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SUMMARY

To define alterations of neuronal connectivity that
occur during motor neuron degeneration, we charac-
terized the function and structure of spinal circuitry in
spinal muscular atrophy (SMA) model mice. SMA
motor neurons show reduced proprioceptive
reflexes that correlate with decreased number and
function of synapses on motor neuron somata and
proximal dendrites. These abnormalities occur at
an early stage of disease in motor neurons inner-
vating proximal hindlimb muscles and medial motor
neurons innervating axial muscles, but only at end-
stage disease in motor neurons innervating distal
hindlimb muscles. Motor neuron loss follows afferent
synapse loss with the same temporal and topograph-
ical pattern. Trichostatin A, which improves motor
behavior and survival of SMA mice, partially restores
spinal reflexes, illustrating the reversibility of these
synaptic defects. Deafferentation of motor neurons
is an early event in SMA and may be a primary cause
of motor dysfunction that is amenable to therapeutic
intervention.

INTRODUCTION

In neurodegenerative diseases, abnormalities of synaptic con-
nectivity are thought to account for early clinical deficits (Day
et al., 2006; Shankar et al., 2008). Dysfunction of specific, vulner-
able neuronal populations may precipitate secondary changes in
neural circuits that could exacerbate neuronal dysfunction
(Palop et al., 2006; Chen et al., 2002). However, in many disease
models, the primary targets and the precise sequence of func-
tional and cellular changes that initiate the disease process
remain unclear.

In the human motor neuron diseases amyotrophic lateral scle-
rosis (ALS) and spinal muscular atrophy (SMA), motor neurons
show altered function and many of them eventually die. Because
of this, most research on ALS and SMA is focused on the motor
neuron itself and on its synapse with skeletal muscle, the neuro-
muscular junction. However, in the spinal cord, motor neurons
receive inputs from local spinal networks, descending pathways,
and sensory neurons. Little is known about the response of these
inputs to the factors that trigger disease. There is some evidence
that spinal circuit abnormalities may occur in ALS (Soliven and
Maselli, 1992; Schitz, 2005; Jiang et al., 2009). In addition,
Renault et al. (1983) described reduced or absent H reflexes in
type | human SMA, which they attributed to the severe muscle
weakness due to concurrent motor neuron loss rather than
proprioceptive abnormalities.

SMA is the most common inherited cause of infant death
(Pearn, 1978). It is caused by mutation of the SMN17 gene and
insufficient expression of the SMN protein (Lefebvre et al.,
1995). Patients with severe SMA have profound muscle
weakness in a stereotyped pattern (Crawford, 2004; Swoboda
et al., 2005). Proximal muscles of the limbs are more affected
than distal muscles, with the legs more affected than the arms
(Montes et al., 2009). Muscles of the trunk are also severely
affected, leading to respiratory insufficiency and severe scoli-
osis. This characteristic pattern of selective muscle weakness
suggests that particular subsets of motor neurons, or the circuits
that control their activity, are particularly vulnerable in SMA.
However, no studies have yet reported selective deficits among
different motor pools in SMA.

The most commonly studied SMA mouse model, the SMA-A7
mouse (Le et al., 2005), recapitulates many features of the
human disease and exhibits early impairments of motor
behavior. Mice die at approximately 2 weeks (for a review, see
Burghes and Beattie, 2009). Motor neuron cell loss has not
been detected before postnatal day 4 (P4) (Le et al., 2005) and
is modest even at end stage (P13) (Le et al., 2005; Avila et al.,
2007; Kariya et al., 2008), suggesting that the first behavioral
abnormalities are due to impairments in motor neuron function
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rather than neuronal loss. Several recent studies have examined
whether abnormalities of the neuromuscular junction (NMJ)
synapse can account for the motor behavioral deficits of SMA
mice (Murray et al., 2008; Kariya et al., 2008; Kong et al., 2009;
Ruiz et al., 2010). Surprisingly, motor neurons in SMA are struc-
turally well connected to their target muscles but functionally
NMJs in SMN-A7 mice exhibit a 50% reduction in quantal
content, indicating reduced synaptic vesicle release from motor
neuron terminals in response to evoked stimulation (Kong et al.,
2009; Ruiz et al., 2010). However, given the high safety factor for
neuromuscular transmission (for a review, see Wood and Slater,
2001), the consequences of a 2-fold reduction in neurotrans-
mitter levels would be expected to be mild, and it is unlikely
that these abnormalities alone can account for the severe impair-
ment of motor behavior evident in SMA.

These observations raise the possibility that the muscle
weakness and motor dysfunction in SMA mice, and by infer-
ence in the human disease, might be the result of alterations
in spinal circuit function. Here we focused on the synaptic
connections between motor neurons and muscle spindle affer-
ents (the stretch reflex) because of their experimental accessi-
bility and their importance in many aspects of motor function.
We demonstrate here that the strength of monosynaptic
connections between primary afferents and motor neurons is
greatly reduced early in the disease, before substantial motor
neuron cell loss can be detected. This loss of function is medi-
ated in part by the loss of primary afferent boutons on motor
neuron somata and proximal dendrites in SMA mice. These
abnormalities are more severe in synapses formed upon motor
neurons projecting to proximal muscles. Collectively, our find-
ings suggest that spinal circuit dysfunction is one of the earliest
and most pronounced pathological features of the disease and
therefore may contribute significantly to the loss of motor func-
tion that characterizes both mouse models and human SMA
patients.

RESULTS

Reduced Synaptic Responses of SMA Motor Neurons
following Proprioceptive Fiber Activation

We observed severe motor dysfunction in SMA mice as demon-
strated by their inability to right at P1 until death at approximately
P14 (Figure 1A), as has been previously reported (Le et al., 2005;
Avila et al., 2007). The righting reflex is a complex motor function
that is mediated by vestibular pathways, spinal interneurons,
proprioceptive afferents, and motor neurons (Bignall, 1974;
Bose et al., 1998). In order to examine the functional status of
the sensory-motor spinal reflex circuitry in SMA mice at an early
(P4) and a late stage (P13) of the disease, we used an in vitro
preparation of the isolated intact spinal cord in which connec-
tivity of spinal circuits can be investigated. We first examined
motor neurons in the lumbar segment 1 (L1) which innervate axial
and proximal hindlimb muscles such as the iliopsoas (Gerrits
et al., 1997), which is severely affected in SMA. We recorded
the synaptic responses evoked in the entire population of motor
axons emerging from the L1 ventral root in response to stimula-
tion of sensory axons in the L1 dorsal root in wild-type (WT) and
SMA spinal cords (Figure 1C). Stimulation of dorsal root sensory
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fibers at supramaximal intensities (5% Threshold [T]) resulted in
a robust monosynaptic reflex in WT mice. In contrast, the reflex
was significantly reduced in SMA spinal cords (Figure 1C), even
at high stimulation intensities (10xT; data not shown). On
average, there was an approximately 85% reduction in the
peak amplitude of the monosynaptic response from SMA L1
motor neurons at P4 (Figure 1C). There was no difference
between WT and SMA mice in the latency of onset of the mono-
synaptic reflex (Figure 1D4), suggesting that conduction veloci-
ties and synaptic delays were not significantly altered in SMA
mice. At P13, the monosynaptic reflex remained significantly
depressed (Figure 1D,).

