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Synaptic restoration by cAMP/PKA drives
activity-dependent neuroprotection to motoneurons
in ALS

Marcin Baczyk™ ®, Najwa Ouali Alami*®*@®, Nicolas Delestrée™@®, Clémence Martinot!, Linyun Tang?3, Barbara Commisso?3, David Bayer?#,
Nicolas Doisne?, Wayne Frankel?®, Marin Manuel!®, Francesco Roselli>**7**@®, and Daniel Zytnicki"**@®

Excessive excitation is hypothesized to cause motoneuron (MN) degeneration in amyotrophic lateral sclerosis (ALS), but
actual proof of hyperexcitation in vivo is missing, and trials based on this concept have failed. We demonstrate, by in vivo
single-MN electrophysiology, that, contrary to expectations, excitatory responses evoked by sensory and brainstem inputs
are reduced in MNs of presymptomatic mutSOD1 mice. This impairment correlates with disrupted postsynaptic clustering of
Homerlb, Shank, and AMPAR subunits. Synaptic restoration can be achieved by activation of the cAMP/PKA pathway, by either
intracellular injection of cAMP or DREADD-Gs stimulation. Furthermore, we reveal, through independent control of signaling
and excitability allowed by multiplexed DREADD/PSAM chemogenetics, that PKA-induced restoration of synapses triggers an
excitation-dependent decrease in misfolded SOD1 burden and autophagy overload. In turn, increased MN excitability
contributes to restoring synaptic structures. Thus, the decrease of excitation to MN is an early but reversible event in ALS.

Failure of the postsynaptic site, rather than hyperexcitation, drives disease pathobiochemistry.

Introduction
In amyotrophic lateral sclerosis (ALS), the “excitotoxic model”
hypothesized that pathological increase in glutamatergic input at
synaptic level and/or neuronal hyperexcitability would cause Ca?*
overload and disruption of mitochondria and ultimately lead to
motoneuron (MN) death (Rothstein, 2009). In spinal muscular
atrophy (SMA), a distinct MN disease, the reduced efficacy of the
presynaptic terminals of Ia afferents (which originate from muscle
spindles and provide direct, powerful excitation to MNs; Binder
etal., 1993) disrupts MN firing (Mentis et al., 2011) and causes MN
hyperexcitability (Fletcher et al., 2017). Likewise, in a Drosophila
model of SMA, loss of the Smn gene in interneurons projecting to
MNs is sufficient to cause MN degeneration (Imlach et al., 2012),
confirming that disruption of synaptic inputs can drive MN
vulnerability.

Interestingly, fast-fatigable MNs, the subpopulation most vul-
nerable in ALS, display the highest density of Ia afferents (Basaldella

et al,, 2015). Moreover, genetic ablation of gamma MNs (which
likely reduces Ia firing) results in delayed disease onset, suggesting a
detrimental effect of Ia activity (Lalancette-Hebert et al., 2016).
However, degeneration of spindle sensory endings starts before
symptom onset (Vaughan et al,, 2015), rather suggesting that re-
duced Ia activity may be pathogenic. Furthermore, in contrast to
SMA, vulnerable MNs in ALS become hypoexcitable just before the
denervation onset of neuromuscular junctions (Martinez-Silva
et al., 2018). Thus, if Ia fibers are involved in ALS as well, patho-
genic and compensatory pathways may not necessarily be the same
in the two conditions.

To date, direct in vivo proof of increased or decreased func-
tionality of Ia synapses (and, more broadly, of any excitatory
synapse) on MNs in presymptomatic ALS mice is lacking, and if
it were so, it is unclear whether restoration of synaptic inputs
may correlate with reduced disease burden. Here, we performed
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in vivo electrophysiological recordings to demonstrate that MN
response to Ia synapses is actually disrupted in presymptomatic
mutant superoxide dismutase 1 (mutSOD1) mice, in correlation
with the breakdown of the postsynaptic receptor clusters and
scaffold proteins. We then used multiplexed chemogenetics to
show that synaptic impairment could be acutely and chronically
reversed by activation of the cAMP/protein kinase A (PKA)
pathway in MNs, with activity-dependent beneficial effects on
disease burden. Moreover, we show that functional and struc-
tural synaptic impairment is detected also in monosynaptic ex-
citatory postsynaptic potentials (EPSPs) on MNs from the
descending medial longitudinal fasciculus (MLF). Thus, our
work shows that dysfunction of excitatory synapses, largely of
postsynaptic origin, reduces the excitatory drive to MNs and
may contribute to MN degeneration in ALS through decreased
MN firing.

Results

The monosynaptic excitatory pathway between la afferents
and MNs is impaired in presymptomatic SOD1(G93A) mice

We investigated the Ia synaptic responses in MNs, in vivo, in
45-55-d-old anesthetized SOD1(G93A) mice (hereafter, mut-
SOD1), before fast-fatigable MN denervation (Pun et al., 2006).
We activated the spindle primary endings in vivo using high-
frequency vibrations of the Achilles tendon while intracellularly
recording the EPSP elicited in a triceps surae (TS) MN (Fig. 1 A).
The vibration-induced compound EPSPs (resulting from the
summation of one EPSP per vibration cycle, insert in Fig. 1 B,)
were on average 30% smaller in MNs from mutant mutSODI
animals than in MNs from animals expressing the human WT
SOD1 protein (wtSODJ; Fig. 1, B and C).

Because the reduction of the EPSPs induced by tendon vi-
bration could be caused by disruption of the spindles them-
selves, we bypassed the spindles by recording the monosynaptic
EPSPs elicited by a direct electrical stimulation of Ia afferents in
the TS nerve (Fig. 1 D) at an intensity that recruits all group I
fibers (1.8-2.0x threshold of the most excitable afferents). At
this intensity (and up to 5x threshold), no disynaptic EPSPs were
visible, and disynaptic inhibitory postsynaptic potentials, if
present, appeared only after the peak of the monosynaptic EPSP
where measurements were made (Fig. S1, A-C). The EPSPs elicited
by a single electrical shock (no summation) were again, on average,
33% smaller in MNs from mutSOD1 animals than in MNs from
wtSOD1 animals (Fig. 1, E and F), indicating that the reduction was
not due to spindle impairments. Input resistances (Fig. 1 G), mem-
brane time constants (Fig. 1 H), and resting membrane potentials
(Fig. 11) were all comparable between wtSODI and mutSODI ani-
mals, ruling out additional confounders and establishing that the
impairment originates in the synapses themselves.

