
in pups as early as PND02. However, only 10–30% of SMNΔ7 SMA are able to exhibit a
righting reflex response at any given age (Figure 4A; Mann-Whitney U = 170.5, p < 0.001
when comparing SMA to carrier mice at PND02; U = 87.5, p < 0.001 at PND03; U = 61.5, p
< 0.001 at PND04; U = 45.0, p < 0.001 at PND05; U = 43.0, p < 0.001 at PND06; U = 32.0, p
< 0.001 at PND07; U = 64.0, p < 0.001 at PND08). Of the 24 SMA mice tested, only 7 were
able to right themselves for two consecutive days whereas all of the carrier and normal mice
were able to consecutively right themselves. Likewise, the amount of time required for a mouse
to reposition itself from a supine position (righting reflex latency) is about 2.5–5-fold greater
for SMNΔ7 SMA mice than for their non-SMA littermates (Figure 4B; testing day F6,444 =
1.193, p < 0.001; testing day × genotype F6,444 = 3.605, p = 0.002). The sex of the mouse had
no effect on the righting reflex response nor on its latency.

As shown in Figure 4C, only 15–30% of SMNΔ7 SMA mice were able to elicit a proper
response to negative geotaxis (Mann-Whitney U = 212, p < 0.001 when comparing SMA to
carrier mice at PND04; U = 124, p < 0.001 at PND05; U = 84, p < 0.001 at PND06; U = 100.,
p < 0.001 at PND07; U = 92, p < 0.001 at PND08); most non-SMA mice, on the other hand,
demonstrate a negative geotaxis response as early as PND04. There is no difference in the
proportion of carrier and normal mice who exhibited a negative geotaxis response (e.g., Mann-
Whitney U = 321.5, p = 0.313 at PND04). The latency to a negative geotaxis response is
significantly longer for SMNΔ7 SMA mice (Figure 4D; testing day F4,296 = 2.47, p = 0.045;
testing day × genotype F4,296 = 1.50, p = 0.203) than for non-SMA mice.

When placed over a ledge, neonatal mice will normally turn and move away from ledge (cliff
aversion). Fewer SMNΔ7 SMA mice were able to successfully demonstrate a cliff aversion
response (Figure 4E) than non-SMA mice at PND06 (17.4%; Mann-Whitney U = 179.0, p <
0.001 when comparing SMA to carrier mice), PND07 (28.6%; U = 169.5, p < 0.001) and
PND08 (33.3%; U = 112.0, p < 0.001).

Onset of Sensory Responses
The onset of tactile sensory functions was assessed in SMNΔ7 SMA mice using the clasping
response which is characterized by clasping of either the forepaw or hindpaw following gentle
stimulation with a probe. Clasping responses were elicited in neonates at PND02 until PND08.
At all ages tested, every mouse irrespective of genotype elicited a clasping reaction in response
to tactile stimulation of either the forelimb or the hindlimb (data not shown).

The visual placing response was used to assess visual sensory function in SMNΔ7 SMA mice.
For visual placing, a mouse is suspended by its tail and observed for the grasping of an object
placed within their field of vision. In order for this response to occur, the eyelids must first be
able to open. All of the SMNΔ7 carrier and normal mice were able to open their eyelids. Of
those SMNΔ7 SMA pups that lived to PND13, 52.6% (10/19) were able to open their eyelids
(Mann-Whitney U = 160, p < 0.001 when comparing SMA to carrier mice). Eyelid opening
occurs on average at PND14 for carrier and normal mice (14.0 ± 0.4 days for either genotype)
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whereas the average onset of eyelid opening occurred later in SMNΔ7 SMA mice (15.2 ± 0.4
days for SMA mice; p < 0.001). Visual placing response was measured on the day following
eyelid opening (i.e. PND13-15). All of the SMNΔ7 carrier and normal mice elicited a response
to visual stimulation while only 10% (1/10; U = 16.0, p < 0.001 when comparing SMA to
carrier mice) of those SMNΔ7 SMA who were able to open their eyelids elicited a visual placing
response.