To test whether the reduced amplitude of the monosynaptic
reflex in the SMA spinal cords was simply the result of motor
neuron loss, we obtained whole-cell intracellular recordings
from antidromically identified L1 motor neurons (see Experi-
mental Procedures). Similar to the extracellular recordings, WT
motor neurons responded robustly to supramaximal stimulation
of the dorsal root L1 (Figure 2B4), whereas all SMA motor
neurons responded weakly and evoked fewer action potentials
(Figure 2C4). We previously reported that monosynaptic
excitatory postsynaptic potentials (EPSPs) due to primary
afferent stimulation can be analyzed quantitatively by comparing
the peak amplitude of the response 3 ms after its onset (Shneider
et al., 2009a). The resulting measurements are similar to other
reports (Mears and Frank, 1997; Wang et al., 2008). SMA L1
motor neurons at P4 exhibited smaller monosynaptic EPSPs
compared to WT following supramaximal stimulation of the L1
dorsal root (Figure 2C,). On average, there was a significant
70% reduction in the peak EPSP amplitude in SMA mice
(Figure 2D). The latency of the monosynaptic EPSP was not
significantly different between WT and SMA potentials, consis-
tent with the ventral root recordings. Therefore, the ability of
proprioceptive afferents to excite motor neurons is severely
depressed at early stages in the SMA disease process, at both
the single cell and population level.

SMA Motor Neurons Are Hyperexcitable

One possible explanation for the reduced responses to dorsal
root stimulation in SMA mice could be that SMA motor neurons
have lower input resistance and are hypoexcitable. To test this
hypothesis, we performed intracellular recordings from identified
SMA motor neurons and compared their intrinsic membrane
properties with those from age-matched WT motor neurons.
We analyzed the active and passive membrane properties of
six wild-type and six SMA L1 motor neurons at P3. Neurons
were identified as motor neurons by the presence of an all-or-
none antidromic action potential following stimulation of the
ventral root (Figure 3A). Antidromically evoked action potentials
recorded from SMA motor neurons had a significantly greater
amplitude and faster rate of rise compared to WT motor neurons
(Figures 3A and 3B). Correspondingly, the time to peak of the
action potential was significantly shorter in SMA compared to
WT motor neurons (SMA: 1.0 + 0.06 ms; WT: 2.3 + 0.2 ms;
p < 0.001, t test). The mean resting potential (corrected for
a 6 mV liquid junction potential) was not significantly different
between WT (—56.8 + 2.5 mV) and SMA motor neurons
(—54.6 £ 2.1 mV; p = 0.51; t test).
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Figure 1. SMA Monosynaptic Responses Are Markedly Reduced following Proprioceptive Fiber Stimulation
(A) Time to right for WT (blue line, n = 6) and SMA mice (red line, n = 9) at P1-P12. Subsequent experiments were performed at P4 and P13 as indicated by the

shaded rectangles.

(B) Experimental setup for stimulation of L1 dorsal root (DR) and extracellular recording from L1 ventral root (VR).
(C) VR responses to supramaximal stimulation (5xT) of L1 DR for WT and SMA spinal cords at P4 and P13. The arrowheads indicate the stimulus artifact and the
red arrows indicate the monosynaptic response. Scale bars represent 0.4 mV, 20 ms (P4); 0.25 mV, 20 ms (P13).
(D4 and Do) Average amplitude and latency of the monosynaptic reflex at P4 (D4) and P13 (Do) for WT and SMA mice. *p < 0.01, t test. The numbers within the bars

indicate the numbers of experiments.
Error bars indicate standard error of mean.

To calculate the input resistance of the motor neurons, we in-
jected progressively increasing hyperpolarizing or depolarizing
current steps (Figure 3C). The slope of the linear current-to-
voltage relationship defines the input resistance (Figure 3D).
The input resistance (Figure 3E) of L1 motor neurons was
approximately 4-fold higher in SMA compared to WT motor
neurons (p < 0.05, t test). To address whether changes in input
resistance could be attributed to changes in soma size (input
resistance is inversely proportional to soma size; Fulton and Wal-
ton, 1986; Mentis et al., 2007), we measured the maximum
cross-sectional area of ChAT+ L1 motor neurons and found no
differences between WT and SMA motor neurons at P4 (see
Figures S1A and S1B available online; WT: 298.7 + 26.8 ym?;
SMA: 290.7 + 17.3 um?; p = 0.83, t test) or at P13 (Figures S1C
and S1D) (WT: 308.9 + 15.2 ym?% SMA: 271.1 + 13.5 pm?;
p = 0.09, t test). These results suggest that the increased input
resistance of SMA motor neurons is due either to a reduction
in the extent of the dendritic tree or an increase in the specific

membrane resistivity of SMA motor neurons. In addition, SMA
motor neurons had a significantly lower spike threshold (the
membrane potential at which an action potential is evoked)
than did WT motor neurons (p < 0.05, t test; Figure 3E). As a result
of the increase in input resistance and the reduced threshold for
eliciting action potentials, the minimum current necessary to
elicit an action potential (rheobase) was significantly reduced in
L1 SMA motor neurons (p < 0.01, Mann-Whitney test; Figure 3E).
These results indicate that the reduced amplitude of afferent-
evoked monosynaptic potentials and the limited evoked firing
cannot be explained by motor neuron hypoexcitability; instead,
SMA neurons are paradoxically hyperexcitable.

Reduction of Proprioceptive Synapses on the Somata
and Dendrites of SMA Motor Neurons

The observed marked increase in input resistance of SMA motor
neurons would be predicted to increase the amplitude of
synaptic potentials evoked when stimulating the la afferents.
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Therefore, the reduction in the amplitude of primary afferent-
evoked synaptic potentials in SMA motor neurons actually
reflects a much greater reduction in the amplitude of these
synaptic potentials. One possibility to account for this abnor-
mality is diminished connectivity between primary afferents
and motor neurons. This was examined by filling the dorsal roots
with fluorescent dextran and immunostaining their synapses
using antibodies against vesicular glutamate transporter 1
(VGIuT1), a known synaptic marker for proprioceptive primary
afferents (Todd et al., 2003; Alvarez et al., 2004) (Figures 4A;,
4A,, 4C4, and 4C,). Fewer ventrally directed sensory collaterals
(n = 4) and fewer VGIuT1+ boutons were observed in the ventral
horns of SMA spinal cords compared to WT (Figures 4By, 4B,,
4D+, and 4D,). We examined whether a reduction in the number
of primary afferent neurons or an abnormality of the muscle
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Figure 2. Monosynaptic Potentials in Indi-
vidual SMA Motor Neurons Are Reduced
(A) Setup for stimulation of L1 DR and whole-cell
recording from individual motor neurons.
(B4—C4) Intracellular responses to supramaximal
stimulation of the L1 dorsal root in a WT (B4) and
SMA (C4) L1 motor neuron at P4. The monosyn-
aptic part of the EPSP is shown on an expanded
timescale in B, (WT) and C, (SMA). The arrow-
heads show the stimulus artifact. Scale bars
represent 20 mV, 50 ms (By and C4); 10 mV,
2 ms (B, and Cy).
(D) The average EPSP peak amplitude and latency
for WT and SMA mice. The numbers of experi-
| ments are shown within the bars. *p < 0.01, t test.