Because activation of presynaptic axo-axonic GABAergic
synapses may reduce the size of the EPSPs (Rudomin and Schmidt,
1999), we investigated whether presynaptic inhibition of Ia termi-
nals is stronger in mutSOD] than in wtSODI1 mice. As in cats
(Rudomin and Schmidt, 1999), mouse group I fibers from the pos-
terior biceps elicit some presynaptic inhibition of Ia afferents from
the TS (Fig. S1, D-G). However, the level of presynaptic inhibition
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was not significantly different between mutSODI and wtSODI mice
(Fig. S1 H). Therefore, the reduction in the size of EPSPs in mut-
SOD1 MNs cannot be explained by an increase of presynaptic
inhibition of Ia terminals. We then studied the paired-pulse fa-
cilitation of Ia synapses on MNs. In wtSODI mice, the second Ia
EPSP evoked by paired-pulse stimulation was systematically
larger than the first one (paired-pulse facilitation; Fig. 1, J-L), a
finding compatible with the contribution of presynaptic inhibi-
tion (Stuart and Redman, 1991; Carlsen and Perrier, 2014).
However, in mutSODI1 mice, many MNs displayed a paired-pulse
ratio of reduced magnitude, with half of the MNs actually dis-
playing a net paired-pulse depression (Fig. 1, K and L), despite
that the level of presynaptic inhibition was the same as in
wtSOD1 mice (Fig. S1 H). This suggests that the SOD1 mutation
elicits a depressing effect on the second EPSP that sometimes
surpasses the facilitation generated by presynaptic inhibition. In
summary, we show that, in mutSOD1 mice, Ia-MN synapses
display abnormal physiological properties in terms of not only
evoked EPSP, but also short-term synaptic plasticity.

The postsynaptic side of la synapses on MNs is structurally
disrupted in mutant mice
We investigated the origin of synaptic dysfunction using im-
munolabeling of pre- and postsynaptic proteins. Ia boutons onto
MNs were identified by the expression of vesicular glutamate
transporter 1 (VGIuTl; Alvarez et al., 2011). Because VGIuT1*
synapse density is higher close to the soma and decreases with
distance (Rotterman et al., 2014), we first estimated the density
of VGIuT1* terminals separately on cell bodies, proximal den-
drites, and distal dendrites of intracellularly labeled MNs (Fig.
S2, A and B). Density of VGIuTI* terminals in these three com-
partments was unchanged in mutSODI mice (Fig. S2, C and D).
These data indicate that the smaller EPSP size in mutant mice is
not due to a reduced number of Ia boutons. Moreover, we con-
firmed the integrity of the Ia presynaptic terminals by im-
munolabeling (Fig. S2, E and F). Size and immunostaining
intensity of VGIuT1* boutons (Fig. S2, G and H) were comparable
in WT and mutSOD1 mice. Likewise, the fluorescence intensity
and size of the clusters of synaptophysin (Fig. S2, I and J) and
bassoon (Fig. S2, K and L) contained in VGluT1* terminals were
normal in mutSODI mice. Taken together, these data indicate
that the smaller EPSP size in mutant mice is due to neither a
reduced number of Ia boutons nor their structural disturbance.
We then focused on the postsynaptic side of the VGIuT1*
synapses on MNs. We first analyzed the expression of the
postsynaptic density (PSD) proteins Shankl and Homerlb (Fig. 2,
A-D), critical organizers of the PSD (Sheng and Hoogenraad,
2007). In WT MNs, both Shankl and Homerlb formed large,
continuous clusters juxtaposed and parallel to the VGluT1*
puncta. However, in mutSOD1 mice, VGIuT1* synapses displayed
smaller and fragmented clusters of Shankl (Fig. 2, A and B) and
Homerlb (Fig. 2, C and D). We then explored the distribution of
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor subunit GluR4, the most abundant subunit expressed in
MNs (Williams et al., 1996; Ragnarson et al., 2003), at VGIuT1*
synapses. In WT MNs, GluR4 formed multiple, discrete, and round
clusters juxtaposed to each VGluT1* puncta (Fig. 2 E). MutSOD1
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Figure 1. Monosynaptic la EPSPs are smaller in mutant mice. (A) Stimulation and recording arrangement for tendon vibrations (450 Hz) of TS.
(B) Responses in a wtSOD1 (B;) and a mutSOD1 (B,) MN. (1) Membrane potential; (2) ENG recording showing the response of the la sensory afferents to the
vibration; and (3) vibration. Arrows on the voltage traces indicate the peak deflection at which EPSP amplitude was measured (the subsequent sag is most likely
caused by a deactivation of the Ih current; Manuel et al,, 2007). The insert is an expansion between the vertical dashed lines showing the modulations of the
ENG (which reflect the activity of la afferents; blue trace) and the EPSP summation (green trace) upon the repetition of vibrations (vertical bar, 5 mV; horizontal
bar, 5 ms). A summation of the EPSPs elicited by the successive vibrations occurs because the vibration period (2.5 ms) is shorter than the single EPSP duration:
the EPSP elicited by the first vibration (filled arrowhead in the insert) is smaller than the EPSPs elicited by the subsequent vibrations (unfilled arrowheads).
(C) Comparison of EPSP amplitudes from wtSOD1 (7.3 + 4.7 mV, n = 32, seven mice) and mutSOD1 mice (5.1 + 3.5 mV, n = 33, eight mice). MW, *, P = 0.015.
(D) Stimulation and recording arrangement for TS nerve stimulations. (E) Representative traces of the maximal group | volley (top trace, [1]) and EPSP (bottom
trace, [2]) recorded in a wtSOD1 (E;) and a mutSOD1 MN (E,). Red asterisks above the volley indicate the stimulation time. (F) Comparison of the maximal
electrically evoked EPSP in wtSOD1 (3.9 + 1.1mV, n = 37, seven mice) and mutSOD1 animals (2.6 + 1.2 mV, n = 34, nine mice), t test, ****, P < 0.0001. (G) Peak
input resistance (wtSOD1: 3.7 + 1.2 MQ, n = 35; vs. mutSOD1: 3.5 + 1.1 MQ, n = 32, MW, P = 0.768). (H) Membrane time constant (wtSOD1: 3.4 + 1.2 ms, n = 30;
vs. mutSOD1: 3.3 + 1.2 ms, n =23, MW, P = 1.0)‘ (I) Resting potential (thODl: -69.6 + 8.3 mV, n = 36; vs. mutSOD1: -66.4 + 7.5 mV, n = 34, MW, P = 0.32).
These properties were also not different in the MN sample tested with tendon vibration (not depicted); peak input resistance: wtSOD1: 3.8 + 1.8 MQ, n = 31; vs.
mutSOD1: 3.5 + 1.4 MQ, n = 33, MW, P = 0.55; membrane time constant: wtSOD1: 3.2 + 1.4 ms, n = 29; vs. mutSOD1: 3.4 + 1.2 ms, n = 33, MW, P = 0.37; resting
membrane potential: wtSOD1: =65.9 + 10.3 mV, n = 32; vs. mutSOD1: -67.7 + 10.3 mV, n = 33; MW, P = 0.50. (J and K) Afferent volleys (top traces) and EPSPs
(bottom traces) recorded from triceps MNs evoked by two group | stimulations separated by 10-ms intervals. The stimulation intensity was adjusted to obtain
submaximal EPSP amplitude. Overlay: Superimposed first and second volleys and EPSPs (black thin line, first EPSP; thicker colored trace, second EPSP). EPSP
changes were not related to afferent volley fluctuations (see top traces) and were therefore caused by synaptic plasticity. (L) Comparison of the paired-pulse
ratios (PPRs) of second versus first EPSP for wtSOD1 and mutant mice. For 12 of 25 mutSOD1 MNs, the paired-pulse stimulation resulted in a depression
(<100%). Such a depression was not seen in wtSOD1 MNs. On average, the PPR was significantly smaller in MNs from mutant animals (0.99 + 0.06, n = 25, from
eight mice) compared with MNs from controls (1.11 + 0.06, n = 31, from seven mice, MW, ****, P < 0.0001). Note that the EPSP decay time constant (measured
on the first EPSP) was not different in mutSOD1 MNs (2.7 + 1.0 ms, n = 25) compared with wtSOD1 MNs (2.6 + 1.5 ms, n = 31, MW, P = 0.35; not depicted). All