Onset of Motor Responses
Vectorial movement is defined as locomotion in one direction at a distance greater than its
body length. Vectorial movement includes both crawling—movement using both limbs but
being supported only with the forelimbs—and walking—movement and support with both
limbs. Crawling occurs at PND04 and PND07 while walking is observed at PND11 and
PND14. Nearly all of the SMNΔ7 SMA mice were not able to demonstrate vectorial movement
at PND04-PND11 while one-third of the SMNΔ7 SMA mice at PND14 were able to walk
(Figure 5A). The vectorial movement latency (Figure 5B; testing day F3,114 = 14.94, p < 0.001;
testing day × genotype F3,114 = 4.75, p = 0.004) is significantly longer for SMNΔ7 SMA mice
than for non-SMA mice at all ages tested. For SMNΔ7 SMA, the duration of movement is
significantly shorter than it is for non-SMA mice (Figure 5C; testing day F3,114 = 69.3, p <
0.001; testing day × genotype F3,114 = 49.6, p < 0.001). Amongst non-SMA mice, movement
latency decreases (F3,87 = 29.6, p < 0.001) and the movement duration increases (F3,87 = 198.4,
p < 0.001) with time.

Spontaneous motor activity, as monitored by counting the number of grids crossed within one
minute, was significantly lower in SMNΔ7 SMA mice than their non-SMA littermates at all
ages tested (Figure 5D; testing day F3,114 = 35.0, p < 0.001; testing day × genotype F3,114 =
24.0, p < 0.001). The number of grids crossed for non-SMA mice was greater at PND11 and
PND14 than at PND07 (F3,87 = 92.7, p < 0.001). SMNΔ7 SMA mice pivoted fewer times than
their non-SMA littermates at all ages tested (Figure 5E; testing day F3,114 = 9.52, p < 0.001;
testing day × genotype F3,114 = 5.47, p = 0.002). The number of pivots observed increases with
age in non-SMA mice (F3,87 = 25.1, p < 0.001) but does not change with age in SMNΔ7 SMA
mice.

Most SMNΔ7 SMA mice were unable to successfully complete the homing test (success rate
at PND11 = 5.6% and at PND14 = 16.7%; Figure 6A) within the allotted time (3 min) whereas
most of the aged-matched non-SMA littermates were able to complete the homing test. The
time required to complete the homing test was significantly longer for SMNΔ7 SMA mice at
both ages tested (Figure 6B). For non-SMA mice, the homing test latency is shorter at PND14
than at PND11 (F1,48 = 41.4, p < 0.001). The homing test latencies for non-SMA mice were
shorter at PND14 than at PND11. In agreement with the spontaneous motor activity results,
SMNΔ7 SMA mice crossed fewer grids during the homing test than their non-SMA littermates
(Figure 6C).

Very few (9.1%) SMNΔ7 SMA mice were able to splay their hindlimbs (Figures 7A–7B) at
PND11 (Mann-Whitney U < 0.001, p < 0.001 when comparing SMA to carrier mice) and
PND14 (U = 5.5, p < 0.001 when comparing SMA to carrier mice) whereas almost all of the
non-SMA mice tested demonstrated hindlimb splay. The proportion of SMNΔ7 SMA mice
that were able to grasp a wire mesh (Figure 7C) was significantly lower than that for non-SMA
mice at PND11 (9.1%; U = 41.0, p = 0.006 when comparing SMA to carrier mice) and PND14
(9.1%; U = 8.0, p < 0.001). The amount of time the mouse was able to grasp the wire mesh
when suspended upside down (hanging time) is used as a measure of grip strength. As expected,
the hanging time is significantly shorter for SMNΔ7 SMA mice (Figure 7D) than for non-SMA
littermates at PND11 (p = 0.011) and at PND14 (p = 0.002). The hanging time is not different
between carrier and normal mice (p = 0.117 at PND14).
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Use of Behavioral Characteristics to Identify SMNΔ7 SMA Mice
To determine if SMNΔ7 SMA mice could be accurately identified by phenotype, two motor
behaviors were selected—surface righting reflex and negative geotaxis—based on their rapid
assay times. There is a significant association between the absence of a righting reflex and the
SMA genotype at PND02 (Table 1; χ2 = 36.425; p < 0.001 φ = 0.666, p < 0.001) as well as at
PND04 (χ2 = 63.622; p < 0.001 φ = 0.881, p < 0.001). The accuracy of identifying SMA mice
by righting reflex improves at PND04 (odds ratio of SMA mouse not being able to exhibit
righting reflex = 399) from PND02 (odds ratio = 32.8). The number of SMA mice that are
incorrectly identified as non-SMA based on righting reflex reduces with age (frequency of
false negatives—that is, the number of SMA mice that are able to right themselves—at PND02
is 0.292 and at PND04 is 0.125). As with righting reflex, the absence of a negative geotaxis
response is strongly associated with the SMA genotype (Table 2) at both PND04 (χ2 = 16.98;
p < 0.001 φ = 0.464, p < 0.001). and PND08 (χ2 = 48.84; p < 0.001 φ = 0.786, p < 0.001).
Using negative geotaxis response as a means of identifying SMA mice is more accurate at
PND08 (odd ratio = 100.7) than at PND04 (odds ratio = 9.3); however, identification of SMA
mice by the absence of a righting reflex response is more accurate and can be tested earlier
than that by the absence of a negative geotaxis response.