Error bars indicate standard error of mean.

spindles could account for this marked reduction of sensory
afferent projections to the ventral horn. Quantification of the
number of dorsal root ganglion (DRG) neurons expressing par-
valbumin, a marker for proprioceptive neurons, in the L1
segment at P13 revealed no reduction in SMA mice (Figures
4E-4G). In addition, the morphology and innervation by primary
and secondary afferent endings in the proximal iliopsoas and the
distal tibialis anterior muscles were normal (Figures 4H and 4l). At
P13, we analyzed 75 WT muscle spindles (51 in the iliopsoas
muscle and 25 in the tibialis anterior muscle; n = 3 animals)
and 35 SMA muscle spindles (23 in the iliopsoas and 12 in the
tibialis anterior muscle; n = 3 animals) immunostained with
PGP9.5 and VGIuT1. No structural or immunoreactivity changes
were observed in SMA spindles with respect to WT in either
muscle.

Figure 3. SMA L1 Motor Neurons Are

Hyperexcitable

(A) Antidromically evoked action potentials

recorded in a WT and an SMA L1 motor neuron.

The superimposed traces shown on an expanded

“ L timescale reveal the greater amplitude and rate of
rise in the SMA (red) motor neuron. The arrow-

heads show the stimulus artifact.

(B) The average amplitude and rate of rise of the

antidromic action potential in SMA (red bar) and

WT (blue bar) motor neurons.

(C) Membrane responses following current injec-

tion in a WT and an SMA motor neuron.

(D) Current/voltage relationships for the two

neurons shown in (C).

(E) The average input resistance, rheobase

current, and spike threshold for WT and SMA

motor neurons. *p < 0.01, t test.

Scale bars represent 20 mV, 10 ms (A); 20 mV,

2 ms (A, superimposed traces); 20 mV, 20 ms

(C). Current: 400 pA (WT), 200 pA (SMA). Error

bars indicate standard error of mean.
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We next quantified the number of proprioceptive boutons on
the somata and dendrites of SMA and WT motor neurons. WT
and SMA L1 motor neurons were retrogradely filled from the
ventral root with Cascade blue dextran in the isolated spinal
cord. The cords were then fixed and immunostained for VGIuT1.
Representative examples are shown in Figures 5A and 5B (P4)
and Figures 5C and 5D (P13). We examined and analyzed 10
WT and 9 SMA motor neurons at PO, 22 WT and 26 SMA motor
neurons at P4, and 18 WT and 15 SMA motor neurons at P13.
The synaptic coverage on dendrites was expressed as the
number of VGIuT1+ synapses per 50 um of dendritic length.
We excluded small motor neurons (soma size less than
300 pm?) from our analysis at P4 and P13 because these are
predominantly y-motor neurons. Mouse y-motor neurons older
than 2 weeks of age have cross-sectional areas less than
~330 um? and receive few or no VGIUT1+ synapses (Friese
et al., 2009; Shneider et al., 2009b).

Figure 4. Reduction of Sensory Fibers in the
Ventral Horn in SMA

(A¢ and A,) Transverse section from L1 segment in
a WT spinal cord showing DR fibers filled with fluo-
rescent dextran (A4) and stained for VGIuT1 immu-
noreactivity (Ap).

(B1—-Bs) Higher-magnification Z stack projection
showing sensory fibers in the ventral horn (B+),
the location of VGIuT1+ synapses (B,), and their
colocalization in the merged image (B3).

(C4 and Cy) Transverse section from an SMA spinal
cord as in (A1) and (A).

(D4-D3) Labeled sensory fibers (D4) and VGIuT1+
synapses (D,) in the ventral horn (D5 is a merged
image). The dotted shape indicates the location
of the motor neuron nucleus (MN).

(E and F) Confocal images of parvalbumin+ (Pv+)
L1 DRG neurons in a P13 WT (E) and an age-
matched SMA (F) mouse.

(G) Comparison of the total number of Pv+ DRG L1
neurons between WT and SMA mice. The numbers
of experiments are shown within the bars.

(H and I) Confocal images of muscle spindles
labeled with PGP9.5 (green) and VGIuT1 (blue)
from iliopsoas muscles in a P13 WT (H) and
SMA () mouse. Insets show the sensory VGIuT1-
immunoreactive components alone. In (l), only
half of the muscle spindle is shown.

Total Z stack projection, 40 pym (B1—B3 and D1-Dy);
26 um (H and ). Scale bars represent 200 um (A4,
Ay, C4, and Cyp); 50 um (Bg, D3, E, and F); 100 pm
(Hand ). Error bars indicate standard error of mean.

At PO, the number of VGIuT1+ terminals
was similar on the soma and dendrites of
WT and SMA motor neurons (Figures 5E
and 5F). By contrast, at P4, there was
a significant reduction in the number of
VGIuT1+ synaptic terminals on the soma
(Figure 5E; p < 0.001, t test) of SMA motor
neurons, with no significant change in the
soma size (WT: 323.3 + 14.3 um?; SMA:
314.1 + 15.1 um?; t test). We also found
a significant reduction (p < 0.001, t test) in the linear density of
proprioceptive synapses on the dendrites of SMA motor neurons,
but only in the first two dendritic compartments (Figure 5F;
0-50 pm and 50-100 pm from soma). We detected no differences
in the number of primary dendrites emanating from the soma of
the sampled motor neurons (WT: 4.8 + 0.3; SMA: 4.4 + 0.2; p =
0.25, t test). The loss of VGIuT1+ contacts was not due to down-
regulation of VGIUT1 expression in proprioceptive terminals
because we found a one-to-one correspondence between
VGIuT1+ staining and putative synaptic swellings in orthogradely
labeled primary afferents (see Figure S2).

Between PO and P13, WT motor neurons showed a significant
increase in the number and density of VGIUT1+ proprioceptive
synapses both on the soma as well as the dendrites (Figure 5E),
consistent with the known proliferation of proprioceptive VGIUT1
synapses onto interneurons during the neonatal period (Mentis
et al., 2006; Siembab et al., 2010). In contrast, there was

lliopsoas, P13
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Figure 5. Early Reduction in the Proprio-
ceptive Input to L1 Motor Neurons in SMA
Mice

(A) Z stack projection of confocal images from
retrogradely labeled P4 motor neurons (blue) and
VGIuT1+ synaptic boutons (green) in a WT mouse.
The total distance in the z axis for (A) and (B) was
5 um (20 optical sections at 0.2 um intervals) and
12 um (20 optical sections at 0.6 pm intervals),
respectively. Insets show areas in the dotted box
at a higher magnification.