records were obtained with the Na* channel blocker QX-314 in the microelectrode intracellular solution to prevent spiking. In all graphs, each point represents
one MN.
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Figure 2. Alterations in the postsynaptic structure of VGluT1* synapses onto MNs. (A and B) The size of Shank1 clusters juxtaposed to VGluT1* terminals
on MNs is significantly reduced in mutSOD1 MNs (WT: 0.92 + 0.96 um? n = 164; vs. mutSOD1: 0.48 + 0.62 um?, n = 149; MW, **** P < 0.0001). (C and D)
Homer1b clusters juxtaposed to VGluT1* synapses are significantly smaller in mutSOD1 (WT: 1.35 + 1.31 um?, n = 86; vs. mutSOD1: 0.43 + 0.52 um?, n = 78;
MW, **** P < 0.0001). (E-G) Representative images showing the GluR4 (E), phospho-GluR1 (F), and phospho-GluR2 (G) clusters at VGIUT1* synapses in WT
and mutSOD1 MNs. (H and 1) Significant reduction in GluR4 cluster area (WT: 0.56 + 0.39 pm?, n = 99; vs. mutSOD1: 0.25 + 0.20 pm?, n = 64; MW, **** P <
0.0001) and fluorescence intensity (WT: 1542 + 319, n = 99 vs. mutSOD1: 1300 + 220, n = 64; MW, **** P < 0.0001) in mutSOD1 mice. (J and K) Significant
decrease in pGluR1 cluster area (WT: 1.04 + 0.68 pm? n = 132; vs. mutSOD1: 0.45 + 0.34 pm?, n = 96; MW, **** P < 0.0001) and fluorescence intensity (WT:
915 + 218, n = 132; vs. mutSODL: 785 + 122, n = 96; MW, ****, P < 0.0001) in mutSOD1 mice. (L and M) Significant decrease in pGluR2 cluster area (WT: 0.55 +
0.37 um?, n = 89; vs. mutSOD1: 0.39 + 0.29 um?, n = 109; MW, ***, P = 0.0004) and fluorescence intensity (WT: 1401 + 281, n = 89; vs. mutSOD1: 1173 + 198,
n =109; MW, **** P < 0.0001) in mutSOD1 mice. Each data point represents a single synapse. In all panels, the dotted line represents the approximate outline
of the MNss. Scale bars: 10 um (insert: 1 um). The experiment was conducted on three WT and three mutSOD1 mice at P40.

MNs, on the other hand, displayed a significant decrease in the total
GluR4 cluster area (Fig. 2 H) and in their immunostaining intensity
(Fig. 2 I). We further explored the disruption of the postsynaptic
structures by assessing the level of T840-phosphorylated GluR1
(Fig. 2 F), whose levels reflect AMPAR with increased conductance
(Delgado et al., 2007; Jenkins et al., 2014; Babiec et al., 2016), and
S880-phosphorylated GluR2 (Fig. 2 G), a marker of GluR2 subunits
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stably retained in synapses (States et al., 2008). The size and fluo-
rescence intensity of both pGluR1 and pGluR2 clusters juxtaposed to
VGIuT1* terminals were significantly decreased in mutSODI1 mice
(Fig. 2, J-M). Taken together, these data show a significant dis-
ruption of the structure of the PSD of VGIuT1* synapses and support
the view of a substantial postsynaptic component in driving the
physiological disturbance of MN responses to Ia afferents.
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We further investigated whether the disruption of Ia PSDs
could be associated with other structural abnormalities. We
exploited neurobiotin ability to fill the dendrite cytoplasm of the
neurons, negatively highlighting intraneuronal dendritic struc-
tures. This approach revealed large vacuoles located in the
varicosities along dendritic branches (Fig. S3). In addition, many
VGIuT1* synapses were located in close apposition to these va-
cuoles (Fig. S2 B). Vacuoles were already visible around post-
natal day 50 (P50) in mutSODI mice (Fig. S3 C) but not in WT
and in wtSOD1 mice (Fig. S3, A and B) and imparted a significant
distortion in the geometry of the dendrite. The size of the va-
cuoles and their impact on dendritic architectures increased
with disease progression (Fig. S3 C). Thus, substantial structural
disruption of dendritic architecture takes place in close prox-
imity of VGluT1* synapses already at early stages and increases
with disease progression.

Postsynaptic activation of the PKA pathway elicits a partial
functional rescue of the la-MN synapses

Next, we reasoned that reduced EPSP size might be ameliorated
by increasing the insertion of AMPA receptors in the postsyn-
aptic membrane. Because phosphorylation of GluR4 by PKA
on Ser842 is sufficient to relieve a retention signal in the
C-terminus and allows its synaptic insertion (Esteban et al.,
2003), we explored whether activation of PKA in MNs might
restore Ia-MN EPSP size. We applied the PKA activator cAMPS-Sp
by intracellular iontophoretic injection through the recording
microelectrode (Lalley et al., 1997) while recording electrically
evoked Ia EPSPs before and after injection. In mutSOD1 MNs,
PKA activation resulted in the progressive increase of EPSP size
in all MNs tested (Fig. 3, A, and C,; 14% on average, i.e., about
half of the average EPSP size reduction in the mutSOD1 animals).
This restoration took place in the first 5 min and remained stable
over the duration of the recording session (which may have
lasted 20 min). Furthermore, iontophoretic injection of cAMPS-Sp
also partially restored the paired-pulse facilitation (Fig. 3, B, and
D). On the other hand, the stimulation protocol alone (without
cAMPS-Sp injection) did not modify EPSP size in three indepen-
dent MNs. In contrast, in wtSOD1 mice, cAMPS-Sp induced only a
small increase of EPSP size (7% on average; Fig. 3, A; and C,) but
had no significant effect on the paired-pulse ratio (Fig. 3, B, and
D). These results not only further confirm that the functional
impairment of the Ia-MN synapses has a major postsynaptic
origin, but also show that it is acutely reversible. Furthermore,
since the cAMPS-Sp was applied postsynaptically, these results
confirm a major role of postsynaptic mechanisms in the origin of
depressed paired-pulse response of mutSOD1 MNs.