Power analysis
Phenotype characterization of SMNΔ7 SMA mice could potentially be used as a way to screen
the effectiveness of a therapeutic agent. We used power analysis to determine the minimum
number of SMNΔ7 SMA mice that would be required to observe a significant rescue of various
phenotypes. The sample sizes were calculated based on α = 0.05 and a power of 80% (Table
3). For example, only one mouse would be required to observe a doubling (100% increase) in
survival while 16 mice would be need to see a 20% increase in lifespan. In order to see a 100%
increase in righting reflex latency at PND02, 11 mice would be required. Those phenotypes
which have a greater degree of variability (such as walking latency) tend to require more mice.

DISCUSSION
SMNΔ7 SMA mice (SMN2+/+;SmnΔ7+/+;mSmn−/−) closely resemble SMA in humans in that
they exhibit a progressive loss of motor function. In this study, we characterized the motor
phenotype of the SMNΔ7 SMA mouse. SMNΔ7 SMA mice live on average for 13.6 ± 0.7
days. In close agreement with previously published results (Le et al., 2005), both male and
female SMNΔ7 SMA mice are significantly smaller than their carrier and normal littermates.
SMNΔ7 SMA mice are unable to exhibit surface righting, negative geotaxis and cliff aversion
reflex responses. Additionally, SMNΔ7 SMA mice exhibit impairments in motor function as
shown by reduced spontaneous activity (fewer grids crossed and fewer pivots), increased
latency to demonstrate a crawling/walking response and impaired homing test response.
Finally, these mice have impaired muscle strength as demonstrated by a significantly reduced
grasping response.

We have observed deficits in motor behaviors of SMNΔ7 SMA mice such as spontaneous
activity and grip strength but there is no major alteration in tactile sensory behavior, i.e clasping
of either the forepaw or hindpaw following gentle stimulation. Visual placing responses,
however, were impaired in SMNΔ7 SMA mice. One possible explanation for alterations in
visual sensory responses but not in tactile sensory functions involves the time at which each
response was assessed. Clasping responses were measured at PND02-08, which is before the
onset of motor neuron loss (Le et al., 2005), while visual placing responses were assessed at
PND13-15. SMNΔ7 SMA mice are either dead or physically weak at the time that visual
placing responses are tested; therefore, the lack of response may be due to severe weakness
instead of impaired sensory functions. Importantly, motor behaviors but not certain sensory
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behaviors are impaired in the early phase (i.e. before the onset of loss of motor neurons) of
disease in SMNΔ7 SMA mice.

Even though there are no detectable changes in sensory phenotype in early phase SMNΔ7 SMA
mice, sensory neurons may be adversely affected in these mice. Interestingly, Jablonka et al.
(Jablonka et al., 2006) recently reported that sensory neuron terminals in the footpads of
SMN2+/+;mSmn−/− (severe SMA) embryos are smaller. The difference in sensory neuron
terminal size observed in severe SMA embryos is smaller the difference in motor neuron
terminal size. Since we observed a normal response to tactile stimulation of footpads in
SMNΔ7 SMA mice, we would predict that sensory neuron terminal size in SMNΔ7 SMA mice
will be close to normal size. Detailed ultrastructural and electrophysiological analyses of
disease progression in SMNΔ7 SMA mice would be needed to determine if sensory neurons
are morphologically and electrically affected in this model of SMA.