(B) Similar image projection for age-matched SMA
motor neurons.

(C and D) WT (C) and SMA (D) motor neurons and
VGIuT1+ immunoreactive boutons at P13.

(E) The number of VGIuT1+ boutons on the somata
of WT and SMA motor neurons. The numbers in
the bars indicate the number of motor neurons
analyzed.

(F-H) The density of VGuT1+ boutons on the
dendrites of WT and SMA motor neurons at PO
(F), P4 (G), and P13 (H). *p < 0.01, t test.

Scale bars represent 10 um (A and B; insets,
2.5 um); 20 um (C and D; insets, 5 um). Error
bars indicate standard error of mean.

pools. Comparing ventral horn VGIuT1+
clusters in the L1 segment of WT and
SMA P13 mice revealed that SMA propri-
oceptive synapses were slightly but
significantly smaller than WT synapses
(WT: 1.70 + 0.04 pum; SMA: 1.52 =+
0.05 um; p < 0.01, one-way ANOVA).
This finding is consistent with the idea
that the remaining VGIuT1+ terminals on
SMA motor neurons have impaired
function.

To test whether the reduction of propri-
oceptive synapses reflected a global
decrease in the number of synapses on

100-150

P4

100-150 150-200

P13

100-150 150-200

Dendritic compartment (distance from the soma in um)

a reduction in the density of proprioceptive boutons on the
dendrites of SMA motor neurons between PO and P13, whereas
the number of contacts on the soma did increase during this
period. The density of VGIuT1+ contacts in the first two dendritic
compartments (0-50 and 50-100 pum) was further reduced at P13
compared to P4 in SMA (p < 0.05 for 0-50 um and p < 0.001 for
50-100 um; t test).

These data indicate that the reduced afferent-evoked poten-
tials in the SMA spinal cords is due, in part, to a loss of or reduced
proliferation of proprioceptive synapses on motor neurons
during the first 2 postnatal weeks. It is also possible that the func-
tion of the remaining synapses is compromised. It is known that
synaptic efficacy of la afferents correlates with bouton size and
synaptic vesicle number (Pierce and Mendell, 1993). VGIuT1+
bouton cluster sizes provide an estimate of the size of the vesicle

458 Neuron 69, 453-467, February 10, 2011 ©2011 Elsevier Inc.

motor neurons, we investigated the
somatic coverage of inhibitory synapses
on L1 WT and SMA motor neurons at
P13. For this purpose, we immunostained
sections containing ChAT+ motor neurons with neuronal glyci-
nergic transporter 2 (GlyT2). We found no significant difference
in the number of GlyT2+ synapses between WT and SMA motor
neurons (p = 0.52, t test; Figure S3).

Selective Vulnerability of Synapses onto Medial Motor
Neurons in SMA

In SMA patients, the most severely affected muscle groups are
proximal and axial. To test whether medial motor neurons inner-
vating axial muscles are more affected than lateral motor
neurons innervating distal limb muscles in SMA mice, we exam-
ined motor neurons in the L5 spinal segment where the medial
and lateral pools can be easily distinguished by their location
(see below). We analyzed the monosynaptic reflex in the L5
spinal segment. As lateral motor neurons make up ~95% of
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Figure 6. Medial Motor Neurons Exhibit
Earlier and More Severe Pathology Than
Lateral Motor Neurons in SMA

(A, B4, and B,) Averaged L5 VR potentials evoked
by supramaximal stimulation of the L5 DR in P4
WT (top left), P4 SMA (top right), P13 WT (bottom
left), and P13 SMA (bottom right) spinal cords.
Red arrows indicate the maximum amplitude of
the monosynaptic component. Black arrows indi-
cate the stimulus artifact. Average amplitude and
latency of the reflex at P4 (B4) and P13 (B,) for
WT and SMA mice. The numbers of experiments
are shown within the bars. *p < 0.05, t test.

(C—F) Z stack projections of confocal images in P4
WT (C), P4 SMA (D), P13 WT (E), and P13 SMA (F)
0 showing retrogradely labeled medial motor
Medial MNs neurons (blue) and VGIuT1+ synaptic boutons
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motor neurons in this spinal segment, the monosynaptic reflex
predominantly reflects the function of these neurons. We found
that the peak amplitude of the reflex at P4 was similar to that
measured in WT animals (Figures 6A and 6B;). At P13, however,
there was a significant reduction in the amplitude in SMA animals
(Figures 6A and 6B,). The onset latency of the monosynaptic
response was similar at both ages tested.

Examination of orthogradely labeled dorsal root fibers
revealed that very few sensory collaterals traveled medially
toward the medial motor column in SMA spinal cords, whereas
the laterally projecting collaterals were less affected (Figure S4).
To quantify the number of proprioceptive synapses on the soma
and dendrites of medial and lateral L5 motor neurons at P4 and
P13, we counted VGIuT1+ synapses on these two motor neuron
populations in WT and SMA mice. We detected a substantial loss
of VGIuT1+ synapses on medial motor neurons in SMA mice
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z intervals), and in (H), (I), (J), and (K) are 7.2 um
thick (at 0.6 um intervals). The numbers of experi-
ments are shown within the bars. Scale bars repre-
sent 10 ms (A), 2 mV (P4), 0.2 mV (P13); 10 um (C,
D, H, and I); 20 um (E, F, J, and K); 5 um (insets).
Error bars indicate standard error of mean.
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compared to WT both at P4 (Figures 6C
and 6D) and at P13 (Figures 6E and 6F).
We estimated a 65% reduction of
VGIuT1+ synapses on the soma at P4
and 80% reduction at P13 (Figure 6G). The reduction in VGIuT1+
contact density was statistically significant at both ages
(p <0.05, ttest). Similar to the observations on L1 motor neurons,
proximal dendrites also showed significant reductions (67 % and
74% loss at P4 and P13, respectively). The difference between
P4 and P13 did not reach statistical significance (p = 0.39 for
0-50 um and p = 0.14 for 50-100 um, t tests).