Chemogenetic activation of PKA pathway in MNs enhances
GluR4 content and Homer1b in la synapses

Because iontophoretic delivery allows the study of the effects of
PKA activation for only ~20 min (limited by the stability of the
preparation), we sought to manipulate the cAMP/PKA pathway
over hours/days through the use of a Gs-coupled designer re-
ceptor exclusively activated by designer drugs (DREADD; Farrell
et al., 2013; Aldrin-Kirk et al., 2016; Roth, 2016). To this aim, 25-
d-old mutSODI1/choline acetyltransferase (ChAT)-cre double-
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transgenic mice were intraspinally injected with AAV9 encoding
for double-floxed DREADD(Gs)-mCherry (henceforth D(Gs)); thus,
D(Gs) expression was restricted to ChAT-cre* cells. A first group of
mice was administered a single dose of clozapine-N-oxide (CNO)
17 d after the viral injection (acute CNO; Fig. 3 E,) and sacrificed
3 h later; a second group was administered CNO daily starting 10 d
after virus injection and for 7 d (chronic CNO; Fig. 3 E;) and
sacrificed 8 h after the last injection (thus, 17 d after viral
injection); and a third group was treated only with saline for 7 d
(control group; Fig. 3 E,). For each mouse, we quantified GluR4
and Homerlb cluster area in VGIuT1* synapses on MNs expressing
D(Gs) (mCherry*) as well as on contralateral noninfected (mCherry-)
MNs. Extending the intracellular injection data, acute (3-h) activation
of D(Gs) resulted in the significant increase in GluR4 (Fig. 3, F, and H)
as well as Homerlb cluster area (Fig. 3, G, and I) in VGluT1*
terminals. Long-term (7-d) activation of D(Gs) also resulted in
a significant restoration of GluR4 (Fig. 3, F; and H) and Homerlb
cluster area in Ia synapses (Fig. 3, G; and I) compared with
contralateral MNs (which were exposed to the same dose of CNO
but did not express any chemogenetic receptor). No effect on
GluR4 (Fig. 3, F, and H) or Homerlb (Fig. 3, G, and I) was detected
in mice expressing D(Gs) but administered with vehicle alone
compared with contralateral noninfected MNs, indicating that
intraspinal injection and D(Gs) expression did not produce any
substantial effect. Thus, cAMP/PKA activation is sufficient to
restore the structure and the function of Ia synapses, increasing
GluR4 and Homerlb content in the postsynaptic side.

PKA effects on the postsynaptic side of la terminals do not
require MN firing but are mimicked by chemogenetic
excitation of MNs

Hypoexcitability of vulnerable MNs is an early event in the
pathogenic cascades leading to MN degeneration (Martinez-
Silva et al., 2018), and restoration of MN firing produces bene-
ficial effects on multiple disease markers (Saxena et al., 2013).
Therefore, we set out to verify whether synaptic restoration
could be also obtained by enhancing MN firing with chemo-
genetic cation-permeable (activator pharmacologically selective
actuator module [actPSAM]; Magnus et al., 2011; Saxena et al.,
2013). AAV9 encoding for actPSAM under double-inverted ori-
entation was injected intraspinally in mutSOD1/ChAT-cre mice
at P25. The PSAM agonist pharmacologically selective effector
molecule 308 (PSEM?3°8) was then administered 10 d later for 7d
(Fig. S4 B). Compared with contralateral noninfected MNs,
PSAM-activated MNs displayed a significant increase in both
GluR4 and Homerlb cluster area in correspondence to VGluT1*
synapses (Fig. S4, C-F).

We then wondered whether the effect of cAMP/PKA on
synapses could be due to an effect on MN firing. To test this
hypothesis, we designed a multiplexed chemogenetic experi-
ment in which PKA signaling and MN firing could be indepen-
dently controlled. We coinjected an AAV9 encoding D(Gs)-
mCherry together with a second AAV9 encoding inhPSAM, the
anion-permeable (inactivator) PSAM-glycine receptor (GlyR;
Magnus et al., 2011), both under double-floxed inverted orien-
tation, in the spinal cord of mutSOD1/ChAT-cre mice (Fig. 4 A).
We reasoned that if the effect of cAMP/PKA on synaptic
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Figure 3. Postsynaptic activation of the PKA pathway enhances la EPSPs and restores synaptic structures. (A) Effect of iontophoretic injection of
cAMPS-Sp on la EPSP amplitude. Afferent volleys (top traces) and EPSPs in TS MNs (bottom traces) evoked by electrical stimulation of the TS nerve recorded
immediately before and a few minutes after the injection of the compound. (B) Effect of iontophoretic injection of cAMPS-Sp on paired-pulse ratios. Same MNs
and same time points as in A. (C) Quantification of the increase in EPSP size. “Before” values were measured just before the injection; “after” values are
averages over the whole duration of the recording after the injection. Each symbol represents one MN, and the stars next to the symbols represent the MNs
shown in A. (C;) In wtSOD1 animals (four mice), cAMPS-Sp increased the size of the EPSPs by 7 + 8%; n = 7; paired t test, *, P = 0.04. (C3) In mutSOD1 animals
(two mice), the EPSP size increased by 14 + 5% on average, n = 6; paired t test, **, P = 0.007. In mutant animals, the experiments were conducted in four MNs:
la EPSPs coming from either of the two TS branches were tested in two MNs, whereas only one source of la excitation was tested in the remaining two MNs
(see different symbols and line styles in C,). The difference persists if we consider only EPSPs elicited by stimulation of the LG nerve in each MN. The EPSP size
increased by 14 + 6% on average, n = 4; paired t test, P = 0.02. (D) Quantification of the change in the paired-pulse ratio after cAMPS-Sp injection. Same
organization as in C. In wtSOD1 animals (four mice), cAMPS-Sp did not significantly change the paired-pulse ratio (D, average difference 1 + 2%; n = 6, paired
t test, P = 0.23), while it caused an increase by 5 + 5%, n = 6 in mutSOD1 animals (D,, two mice, paired-pulse ratio before, 1.00 + 0.06, n = 6; vs. after, 1.05 =
0.08, n = 6; paired t test, *, P = 0.038). As before, the difference persists if we consider only EPSPs elicited by the LG nerve in each MN. cAMPS-Sp increased the
paired-pulse ratio from 1.00 + 0.07 to 1.05 + 0.10, n = 4; paired t test, P = 0.048. (E) Experimental design for DREADD experiments. (F) MNs expressing D(Gs)
and immunostained for VGluT1 and GluR4 under either vehicle (F;), acute CNO (F,), or chronic CNO treatment (F3). The dotted line represents the approximate
outline of the MNs. MNs are identified by VAChT staining. Scale bars: 20 um (inset: 1 um). (G) Same organization as F, but immunostained for VGIuT1 and
Homerlb. (H) Significant increase in GluR4 cluster area in VGlut1 synapses of D(Gs)* MNs (magenta) compared with contralateral D(Gs)~ MNs (gray) upon acute

Baczyk et al. Journal of Experimental Medicine
Synaptic neuroprotection in ALS https://doi.org/10.1084/jem.20191734