In the SMNΔ7 SMA mouse, motor neuron death occurs at PND09 (Le et al., 2005). Most of
impairments in motor behavior responses are observed in SMNΔ7 SMA mice before the onset
of motor neuron death. Most impairments in motor coordination and in learning occur in a
transgenic rat model of Huntington disease before the onset of striatal neuron atrophy and
polyglutamine aggregation (Nguyen et al., 2006). SOD1(G93A) mice—a model for familial
amyotrophic lateral sclerosis (ALS)—demonstrate deficits in hindlimb motor behavior and
motor unit function (Kennel et al., 1996; Azzouz et al., 1997; Wooley et al., 2005; Miana-Mena
et al., 2005) before the onset of motor neuron loss in the ventral spinal cord (Gurney et al.,
1994; Chiu et al., 1995). SOD1(G85R) transgenic mice—another model for ALS—have
delayed acquisitions of surface righting and grasping responses (Amendola et al., 2004) which
is well before the beginning of loss of ventral motor neurons (~6.5 months) and the onset of
hindlimb weakness (~8 months) (Bruijn et al., 1997).

The genetic background of a mouse does have an effect on motor development. CASE/Ei
neonatal pups acquire their sensorial and motor developmental milestones (i.e. righting reflex,
limb placing and grasping responses) earlier than C57bl/6J neonates (Le Roy et al., 1998).
C57bl/6J mice demonstrate forepaw grasping, hindlimb placing, negative geotaxis, grasping,
eyelid opening and visual placing responses at statistically significant different times than NZB
mice (Le Roy et al., 1999). 129×C57bl/6 hybrid mice demonstrated a deficient response to
negative geotaxis when compared to C57bl/6×SJL hybrid mice even though the 129×C57bl/6
hybrid mice acquired the righting reflex response sooner than C57bl/6×SJL hybrid mice
(Dierssen et al., 2002).

Alterations in motor-related behaviors have been observed in numerous neurodevelopmental
disorders. Seizure-prone EL/Suz mice have delayed surface righting reflex and negative
geotaxis (McFayden and Heinrichs, 2005). Significant delays in righting reflex and cliff
aversion were observed in a partial trisomy 16 transgenic model for Down syndrome (Ts65Dn
mouse; Holtzman et al., 1996). Ts65Dn mice also have a greater latency for homing test. In a
mouse model for partial trisomy 21, the onset of specific motor and sensorial neonatal behaviors
was altered in transgenic mice (Roubertoux et al., 2006). TgDyrk1A mice, another model for
Down syndrome, have delayed responses to walking and homing (Altafaj et al., 2001). Mice
heterozygous for Dyrk1A knockout allele (mDyrk1A+/−) show impaired spontaneous activity
(number of pivots) and walking latency (Fotaki et al., 2004). Complexin I knockout
(Cplx1−/−) mice—which develop a severe adult-onset ataxia—show a delay in the onset of
crawling and walking as well as reduced locomotor activity even though their early
neurodevelopmental reflexes (i.e. surface righting, cliff aversion and negative geotaxis) are
normal (Glynn et al., 2007). Transient delays in hindlimb placing and cliff aversion were
observed in a mouse model (Mecp21lox) for Rett syndrome (Picker et al., 2006). Righting reflex
latency was longer in female mMecp2+/− neonatal mice than age-matched controls (Santos et
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al., 2006). Negative geotaxis and wire suspension responses were also impaired in these mice.
Administration of drugs either before birth or shortly thereafter such as a vasoactive intestinal
peptide (VIP) antagonist, phenytoin and methylphenidate hydrochloride (Ritalin) also result
in transient delays in the acquisition of specific developmental motor milestones (Wu et al.,
1997; Hatta et al., 1999; Penner et al., 2001).