In striking contrast to the results for medial motor neurons,
there was no loss of synaptic coverage on L5 lateral motor
neurons (Figures 6H-6K) at P4 (Figures 6H and 6l), but by P13
there was a 50% reduction of VGIUT1+ synapses on the soma
(Figure 6G) and proximal dendritic compartments (Figure 6L).
Taken together, these observations indicate that deafferentation
occurs earlier and is more severe in medial compared to lateral
motor neurons, in correspondence with the known progression
of muscle weakness in diseased mice and humans.
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Time Course of Motor Neuron Loss in Lumbar Motor
Neurons in SMA

The preceding data reveal significant and selective changes in
synaptic transmission from proprioceptive afferents onto
surviving motor neurons that may contribute to the disease
phenotype in SMA mice. However, motor neuron degeneration
is a hallmark of the disease, so we were interested in establish-
ing whether sensory loss precedes or follows the loss of motor
neurons. To investigate the relationship between impaired
synaptic inputs and motor neuron loss, we counted all motor
neurons in the L1 and L5 segments throughout the course of
disease. Motor neurons were retrogradely labeled from the
ventral root by application of fluorescent dextran dyes (Texas
red dextran or Cascade blue dextran). Ventral root retrograde
fills demonstrated that motor neurons located in adjoining
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Figure 7. Time Course of Motor Neuron
Loss in L1 and L5 Lumbar Spinal Segments
in SMA

(A) Motor neurons in the 13th thoracic (T13, blue),
1st lumbar (L1, red), and 2nd lumbar (L2, green)
segment labeled with different fluorophores by
retrograde transport from the respective VRs.
Dotted lines indicate the rostral and caudal
borders of the L1 motor neuron column.

(B1-Bg) The L1 segment of a wild-type P4 hemi-
sected spinal cord showing the location of retro-
gradely filled motor and sympathetic neurons
(B1), ChAT immunoreactivity (B,), and both signals
superimposed (Bs).

(C and D) Higher magnification of WT L1 ChAT+ P4
motor neurons (C; from boxed area in B,) and from
an aged-matched SMA mouse showing a signifi-
cant loss of ChAT+ motor neurons (D).

(E) Time course of L1 motor neuron loss in SMA
(red bars) and WT mice (blue bars). The numbers
of experiments are shown within the bars
(*p < 0.05 versus PO SMA motor neurons, one-
way ANOVA; *p < 0.05 versus WT age-matched
motor neurons, one-way ANOVA followed by Bon-
ferroni-corrected t test pairwise comparisons).
(F-1) Z stack projection of confocal images from L5
ChAT+ motor neurons in P4 WT (F), P4 SMA (G),
P13 WT (H), and P13 SMA (I) ventral horns. The
dotted circles indicate the location of the medial
and lateral motor neuron columns.

(J) Change in the number of medial L5 motor

Age (days)

neurons from P4 to P13 (*p < 0.05 versus WT,
ip < 0.05 versus P4 SMA; one-way ANOVA, Bon-
ferroni t tests as above).

(K) The number of lateral L5 motor neurons at three
ages in SMA and WT mice.

Scale bars represent 50 um (A, C, D, and F-l);
200 um (Bg). Error bars indicate standard error of
mean.

P9 P13

spinal segments do not overlap signifi-
cantly in the rostrocaudal axis (Fig-
ure 7A). Based on this observation, we
processed serial sections (75-80 um)
for ChAT immunoreactivity. Using
confocal microscopy, we counted every
lamina IX ChAT+ motor neuron in all sections from each of
the L1 and L5 segments, defined as those containing motor
neurons retrogradely labeled from the corresponding ventral
roots (Figures 7B4-7By).

In the L1 segment, there was no significant loss of SMA motor
neurons at birth (P0), but by P4 there was a significant (~40%)
reduction in the number of ChAT+ motor neurons in SMA
compared to WT mice. This value progressively increased to
50% and 60% at P9 and P13, respectively (p < 0.05, versus
age-matched WT, one-way ANOVA) (Figures 7C-7E).

Inthe L5 segment, lateral and medial motor neurons (Figure 7F)
exhibited a differential vulnerability during disease progression
(Figures 7F-7K). At P4, there was no statistically significant
loss of L5 medial or lateral motor neurons (Figures 7F, 7G, and
7K). By P9 and P13, however, the number of medial motor

PO P13



Neuron
Impaired Sensory-Motor Connectivity in SMA

Figure 8. Treatment with Trichostatin A Partially
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neurons was reduced by 35% and 50%, respectively, in SMA
mice as compared to WT (p < 0.05, one-way ANOVA).
In contrast, no significant loss of lateral motor neurons was de-
tected, even at P13. These data demonstrate that the severity
of deafferentation and motor neuron loss are correlated within
subsets of motor neurons. Furthermore, the loss of propriocep-
tive inputs precedes the loss of lateral L5 motor neurons.

Treatment with Trichostatin A Improves Sensorimotor
Connectivity in SMA Mice

The dramatic reductions in proprioceptive innervation and
survival of specific motor neuron subsets we describe are likely
to contribute significantly to the motor behavioral deficits in SMA
mice. The histone deacetylase inhibitor Trichostatin A (TSA)
increases SMN expression and improves motor function, weight
gain, and survival of SMA-A7 mice (Avila et al., 2007; Narver
etal., 2008). We therefore tested whether TSA could also amelio-
rate the loss of proprioceptive synapses and improve function of
the monosynaptic reflex. SMA mice were treated with TSA
10 mg/kg daily between P1 and P12 as has been previously
described (Narver et al., 2008). We assessed sensory-motor
circuitry at P13 only in animals showing improved time to right
(Figure 8A) and exhibiting weight gain (data not shown). Eighty
percent of treated animals showed a therapeutic response to
TSA treatment, similar to previous studies (Avila et al., 2007).
Lack of response to TSA treatment might be due to failure of

synapses on L1 motor neurons at P13. TSA

treatment resulted in a significant increase

(~3-fold, p < 0.05, one-way ANOVA) in the
density of VGIuT1+ terminals on the proximal dendrites
(0-50 pm and 50-100 um) of SMA motor neurons (Figure 8C).

VGIuT1+ synapses in TSA-treated animals were significantly
larger than SMA vehicle-treated synapses, but not when com-
pared to WT proprioceptive synapses (WT: 1.70 = 0.04 um;
SMA: 1.52 + 0.05 um; SMA+TSA: 1.77 + 0.03 pum; one-way
ANOVA; post hoc pair comparisons: WT versus SMA+TSA,
p = 0.38; SMA versus SMA+TSA, p < 0.001; Bonferroni t test).
The measurements for all VGLUT1+ synapses on the somato-
dendritic surface of motor neurons were pooled because there
was no difference in VGIUT1-IR cluster size across the different
locations (i.e., soma, 0-50 pm and 50-100 um dendritic
compartments; data not shown).

The increased function of motor neuron synaptic inputs was
accompanied by an increase in the number of motor neurons
in the L1 segment (Figure 8D) and in the medial and lateral motor
nuclei of the L5 segment (Figures 8E and 8F) in TSA-treated
compared to vehicle-treated SMA mice. These results suggest
that the improved motor function of the TSA-treated mice is likely
to be the result of both improved synaptic function and a reversal
of motor neuron loss.