6 of 20


https://doi.org/10.1084/jem.20191734

(4.3£2.6 um?, n =43;vs. 2.3 £ 1.7 um?, n = 27; from three mice; two-way ANOVA followed by Tukey HSD, **, P = 0.001) and chronic (3.9 2.5 um?, n = 144; vs.
2.3 + 1.5 um?, n = 128; from four mice; Tukey HSD, **, P = 0.001) CNO treatment, but not in vehicle-treated mice (2.1 + 1.6 um? n = 119; vs. 2.3 + 1.6 pm?, n =
111; from three mice; Tukey HSD, P = 0.9). (1) Significant increase in Homerlb cluster area in D(Gs)* MNs compared with contralateral D(Gs)~ MNs upon acute
(2.4 £1.6 um? n =109; vs. 1.8 + 1.2 pm? n = 83; two-way ANOVA followed by Tukey HSD, **, P = 0.0147) and chronic (2.4 + 1.5, n = 88; vs. 1.6 + 1.4 um? n = 69;
from four mice; Tukey HSD, **, P = 0.0019) CNO treatment, but not in vehicle-treated mice (1.4 + 1.2 um?in D(Gs)* MNs, n = 51; vs. 1.3 + 1.6 um?in D(Gs)~ MNs,

n = 117; from three mice; Tukey HSD, P = 0.9).

integrity is secondary to changes in MN activity, it would be
significantly decreased upon concomitant decrease in MN firing.
10 d after AAV injection, we started the administration of CNO
and PSEM?3°8 for 7 d (Fig. 4 A). We considered four populations
of MNs: (i) contralateral, noninfected; (ii) expressing only the
inhPSAM; (iii) expressing only D(Gs); and (iv) expressing both
D(Gs) and inhPSAM. We also quantified GluR4 (Fig. 4, B and D)
and Homerlb (Fig. 4, C and E) levels in VGIuTI* synapses.

Compared with noninfected MNs, inactivation of MNs by in-
hPSAM did not result in a further decrease in the already low
levels of GluR4 (Fig. 4 D) or Homerlb (Fig. 4 E), which would
have been anticipated, since MN inactivation worsens disease
progression (Saxena et al., 2013; a small increase in GluR4
content in Ia synapses was detected). As shown above, D(Gs)
activation alone did result in a significant increase of synaptic
GluR4 and Homerlb cluster area (Fig. 4, D and E). However,
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Figure 4. PKA effects on the postsynaptic side of la terminals do not depend on MN intrinsic excitation. (A) Experimental design for the double-
chemogenetics control of MN excitation (by PSAM-GlyR-GFP, for brevity inhPSAM) and PKA signaling (by D(Gs)-mCherry) on synaptic GluR4 and Homerlb
levels. (B) Uninfected MN (inhPSAM~/D(Gs)"; B1), MNs expressing either inhPSAM only (inhPSAM*/D(Gs)", green; B,), D(Gs) only (D(Gs)*/inhPSAM-, magenta;
Bs), or both (D(Gs)*/inhPSAM®, white; B,) and immunostained for VGluT1 and GluR4. (C) Representative images of uninfected MN (Cy) or expressing either
inhPSAM only (green; C,) or D(Gs) only (magenta; C3) or both (white; C,) and immunostained for VGluT1 and Homerlb. The outline of each MN is marked by the
dashed line. Scale bars: 20 um (inset: 1 um). (D) Activation of inhPSAM causes only a minor increase in GluR4 cluster area compared with noninfected MNs
(1.84 £ 0.81, n = 97; vs. 1.35 + 0.84 um? n = 95; one-way ANOVA followed by Tukey HSD, *, P = 0.02) whereas D(Gs) activation enhances GluR4 cluster area in
VGluT1* synapses (2.59 + 1.45 um?; n = 70; Tukey HSD, **, P = 0.001 compared with noninfected MNs, and P = 0.001 compared with inhPSAM*/D(Gs)~ MNs).
The concomitant inactivation of MNs by inhPSAM and the activation of D(Gs) did not reduce the effect of D(Gs) (2.45 + 1.30 um?; n = 175; Tukey HSD, P = 0.80
vs. D(Gs)*/inhPSAM- MNss). (E) D(Gs) activation increased the size of Homerlb clusters (3.14 + 2.01 um2 n = 51) compared with noninfected MNs (2.10 + 1.41
um?2; n = 106; ANOVA followed by Tukey HSD, **, P = 0.003). Notably, inhPSAM by itself did not have any effect on Homerlb cluster area (2.23 + 1.27 um% n =
52; Tukey HSD, P = 0.9) and did not diminish the effect of D(Gs) activation (3.46 + 2.12 um? n = 91; Tukey HSD, P = 0.68). This experiment was conducted on
five mutSOD1/ChAT-cre mice.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20191734

Baczyk et al.
Synaptic neuroprotection in ALS

7 of 20


https://doi.org/10.1084/jem.20191734

D(Gs) effects on GluR4 and Homerlb were not modified by
concomitant MN inactivation by inhPSAM (Fig. 4, D and E).
These results indicate that restoration of synaptic integrity by
D(Gs) is not a consequence of increased MN firing, but rather is
caused by direct synaptic effects, even if chemogenetic stimu-
lation of MN firing can also induce by itself some synaptic
restoration.

Chemogenetic activation of PKA ameliorates disease burden in
MNs through firing

Next we assessed whether the activation of the cAMP/PKA
pathway, which increased functional and structural integrity of
Ia synapses, was associated with a significant effect on MN disease
markers. We repeated the D(Gs) experiments with the same ex-
perimental groups (Fig. 5 A): acute CNO treatment (one dose, sac-
rifice after 3 h), chronic CNO treatment (7-d treatment), and control
group (saline for 7 d). We considered the burden of misfolded SOD1
(henceforth misfSOD1; using the B8HIO conformation-specific
monoclonal antibody), the build-up of LC3A, and the accumula-
tion of p62* inclusions as disease markers (Rudnick et al., 2017,
Martinez-Silva et al., 2018; Ouali Alami et al., 2018). Acute activa-
tion of D(Gs) did not reduce levels of misfSOD1 or p62 inclusion
burden (in agreement with the slow turnover of these markers;
Fig. 5, E and F), but was sufficient to decrease the buildup of LC3A*
autophagic structures (Fig. 5 G). Most importantly, chronic activa-
tion of D(Gs) resulted in a robust amelioration of all disease markers
(misfSOD, p62 inclusions, and LC3A levels; Fig. 5, E-G). On the other
hand, saline-treated D(Gs)* MNs were comparable to noninfected
counterparts in all read-out measures.

Next, we examined whether the effects of the cAMP/PKA
pathway on disease markers required the firing of MNs, once
again exploiting multiplexed chemogenetics to decrease MN
firing (by inhPSAM) while activating PKA (by D(Gs); Fig. 6 A).
We evaluated the burden of misfolded SOD1 and LC3A in distinct
sets of MNs expressing, as before, either no chemogenetic re-
ceptor, D(Gs), inhPSAM, or both. Whereas MNs expressing
inhPSAM showed an increased burden of LC3A and misfSOD1
accumulation (although the latter did not quite reach statistical
significance in the present work) compared with noninfected
MNs (Saxena et al., 2013), MNs expressing D(Gs) displayed a
reduced load of both disease markers (Fig. 6, D and E). Most
notably, and in contrast to what was observed for synaptic
GluR4 and Homerlb, MNs expressing both inhPSAM and D(Gs),
in which neuronal firing was reduced while PKA was stimu-
lated, showed no improvements in disease burden compared
with noninfected MNs (Fig. 6, D and E).