These genetic, transgenic and pharmacological studies collectively suggest the onset of motor
development and maturation can be modulated. Durand et al. (Durand et al., 2006) suggest that
the transient impairment in reflex responses observed in SOD1(G85R) ALS mice may be the
result of a delay in the maturation of neural pathways required for motor control. While these
various models of altered motor development eventually acquire motor milestones, most
SMNΔ7 SMA mice never demonstrate these behavior (e.g. >67% of the SMNΔ7 SMA mice
studied never showed a righting reflex response). It has been hypothesized (Hausmanowa-
Petrusewicz and Vrbová, 2005) that SMA is the consequence of a delayed maturation of the
motor unit—motor neuron, the synapse and its target muscles. In SMNΔ7 SMA mice at
PND14, we have previously shown significant reduction in postsynaptic acetylcholine receptor
(AChR) clustering at SMA neuromuscular junctions (NMJs; Le et al., 2005). This type of
AChR disassembly is typically observed in denervated NMJs as opposed to immature NMJs
(Pun et al., 2002). Ongoing studies on NMJ maturation in SMA mice will determine whether
there is a defect in motor unit maturation and/or denervation injury in affected muscles.

We have demonstrated herein two potential uses of motor behavior analysis in SMNΔ7 SMA
mice: identification of SMA mice and design of preclinical drug trials based on phenotype
amelioration. The absence of a righting reflex response at PND04 is an accurate and rapid
means of identifying SMNΔ7 SMA mice (odds ratio = 399). Additionally, we used various
phenotype markers including survival, body mass at various time points as well as the latencies
to surface righting, negative geotaxis and vectorial movement to determine the minimal number
of SMA mice required to observe a certain degree of phenotype amelioration. As seen in a
transgenic rat model of Huntington’s disease (Nguyen et al., 2006), those phenotypes with a
greater variability require more mice to have a 80% chance (power) of observing a given degree
of phenotype amelioration. We would, therefore, recommend that phenotype markers such as
survival, body mass and onset of body mass loss be used as primary indicators of effectiveness
in a therapeutic agent trial and that the other phenotype markers be used as secondary markers.
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Figure 1. Survival curves of male and female SMNΔ7 SMA mice
Kaplan Meier analysis reveals that male SMNΔ7 SMA mice (dashed line) have an average
lifespan that is about 2.5 days longer than female SMNΔ7 SMA mice (solid line; 15.0 ± 0.6 d
vs. 12.5 ± 1.2 d) but the difference between sexes is not statistically significant (χ2 = 0.834, p
= 0.36).
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Figure 2. General appearance of SMNΔ7 SMA mice
Apart from their smaller sizes and inability to right themselves, SMNΔ7 SMA mice
(SMN2+/+;SMNΔ7+/+;mSmn−/−; asterisk) at PND04 (A) and PND07 (B) are similar in
appearance to their carrier (SMN2+/+;SMNΔ7+/+;mSmn+/−; closed arrow) and normal
(SMN2+/+;SMNΔ7+/+;mSmn+/+; open arrowhead) littermates. On PND11 (C) and PND14 (D),
SMNΔ7 SMA mice appear small and emaciated presumably the result of neurogenic muscle
atrophy.
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Figure 3. Body mass growth curves of SMNΔ7 SMA mice
Male (A) and female (B) carrier and normal pups have a continuous growth curve. As shown
in (A) and (B), For male pups (A), the mean body masses between SMA and normal mice are
significant different beginning at PND03; however, the differences in mean body mass between
SMA and carrier mice are significant starting at PND05. Male (A) and female (B) SMA
continue to gain body mass until PND09-PND11 where after they start losing body mass.
Legend for (A) and (B); †p < 0.05 for SMA vs. normal mice, *p < 0.05 for SMA vs. normal
mice and vs. carrier mice.
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Figure 4. Acquisition of reflex responses in SMNΔ7 SMA mice
SMNΔ7 SMA mice (black bars) as well as their carrier (light grey bars) and normal (dark grey
bars) littermates were assessed for the acquisition of various reflex responses and their
latencies. Most of the SMNΔ7 SMA mice tested were unable to exhibit a surface righting
response (A), response to negative geotaxis (C) or aversion to falling from a cliff (E) at all ages
tested. As a result, the amount of time needed (latency) to exhibit the surface righting (B) and
the negative geotaxis (D) response is significantly greater in SMNΔ7 SMA mice than in non-
SMA (i.e., carrier or normal) mice. The success rates of carrier mice in acquiring the reflex
responses tested as well as their latencies are the same as those of normal mice. Legend; *p <
0.05 for SMA vs. normal mice and vs. carrier mice.
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Figure 5. Development of motor responses in SMNΔ7 SMA mice
SMNΔ7 SMA mice (black bars) as well as their carrier (light grey bars) and normal (dark grey
bars) littermates were assessed for the development of various motor responses. For mice at
PND04 and PND07, vectorial movement refers to crawling and it refers to walking for PND11
as well as PND14 mice. Significantly fewer SMNΔ7 SMA mice were able to successfully
demonstrate vectorial movement (A) at all ages tested. Likewise, the latency to demonstrate
vectorial movement (B) is significantly longer and the duration (C) is significantly shorter for
SMNΔ7 SMA mice than for non-SMA (carrier and normal) mice at PND07-PND14. SMNΔ7
SMA mice crossed fewer grids per minute (D) and had fewer pivots per minute (E) than non-
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SMA littermates at all ages tested. Legend; *p < 0.05 for SMA vs. normal mice and vs. carrier
mice.
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Figure 6. Homing test on SMNΔ7 SMA mice
The homing test was performed on SMNΔ7 SMA mice (black bars) as well as their carrier
(light grey bars) and normal (dark grey bars) littermates at PND11 and PND14. As shown in
(A), significant fewer SMNΔ7 SMA mice were able to successfully enter the home field within
the allotted time (3 min) while most non-SMA littermates successfully completed the test. The
amount of time needed to enter the home field (homing test latency; B) was greater for
SMNΔ7 SMA mice than for non-SMA littermates. The number of grids crossed during the
homing test (C) was significantly lower for SMNΔ7 SMA mice than for non-SMA littermates.
Legend; *p < 0.05 for SMA vs. normal mice and vs. carrier mice.
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Figure 7. Grip strength of SMNΔ7 SMA mice
SMNΔ7 SMA mice (SMN2+/+;SMNΔ7+/+;mSmn−/−) retract their hindlimbs into their bodies
(A) at PND11 and PND14 while carrier (SMN2+/+;SMNΔ7+/+;mSmn+/−) and normal
(SMN2+/+;SMNΔ7+/+;mSmn+/+) littermates splay their hindlimbs from their bodies when
suspended by their tails. As shown in (B), very few SMNΔ7 SMA mice (black bars) exhibit
hindlimb splay while most carrier (light grey bars) and normal (dark grey bars) littermates
show hindlimb splay at PND11 and PND14. Most SMNΔ7 SMA mice were not able to grasp
onto a wire mesh (C); those that could grasp the wire mesh were able to do so for a very short
period of time (D). Legend; *p < 0.05 for SMA vs. normal mice and vs. carrier mice.