DISCUSSION

Spinal muscular atrophy in human patients and mouse models is
characterized by pronounced weakness of specific muscle
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Figure 9. Sensory-Motor Defects in SMA:
Temporal and Spatial Sequences
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A schematic showing changes in the sensory-
motor circuitry in SMA. L1 motor neurons inner-
vate both proximal and axial muscles, whereas
medial L5 motor neurons innervate axial muscles
and lateral L5 motor neurons innervate distal
hindlimb muscles. In SMA, soon after birth there
is a significant deafferentation (yellow synapses)
which progresses with age (red dotted line).
In the L5 segment, medial motor neurons are lost
a few days (P9) after the loss of L1 motor neurons
(P4). There is a significant deafferentation of
proprioceptive synapses before the loss of L5
medial motor neurons (P4). Lateral L5 motor
neurons show signs of deafferentation later
(P13). Treatment with TSA, assessed after
12 days of daily treatment, reverses motor neuron
loss and partly restores proprioceptive synaptic
coverage. The L1 spinal reflexes corresponding
to the three conditions are shown on the bottom
line.

Reduction

groups. However, the relatively modest changes in transmission
at the neuromuscular junction of SMA model mice seem unlikely
to explain the severe phenotype. Here we report that transmis-
sion in the monosynaptic reflex arc formed between propriocep-
tive afferents and spinal motor neurons, which is known to be
important for motor function, shows massive and progressive
failure early in the disease process. This functional deficit and
the subsequent motor neuron loss are most pronounced in
motor neurons innervating proximal hindlimb and axial muscles
(Figure 9), mirroring the pattern of muscle weakness in SMA
patients. Treatment with a drug known to improve motor function
and increase survival of SMA model mice favorably affects all of
these parameters, in support of the idea that they reflect novel
therapeutic targets for this currently incurable disease.

Changes in Sensory Afferents in SMA Mice

A central, unexpected finding of our study was the marked
reduction (~70%)—probably an underestimate due to the
increased input resistance of SMA motor neurons—in the
strength of evoked synaptic transmission in the monosynaptic
reflex circuit already apparent at P4. It is striking that this reduc-
tion was significantly greater than the morphological loss of
VGIuT1+ synapses (50%) at the same age. The mismatch
suggests that at least part of the synaptic dysfunction in early
SMA mice is not related to physical deafferentation but to
more subtle functional alterations. This hypothesis is supported
by our observation that the remaining VGIuT1+ synapses were
reduced in size, which has been reported to result in reduced
synaptic efficacy at la afferent synapses (Pierce and Mendell,
1993).

Another surprising observation was the finding that the ampli-
tude of the sensory-evoked ventral root potential in SMA mice
was less attenuated (compared to the wild-type response) at
P13 than at P4 (see Figures 1C and 1D). Several factors could
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contribute to this apparently anomalous result. First, in wild-
type animals, the input resistance of motor neurons is likely to
fall significantly between P4 and P13 as the motor neurons
mature and their dendritic tree expands. Although data are
not available for mouse motor neurons, it has been reported
that the input impedance of neonatal rat motor neurons drops
by 50% between P3-P6 and P7-P9 (Mentis et al., 2007).
Second, if the abnormal intrinsic properties of SMA motor
neurons—particularly the elevated input resistance—are
progressive, then SMA motor neurons may have higher input
resistance at P13 than at P4. These effects will mitigate the
change in the amplitude of the monosynaptic reflex in SMA
mice at P13.

Several key questions about the mechanisms and sequence of
the molecular and cellular events involved during disease
progression are raised by these data. The first concerns the
changes in sensory neurons of SMA mice between early (P4)
and late (P13) stages of the disease. One model suggested by
our data is that at a given proprioceptive synapse, SMN reduc-
tion first triggers shrinkage and dysfunction of the terminal and
only later, perhaps as a secondary effect, leads to complete
retraction. According to this model, the greater reduction in the
number of VGIuT1+ boutons at P13 as compared to P4 at L1 in
SMA mice could reflect the fact that by late stages, more
synapses have reached the stage of physical die-back. Such
a sequence of functional loss followed by die-back has been
considered in other neurodegenerative diseases (Selkoe, 2002;
Yoshiyama et al., 2007), although in no case has the precise
sequence of events been determined. Consistent with this
idea, we found that the number of VGIuT1+ terminals on the
dendrites of L1 motor neurons decreased between PO and P13.

However, our data are also consistent with a second model in
which the loss of synaptic function is due to a failure of postnatal
maturation rather than neurodegeneration of the afferent
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pathway. Between P4 and P13, the number of VGlut1+ synapses
on L1 motor neurons increased on average by 30/soma in wild-
type mice. It also increased in SMA mice but only by 5/soma,
leading to a reduction in the number of proprioceptive synapses
in SMA as compared to controls. A similar phenomenon was
observed for lateral motor neurons at L5, and even on medial
motor neurons at L5 there was only a modest loss of VGlut1+
boutons/soma over the same period. According to this model,
the principal phenotype in SMA mice between P4 and P13 would
be a failure to add additional la synapses at the normal rate as
part of a maturational process, rather than a massive retraction
of synapses.

Finally, it is also possible that some proprioceptive axons fail to
reach their target motor neurons in SMA mice. Inthe L1 segment,
this does not appear to occur up to PO because the number of
VGlut1+ terminals is similar on WT and SMA motor neurons at
this time. However, it is not known to what extent the proliferation
of VGlut1+ synapses on WT motor neurons between PO and P14
(see Figure 5) is due to the arrival of new proprioceptive axons or
to proliferation by branching or sprouting of sensory axons that
have already projected to motor neurons. As a result, the
reduced and absent proliferation of VGIuT1+ boutons on SMA
motor neuron somata and dendrites, respectively, could be
due to a failure of sensory axon projection, sensory axon branch-
ing, or deficits in both processes.

A second question concerns the mechanisms through which
SMN reduction leads to loss of function of the proprioceptive
synapse. In principle, given that the SMN protein is expressed
in motor neurons and DRG neurons (see Figure S5), changes in
either or both cell types could contribute to the phenotype. The
reduction of neurotransmission in this pathway is unlikely to be
accounted for by the changes in the intrinsic motor neuron prop-
erties (increased input resistance) observed in the disease,
which would tend to amplify rather than depress the synaptic
potentials. This makes it more likely that alterations in sensory
afferents are responsible for the reduced synaptic strength.
Because we found normal numbers of muscle spindles and
proprioceptive neurons in the dorsal root ganglia at end stage,
the SMA phenotype is likely to involve the central axonal projec-
tions. In rodents, the connections between la afferents and
motor neurons first form shortly before birth (E16) and progres-
sively mature during the postnatal period (Kudo and Yamada,
1987; Mears and Frank, 1997; Seebach and Ziskind-Conhaim,
1994). Sensory neurons isolated from a severe mouse model
of SMA show reduced capacity for axonal growth (Jablonka
et al., 2006), so that some la synapses may fail to form or do
so late during embryogenesis. Even for those synapses that do
form, reductions in SMN may create barriers to normal matura-
tion, because deficits in axonal transport have been reported in
SMA and it is known that primary afferents are exquisitely depen-
dent on axonal transport for trophic interactions with their targets
(Chen et al., 2007). In particular, muscle spindle-derived neuro-
trophin 3 (NT3) is known to mediate the postnatal proliferation,
maturation, and maintenance of la afferent central synapses on
postnatal motor neurons (Patel et al., 2003; Chen et al., 2002;
Wang et al., 2007; Shneider et al., 2009a). Consistent with this
idea, NT3 has been reported to enhance neurite growth in
SMA sensory neuron cultures (Jablonka et al., 2006).