To demonstrate that the chemogenetic manipulations used
above (D(Gs), inhPSAM, actPSAM, and double-chemogenetics
inhPSAM + D(Gs)) have a significant impact on the overall ac-
tivity of the infected MNs, we measured the induction of the
immediate-early gene c-fos as a proxy of neuronal activity
(Hardingham et al., 1997; Ruediger et al., 2011; Lacar et al., 2016)
following an acute injection of the chemogenic agonist (single
dose of CNO and PSEM administered 2 h before sacrifice; Fig. 7
A). Compared with uninfected contralateral MNs (Fig. 7 B),
reduction of MN firing by inhPSAM did not decrease c-Fos
expression (Fig. 7, C and G), probably because of the very low
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level in basal conditions. On the other hand, activation of actPSAM
(Fig. 7 D) or D(Gs) (Fig. 7 E) resulted in a robust increase in c-Fos
levels in the nucleus (Fig. 7 G). Remarkably, concomitant activa-
tion of inhPSAM and D(Gs) (Fig. 7 F) significantly decreased c-Fos
levels compared with D(Gs) alone (Fig. 7 G), indicating a sub-
stantial decrease in neuronal firing. These data verify that the
chemogenetic systems are delivering the expected change in MN
activity. Thus, whereas the effect of PKA on synaptic structures is
independent of MN firing, reducing MN firing largely blocks any
beneficial effect of the cAMP/PKA pathway on disease markers.

The excitatory transmission from descending fibers to MNs is
also depressed

Having extensively characterized the postsynaptic dysfunction
at the Ia synapse, we asked whether this phenomenon was re-
stricted to this particular input or rather generalized. We con-
sidered as an alternative source of input, the MLF, which is
composed of descending reticulospinal and vestibulospinal fi-
bers, some of which make direct synaptic contacts (VGluT2*;
Basaldella et al, 2015) devoid of presynaptic inhibition
(Rudomin and Schmidt, 1999) onto lumbar MNs (Liang et al.,
2014; Basaldella et al., 2015). In different mice than those used
for recording Ia EPSPs, stereotaxic electrical stimulation of MLF
in the brainstem evoked a mixture of monosynaptic and di-
synaptic EPSPs (Fig. 8 A). We focused first on the response to the
first shock in a train at 200 Hz, as it was practically uncon-
taminated by the disynaptic component (see Materials and
methods and Fig. S5). Quantification of MLF-evoked EPSPs in
MNs revealed a 33% decrease in size in mutSODI mice compared
with wtSODI mice (Fig. 8 B). Second, we quantified the complex
response after the fifth shock (that included disynaptic compo-
nents, unfilled arrowhead in Fig. 8 A). That response was sim-
ilarly reduced (36% on average; Fig. 8 C), suggesting that most of
the decrease could be attributed to the last-order synapses
contacting MNs (larger reductions should be expected if other
intervening synapses were also affected). As before, the reduc-
tion in EPSP size was not due to changes in MN intrinsic
properties (Fig. 8, D-F). The similar disruption of Ia synapses
and MLF synapses suggests a generalized postsynaptic dys-
function of excitatory synapses on MNs.

Furthermore, we verified that, in correspondence with
VGluT2* terminals (which account for the majority of de-
scending inputs to MNs; Basaldella et al., 2015), the size of the
immunolabeled clusters of GluR4, phosphorylated GluR1, and
phosphorylated GluR2 were significantly decreased in mutSOD1
MNs (Fig. 8, G-I) compared with WT controls. As with VGluT1*
synapses, we assessed the integrity of the VGluT2* postsynaptic
structure. Because Shankl and Homerlb were poorly enriched in
VGIuT2* synapses (compared with VGIuT1* synapses) we ex-
plored the clustering of the Shank2 scaffold protein. Shank?2
displayed a punctate pattern, with each cluster juxtaposed to a
VGluT2* terminal, and the size of Shank2 clusters was signifi-
cantly reduced in mutSOD1 MNs compared with WT counter-
parts (Fig. 8 J). In line with the model of a substantial
postsynaptic site disruption, the size and immunostaining in-
tensity of VGluT2* terminals demonstrated a small compensa-
tory increase (Fig. 8 K).
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Figure 5. PKA activation in MNs decreases the disease markers. (A) Experimental design of vehicle treatment (A;; three mice), acute activation of the
D(Gs) (Ay; three mice), and chronic activation of the D(Gs) (As; three mice). (B) MNs expressing D(Gs) and immunostained for misfolded SOD1 (B8H10) under
vehicle (B,), acute CNO (B,), or chronic CNO (B3) treatment. (C) MNs expressing D(Gs) and immunostained for p62 under vehicle (Cy), acute CNO (C,), or
chronic CNO (C3) treatment. Arrowheads points to p62 aggregates. (D) MNs expressing D(Gs) and immunostained for LC3A under vehicle (D;), acute CNO (D),
or chronic CNO (Ds) treatment. MNs are identified by VAChT staining. The dotted line represents the approximate outline of the MNs. Scale bars: 20 um.
(E) misfSOD1 levels in MNs are decreased in D(Gs)* MNs (magenta) compared with contralateral noninfected MNs (gray) upon chronic CNO treatment (85.3 +
16.7% of uninfected; two-way ANOVA followed by Tukey HSD, **, P = 0.001), but not upon acute CNO (97.1 + 23.6% of uninfected) or vehicle treatment (102.0 +
24.7% of uninfected). Each data point represents a single MN. (F) The burden of p62 inclusion in D(Gs)* MNs was not modified by vehicle (90.6 + 91.7% of
contralateral uninfected) or acute CNO (116.2 + 84.8% of uninfected) treatment but was reduced compared with contralateral noninfected MNs upon
chronic CNO treatment (42.9 + 50.6% of contralateral; Tukey HSD, **, P = 0.001). (G) LC3A immunostaining intensity in MNs was unaltered in D(Gs)*
neurons compared with contralateral noninfected MNs upon vehicle treatment (104.7 + 22.2% of uninfected), whereas acute D(Gs) activation (84.8 +
18.6% of uninfected; Tukey HSD, **, P = 0.001) or chronic D(Gs) activation (84.8 = 22.9% of uninfected; Tukey HSD, **, P = 0.001) resulted in a significant

decrease in LC3A intensity.