Butchbach et al. Page 21

Neurobiol Dis. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Butchbach et al. Page 22

Table 1
Use of righting reflex as a means to identify SMA mice from non-SMA littermates
Contingency tables were generated so as to determine the relationship between SMA genotype and surface righting
reflex response at PND02 and PND04.

PND02 SMA non-SMA

no righting 17 4

righting 7 54

PND04 SMA non-SMA

no righting 21 1

righting 3 57
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Table 2
Use of negative geotaxis as a means to identify SMA mice from non-SMA littermates
Contingency tables were generated so as to determine the relationship between SMA genotype and negative geotaxis
response at PND04 and PND08.

PND04 SMA non-SMA

no geotaxis 19 16

geotaxis 5 39

PND08 SMA non-SMA

no geotaxis 19 2

geotaxis 5 53
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Table 3
Power analysis of various phenotypes in SMNΔ7 SMA mice
The minimum number of SMNΔ7 SMA mice required to observe a given change in parametric as well as nonparametric
phenotypes were calculated. For these calculations, α=0.05 and power (1−β)=0.80.

minimum number of mice required

10% change 20% change 50% change 100% change

survival 33 8 1 1

onset of body mass loss 18 5 1 1

body mass PND04 male 36 10 2 1

body mass PND04 female 29 8 2 1

body mass PND11 male 25 10 2 1

body mass PND11 female 36 11 3 1

grids crossed PND04 1699 426 69 18

grids crossed PND11 372 94 16 5

grids crossed PND14 1632 409 66 17

walking duration PND14 6841 1711 275 69

walking latency PND14 319 80 52 14

hanging time 17064 4267 684 172

righting reflex latency PND02 246 62 40 11

righting reflex latency PND04 102 27 17 5

righting reflex latency PND08 179 46 30 8

negative geotaxis latency PND04 213 54 35 9

negative geotaxis latency PND08 326 82 53 14
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