Third, it is critical to ascertain whether the marked reduction of
the monosynaptic reflex is sufficient to explain the severe motor
phenotype of the SMA-A7 mice or that of human SMA patients.
la afferents have been argued to constitute alone a small
percentage of all synaptic inputs to mature motor neurons (Fyffe,
2001), and their exact contribution to synaptic modulation of
motor neuron firing during early postnatal development is not
yet fully understood. Nevertheless, in adults they do contribute
a significant amount of synaptic drive that continually modulates
motor output, muscle stiffness, and tone which is particularly
important for postural control (Davidoff, 1992; Dietz and Sinkjaer,
2007). Thus, in SMA mice, the loss of stretch reflex function may
contribute to deficits in righting during the disease.

Although few studies have examined the spinal reflex in human
SMA patients, deep tendon reflexes and H reflexes have been
reported to be absent in a proportion of SMA patients (lannac-
cone et al., 1993; Renault et al., 1983). The interpretation of
this result is complicated by the presence of motor neuron cell
loss and dysfunction which could account for the absent
reflexes. However, when this finding is considered in the light
of our current results, it raises the possibility that a loss of central
la afferents may be a common characteristic of the disease in
both human patients and animal models. We have not quantified
the muscle afferent-evoked polysynaptic responses to motor
neurons because these are labile and difficult to quantify reliably.
Nevertheless, the afferent synapses on spinal interneurons might
also be compromised, leading to a reduction in the polysynaptic
drive to motor neurons.

Changes in Motor Neurons in SMA Mice

The second set of findings from our study concerns the motor
neurons themselves. We have uncovered selectivity in the
pattern of motor neuron loss that appears to be highly relevant
to the clinical phenotype, and we have shown that surviving
motor neurons exhibit marked changes in their intrinsic electro-
physiological properties.

Although existing data on post mortem material from SMA
patients point to extensive motor neuron death, especially in
the severe type 1 cases (Robertson et al., 1978; Soler-Botija
et al., 2002), studies performed using mouse models have
concluded that motor neuron loss is surprisingly modest. The
values reported range from no loss (Kariya et al., 2008) to
~60% (Passini et al., 2010) at end stage and vary considerably
between different studies (Le et al., 2005; Passini et al., 2010;
Rose et al., 2009; Avila et al., 2007). Our data provide an expla-
nation for these discrepancies and a novel insight into the
specific motor neuron populations involved. Distal limb-inner-
vating lateral motor neurons, which constitute the majority of
motor neurons in the lumbar enlargement, are relatively spared,
at least during the lifespan of SMA-A7 mice. In contrast, rostral
and medial motor neurons, which are less abundant and inner-
vate axial muscles and proximal limb muscles, show a significant
and progressive reduction in number. Clinical observations have
long indicated a similar selectivity of muscle weakness in SMA,
but it has not been clear to what extent this reflects differences
in dysfunction among motor neuron populations or the muscles
themselves. Our data suggest that selective motor neuron loss
may contribute to the clinical presentation of symptoms and
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disease progression. Furthermore, the similarity between the
pattern of muscle weakness in the human and mouse forms of
the disease suggests that the selective vulnerability of medial
motor neurons is not due to variations in the expression of the
SMNZ2 transgene in medial and lateral motor neurons. However,
it is possible that the expression of the SMN protein is differen-
tially regulated in medial versus lateral motor neurons, because
tissue-specific variations in the levels of full-length and truncated
SMN protein have been reported (Soler-Botija et al., 2005;
Vezain et al., 2007). Other functional and molecular differences
between subsets of motor neurons that could increase their
susceptibility to disease are only beginning to be defined (for a
review, see Kanning et al., 2010).

Motor neuron loss occurred after early changes in propriocep-
tive afferent input. This is particularly clear in the L5 segment,
where deficits in VGlut1+ synaptic coverage are apparent in
medial and lateral populations before cell loss can be detected.
Although synaptic and motor neuron loss occur at different
times, our data suggest that they are related, because the pop-
ulations that show the greatest reduction in la innervation are
those which subsequently show more pronounced motor neuron
loss. This raises the question of whether motor neuron loss might
be a direct result of deafferentation. Experiments in chicken
embryos demonstrated enhanced motor neuron cell death after
removal of the neural crest and all sensory afferents (Okado and
Oppenheim, 1984). A number of studies in rodents, however,
argue against this possibility. Neonatal dorsal rhizotomy in rats
has been reported to result in no loss of motor neurons (O’Han-
lon and Lowrie, 1996) or a small but significant decrease of
~10% (Chatzisotiriou et al., 2005). Moreover, in several genetic
mouse models, the selective loss of proprioceptive afferents
does not seem to be accompanied by significant cell death of
alpha motor neurons (Tourtellotte and Milbrandt, 1998; Chen
et al., 2007; Shneider et al., 2009b). Nonetheless, it is possible
that SMN-deficient motor neurons might be particularly vulner-
able to the effects of deafferentation.

We report that SMA motor neurons at the L1 level are hyperex-
citable, which is paradoxical considering the marked reduction
in their response to primary afferent input. This hyperexcitability
may be directly related to SMN deficiency. In support of this, the
marked (~4-fold) increase in input resistance does not reflect
a change in soma size or the number of primary dendrites,
factors that are known to govern input resistance. It is also
unlikely that SMA motor neurons have shorter dendrites,
because they extend at least 250 um from the soma and we
did not observe any gross reduction in dendrite branching.
Thus, the changes in input resistance are likely to be due to
changes in the distribution of ion channels at the cell membrane
(specific membrane resistivity). Moreover, the higher amplitude
of the action potential in SMA neurons, the faster rate of rise,
and the lower threshold all point to a greater availability of
voltage-gated Na channels (Miles et al., 2005). This could result
from higher expression levels, slower inactivation, or faster
recovery from inactivation.

Circuit Properties and Cell Autonomy

The circuit and synaptic abnormalities that contribute to neuro-
degenerative diseases are complex. They comprise pathological
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changes that are secondary to the primary lesion and may be
compensated for at the synaptic, circuit, and network levels.
Such compensatory changes may in turn ameliorate or exacer-
bate the disease or initiate an irreversible cascade of events
that leads to neuronal degeneration (Palop et al., 2006; Bezard
et al., 2003). An example of toxic network interactions was
reported in a mouse model of Alzheimer’s disease, in which Ap
peptide triggers intermittent aberrant excitatory neuronal activity
in the hippocampus. This results in compensatory remodeling of
inhibitory circuits, thereby increasing inhibition on granule cells
and compromising the normal function of excitatory circuits
(Palop et al., 2007).