Discussion
Our data show that excitatory synaptic inputs to MNs in the

mutSOD1 ALS mouse model are functionally reduced and display
impaired plasticity already in presymptomatic stages. Structural
disruption of the postsynaptic site was identified as a major
contributor for these functional disorders. We further show that
activation of the cAMP/PKA pathway enhances physiological
responses and restores GluR4 content in postsynaptic structures.
Importantly, we used a multiplexed-chemogenetic approach to
demonstrate that cAMP/PKA effects on synaptic integrity are
not a consequence of changes in MN firing, whereas the bene-
ficial effects on disease markers are dependent on neuronal
firing. Furthermore, we show that synaptic dysfunction is likely

Baczyk et al.
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a generalized phenomenon: decrease in EPSP size characterizes
proprioceptive Ia synapses as well as monosynaptic inputs from
the vestibulo and reticulospinal tracts (MLF).

Disruption of the postsynaptic side is a major cause of
excitatory synaptic failure

The glutamatergic excitotoxicity model predicts a combination
of increased intrinsic MN excitability and excessive synaptic or
extrasynaptic excitatory stimulation (Rothstein et al., 1990; von
Lewinski and Keller, 2005; Bading, 2017) driving abnormal cy-
toplasmic Ca?* loads and neuronal death. A substantial fraction
of clinical trials based on preventing these conditions have failed
to deliver beneficial effects (Petrov et al., 2017). Contradicting
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with a dashed line. Scale bars: 20 um. (D) Reduction of MN firing by inhPSAM did not significantly affect the misfSOD1 burden (112.9 + 24.5% of control
noninfected; one-way ANOVA followed by Tukey HSD, P = 0.087). In contrast, D(Gs) activation significantly reduced misfSOD1 burden (74.2 + 29.0% of control
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31.6% of uninfected; Tukey HSD, **, P = 0.001). (E) The accumulation of LC3A in MNs was significantly increased upon reduced firing by inhPSAM (116.7 + 18.3%
of control; one-way ANOVA followed by Tukey HSD, **, P = 0.001) and significantly decreased by D(Gs) activation (90.1 + 16.8% of control noninfected; Tukey
HSD, **, P = 0.001); the reduction of MN firing significantly decreased the effect of concomitant D(Gs) activation (103.8 + 18.0% of control; Tukey HSD, **, P =

0.001). Data from five mutSOD1/ChAT-cre animals per group.

these assumptions, we have previously demonstrated that vul-
nerable MNs lose their ability to fire repetitively in presymp-
tomatic adult mice (a form of intrinsic hypoexcitability;
Delestrée et al., 2014; Martinez-Silva et al., 2018), whereas re-
sistant MNs are intrinsically hyperexcitable at an early stage
(Leroy et al.,, 2014). In these conditions, hyperactive gluta-
matergic synapses might still drive neurotoxicity by causing
large cytoplasmic Ca?* loads even in a condition of normo- or
hypoexcitability (Le Masson et al., 2014).

Now we demonstrate that EPSPs are actually decreased in
ALS MNs. The reduced clustering of GluR4, phosphorylated
GluR1, and GIuR2 subunits (in agreement with Ruegsegger et al.,
2016) and of postsynaptic scaffold proteins (Shankl and Hom-
erlb at Ia synapses, Shank2 at VGluT2* synapses) point to a
substantial postsynaptic contribution to the failure of excitatory
synapses on ALS MNs. The involvement of a postsynaptic
mechanism is further supported by the partial recovery of
synaptic structure and function following PKA-pathway acti-
vation in the postsynaptic neuron. In contrast, wtSOD1 and
mutSOD1 animals exhibited the same level of the classic axo-

Baczyk et al.
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axonic presynaptic inhibition of Ia afferents, demonstrating
that this pathway cannot account for the changes in EPSP size
and paired-pulse ratio in mutSOD1 MNs. Moreover, presynaptic
inhibition is restricted to Ia terminals and would not affect MLF
terminals (Rudomin and Schmidt, 1999; Fink et al., 2014). An-
other presynaptic mechanism, the postactivation depression,
which is restricted to homonymous Ia afferents (Hultborn et al.,
1996), was previously shown to be smaller in mutant SOD1 mice
(Hedegaard et al., 2015) and therefore cannot be responsible for
the reduced EPSP size. Finally, there are no gross abnormalities
in number or constitutive elements of Ia boutons, as shown by
immunohistochemical methods. Therefore, the contribution of
presynaptic mechanisms, if any, on the synaptic dysfunction
might be due to more subtle abnormalities and may be limited in
comparison with substantial postsynaptic effects.

We then considered whether Ia synaptic dysfunction may be
due to abnormal activity in corticospinal projections (Eisen
et al., 2017). Cortical hyperexcitability has been reported in
human patients (Vucic and Kiernan, 2006), in cultures (Pieri
et al., 2003), and in slices (Saba et al., 2016). In mutSODI
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inhPSAM AAVs (filled arrowheads). In MNs expressing both inhPSAM and D(Gs), c-Fos levels were significantly lower than in those expressing D(Gs) alone.
(G) Quantification of c-Fos levels across the different treatments: noninfected: 400 + 310 AU, n = 145; vs. inhPSAM: 369 + 219 AU, n = 68; one-way ANOVA
followed by Tukey HSD, P = 0.9; actPSAM 750 + 372 AU, n = 24; Tukey HSD, **, P = 0.001 vs. noninfected; D(Gs) alone 1,200 + 569 AU, n = 103; Tukey HSD, **,
P = 0.001 vs. noninfected, and **, P = 0.001 vs. actPSAM; D(Gs) + inhPSAM: 720 + 424 AU, n = 71; Tukey HSD, **, P = 0.001 vs. D(Gs) alone. In all panels, the

dashed lines show the approximate outline of the MN cell bodies. Scale bars: 50 pm. Data are from four independent mutSOD1/ChAT-Cre mice.

mice, the hyperexcitability of corticospinal neurons is restricted
to the first postnatal week or to the symptomatic phase (even
though, in the latter, hyperexcitability did not result in an al-
tered pattern of calcium events in awake animals), whereas at
the age of P40-P50, the excitability of the corticospinal neurons
is normal (Kim et al., 2017). Moreover, in mice, the projections
from the motor cortex to spinal MNs are not direct and are re-
layed through the reticulospinal pathway included in the MLF
(Alstermark and Ogawa, 2004). Notably, these MLF-MN syn-
apses are actually depressed, as shown in the present work.
Thus, cortical hyperexcitability, if any, may not translate into
excessive excitation to MNs. Taken together, these findings
consistently draw a new model in which vulnerable MNs are not
only hypoexcitable but also receive reduced excitation, likely
because of postsynaptic dysfunction.