Both cell types involved in the monosynaptic reflex arc
(primary afferents and motor neurons) express SMN, and so it
is possible that the phenotypes of sensory and motor neurons
in SMA mice simply reflect cell-autonomous outcomes of
SMN reduction. An alternative hypothesis is that SMN defi-
ciency in motor neurons triggers changes in la afferents in
a non-cell-autonomous manner and that these in turn lead to
changes in motor neurons and other cell types. Testing this
hypothesis rigorously will require the use of cell type-specific
SMN mutants, but it seems plausible that functional changes
in motor neurons may be secondary to alterations in synaptic
inputs. An imbalance between reduced excitatory and main-
tained inhibitory inputs will lead to a reduction in motor neuron
activity, and motor neurons could react homeostatically by
increasing their excitability to compensate for the decreased
presynaptic activity. In support of this hypothesis, deafferenta-
tion of chicken magnocellular neurons by surgical removal of
the cochlea results in increased axonal Iy, and neuronal hyper-
excitability (Kuba et al., 2010). In addition, training in a milder
model of SMA (SmnA7+* Smn2) has beneficial effects on the
motor phenotype (Biondi et al., 2008), which could be due to
exercise-induced upregulation of NMDA-receptor signaling
and a corresponding increase in SMN gene expression (Biondi
et al., 2010).

Implications for Therapy

One potential therapeutic target has already been identified in
SMA: the SMN protein itself. Concordant data from human
genetics and experimental mouse data suggest that if SMN
levels can be upregulated early and strongly enough, there will
be considerable therapeutic benefit (Sumner, 2006; Wirth
et al., 2006; Oskoui and Kaufmann, 2008). This has most recently
been demonstrated through the use of viral gene therapy vectors
expressing full-length SMN in neonatal SMA-A7 mice (Foust
et al., 2010; Passini et al., 2010; Valori et al., 2010). Other prom-
ising approaches include antisense oligonucleotides to promote
correct splicing of full-length SMN, and drugs to induce
increased transcription from the SMN2 gene (Williams et al.,
2009; Hua et al., 2010). Despite the exciting progress of recent
years, however, it remains uncertain what cell types should be
targeted for possible SMN upregulation.

Our data are relevant to these concerns. First, they clearly
identify neurotransmission at the proprioceptive afferent
synapse as a parameter that needs to be corrected by treat-
ments targeting SMN. Second, they suggest that correction of
the sensory-motor transmission defects and the related motor
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neuron phenotypes may itself have significant therapeutic
benefit, alone or in combination with SMN upregulation.

Our findings provide one approach for identifying the most
critical parameters that need to be rescued, and for comparing
the ability of different treatments to attain this goal. TSAis a small
molecule that can cross the blood-brain barrier and has proven
therapeutic benefit in the SMA-A7 mouse (Avila et al., 2007;
Narver et al., 2008), and we demonstrate here that it can signif-
icantly improve sensory-motor dysfunction. SMN protein levels
in TSA-treated animals only reach ~50% of the level in wild-
type animals (Avila et al., 2007), which may explain the failure
of TSA to completely reverse the sensory-motor abnormalities.
In contrast to its effects on sensory-motor function, TSA treat-
ment prevented motor neuron cell loss, suggesting that motor
neuron survival may require a lower level of the SMN protein
than that necessary to maintain sensory-motor function. Collec-
tively, these data provide a proof of principle for the therapeutic
use of small molecules to improve synaptic function, which is
likely to be a key factor in the restoration of normal motor func-
tion in this disease.

EXPERIMENTAL PROCEDURES

All surgical procedures were performed on postnatal mice in accordance with
the National Institutes of Health Guidelines on the Care and Use of Animals and
approved by the National Institute of Neurological Disorders and Stroke
(NINDS) Animal Care and Use Committee and the Institutional Animal Care
and Use Committees at Columbia University and The Johns Hopkins
University.

Animals

The original breeding pairs for the SMA mice used in our study (Smn*/~
SMN2**SMNA7*"*) were provided by A. Burghes (Ohio State University,
Columbus). The breeding colony was maintained by interbreeding Smn*'~
SMN2**SMNA7*"* mice, and offspring were genotyped using PCR assays
on tail DNA. Precise genotyping protocols can be found in Avila et al. (2007).

In Vitro Electrophysiology

Eighty mice of 2-13 days of age (P2-P13; 30 wild-type, 50 SMA-A7 with geno-
type Smn™"SMN2*"*SMNA7*"*) were used in electrophysiological experi-
ments. Methods for recording from isolated spinal cord preparations have
been described (Shneider et al., 2009a). Further details are provided in Supple-
mental Experimental Procedures. The cord was transferred to the stage of
a two-photon microscope (LSM510; Carl Zeiss) and the ventral and dorsal
roots were placed into suction electrodes for stimulation or recording.
Whole-cell recordings were obtained with patch electrodes as described
previously (Mentis et al., 2005). Synaptic potentials were recorded from indi-
vidual motor neurons (DC-3 kHz, Multiclamp 700A; Molecular Devices) in
response to orthodromic stimulation (A365, current stimulus isolator; World
Precision Instruments) of a dorsal root (L1 or L5).

Tracing and Immunohistochemistry

Detailed protocols for tracing and immunohistochemistry used in our study
have been reported (Mentis et al., 2006; Shneider et al., 2009a). Further details
are provided in Supplemental Experimental Procedures.

Confocal Imaging

Sections were imaged using either an SP5 Leica or an LSM510 Carl Zeiss
confocal microscope. Motor neurons were counted off-line from Z stack
images (at 2-3 um intervals) collected for each section that contained a fluores-
cent signal from retrogradely labeled motor neurons (either in the L1 or L5
segment). Sections were scanned using a 40x objective. Only motor neurons
(ChAT+) that contained the nucleus were counted in order to avoid double

counting from adjoining sections. Further details of the quantitative analysis
are provided in Supplemental Experimental Procedures.

Trichostatin A Treatment In Vivo

We followed the same protocol for TSA administration as reported by Avila
et al. (2007). Briefly, TSA was dissolved in sterile DMSO to a concentration
of 2.5 pg/ul. SMA mice and their WT littermates received intraperitoneal daily
injections (from P1 to P12) of 10 mg/kg. A group of control animals (WT and
SMA) received equal volumes of the vehicle without TSA. For further details,
see Supplemental Experimental Procedures.

Statistics

Results presented in this study are means + standard error of the mean.
Comparison was performed by either t test or one-way ANOVA (post hoc pair-
wise comparison methods are indicated in Results when necessary) using the
Sigmastat (v. 3.1; Jandel) software package.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and five figures and can be found with this article online at doi:10.1016/j.
neuron.2010.12.032.
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