At this presymptomatic stage (around P50), the reduced
strength of excitatory synapses is not large enough to impair
electromyographic activity or motor performance in all but the
most challenging motor tasks (such as walking on an incline;
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Akay et al, 2014; Quinlan et al,, 2017). Nevertheless, the
simultaneous decrease in synaptic strength and intrinsic excit-
ability of MNs could be speculated to interfere with activity-
dependent neuroprotective transcriptional programs, leading
to vulnerability to disease (Bading, 2013, 2017; Roselli and
Caroni, 2015).

cAMP/PKA activation and neuronal firing contribute to
synaptic restoration and have a beneficial impact on the
ALS-related pathobiochemistry

We show that before muscle denervation, the disruption of Ia
synapses (both EPSP size and GluR4 and Homerlb content) is
reversible by postsynaptic PKA activation. This is in agreement
with the critical role of PKA in phosphorylating Ser842 (corre-
sponding to Ser862 in the mouse) on the GluR4 C-terminus,
enhancing its synaptic insertion (Esteban et al., 2003; Gomes
et al., 2007; Diering et al., 2014). In addition, the restoration of
Homerlb clusters appears to be a direct effect of cAMP/PKA, in
agreement with the enhanced Homerlb clustering induced by
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Figure 8. Impairment of descending EPSPs evoked by MLF stimulation and of VGlut2 postsynaptic structures on MNs. (A) Superimposed recordings
from a wtSOD1 and a mutSOD1 MN in response to a 200-Hz train stimulation of the MLF repeated at 3 Hz. The responses displayed a mixture of monosynaptic
(black arrows) and disynaptic (unfilled arrow) EPSPs. Note that the first shock in the train elicited essentially a monosynaptic response. Top trace: Volley
recorded at the cervical level. Middle trace: Volley recorded at the lumbar level. Bottom trace: Membrane potential of the MN. Stimulation artifacts were
truncated. (B) Comparison of the amplitude of the first (monosynaptic) EPSP of the train. wtSOD1: 0.9 + 0.5 mV, n = 19; vs. mutSOD1: 0.6 + 0.3 mV, n = 20;
MW, *, P = 0.022. (C) Comparison of the amplitude of the last EPSP of the train (late response of the complex EPSP that includes nonmonosynaptic com-
ponents, unfilled arrowhead). wtSOD1: 3.9 + 1.6 mV; n = 21; vs. mutSOD1: 2.5 + 1.1 mV; n = 17; MW, *, P = 0.012. (D) The input resistance was not significantly
different between wtSOD1 and mutSOD1 MNs: 3.9 + 1.5 MQ, n = 20; vs. 3.7 + 1.1 MQ, n = 19; t test, P = 0.71. (E) The membrane time constant was not
significantly different between wtSOD1 and mutSOD1 MNs: 3.1 + 1.0 ms, n = 20; vs. 3.0 £ 0.7 ms, n = 19; t test, P = 0.84. (F) The resting membrane potential
was not significantly different between wtSOD1 and mutSOD1 MNs: -66.7 + 8.2 mV, n = 20; vs. mutSOD1: -65.2 £ 7.0 mV, n = 19; t test, P = 0.54. Each point on
the graphs represents one MN. Experiments were performed in seven mutSOD1 mice and six wtSOD1 mice. (G-J) The postsynaptic side of VGluT2* synapses
was disrupted. Each panel shows a large view of the MN (scale bar: 20 pum) with a zoom of the region(s) inside the box(es) in inset (scale bars: 2 um). The
dashed lines show the approximate contour of the MN cell bodies. (G) GluR4 cluster area was significantly reduced in mutSOD1 MNs: 0.08 + 0.05 um?, n = 980;
vs. WT: 0.11 + 0.07 um? n = 780; t test, ****, P = 1.8 x 1072°. (H) Phosphorylated GluR1 cluster area was also significantly decreased: mutSOD1: 0.10 + 0.08
um?2, n = 986; vs. WT: 0.12 + 0.09 um?, n = 989; t test, ****, P = 1.1 x 10-°. (1) Phosphorylated GIuR2 cluster area was reduced compared with controls:
mutSOD1L: 0.11 + 0.11 um?, n = 487; vs. WT: 0.19 + 0.13 pm?, n = 478; t test, ****, P = 3.0 x 10722, (J) The cluster area of the postsynaptic scaffolding protein
Shank2 was reduced in mutSOD1 MNs compared with controls: mutSOD1: 0.10 + 0.08 um?, n = 587; vs. WT: 0.20 + 0.19 pm?, n = 604; t test, ****, P = 6.5 x
10727, (K) In contrast, the size and labeling intensity of the presynaptic VGluT2* boutons was slightly increased in mutant animals. mutSOD1 VGluT2 bouton
size: 0.57 + 0.38 um?, n = 587; vs. WT: 0.50 + 0.37 um?, n = 586; t test, **, P = 0.004 (K;); mutSOD1 VGIuT2 labeling intensity: 791 + 194 AU, n = 587; vs. WT:
757 + 185 AU, n = 586; t test, **, P = 0.0017 (K).
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phosphodiesterase inhibition (an alternative approach to in-
crease cAMP levels; Shiraishi et al., 2003) and may hint at
broader consequences on synaptic structures regulated by PKA
(Lu et al., 2011).

Furthermore, we show that the beneficial effects of cAMP/
PKA activation extend to multiple markers of mSODI1/ALS
pathobiochemistry. We have exploited a multiplexed chemo-
genetic strategy, based on the simultaneous expression and ac-
tivation of the mutually orthogonal PSAM/PSEM system
(Magnus et al., 2011) and the DREADD system (Roth, 2016), to
show that decreasing MN excitability largely prevents the re-
covering actions of cAMP/PKA on disease markers but not on
synaptic composition. It should be noted, however, that reduc-
ing MN firing by inhPSAM resulted in a small increase in syn-
aptic GluR4 (but not Homerlb) levels. We hypothesize that such
an effect may bear similarity to the up-regulation of AMPAR
occurring as homeostatic scaling upon chronic blockade of
neuronal firing (O'Brien et al., 1998; Turrigiano et al., 1998;
Diering et al., 2014). Notably, Homerlb levels are unaffected,
suggesting that the hypothesized homeostatic response may be
weak. Although it has been previously shown that cAMP/PKA
promotes proteasomal degradation of misfolded SOD1 by phos-
phorylating the Rpné subunit of the 26S proteasome (Lokireddy
et al., 2015; VerPlank et al., 2019), the activity-dependent nature
of the effect of PKA on misfolded SODI1, LC3A, and p62 suggests
that it may be mediated by excitation-controlled transcription
factors controlling the expression of autophagy and proteasome
proteins, e.g., cAMP response element binding protein (Seok
et al., 2014; Wang et al., 2015). Increasing MN firing by che-
mogenetically controlled cation channels (Magnus et al., 2011)
also results in a degree of restoration of GluR4 and Homerlb
content in synapses and was previously reported to evoke sim-
ilar beneficial effects on disease markers (Saxena et al., 2013).
Taken together, these findings support a model in which cAMP/
PKA activation restores synaptic integrity, which in turn im-
proves MN recruitment and firing, reducing the burden of dis-
ease markers (Fig. 9).

These findings suggest the existence of a “vicious circle” at
work: the pathogenic primum movens may cause an initial dis-
ruption of synapses and, in parallel, reduced MN excitability
(Delestrée et al., 2014; Martinez-Silva et al., 2018). We hypoth-
esize that disturbed intracellular trafficking by misfSOD1
(Hadano et al., 2010; van Dis et al., 2014; Soo et al., 2015) may be
at the origin of the large dendritic vacuoles, and these abnormal
structures may weaken synapses by sequestering glutamate
receptors. These two events would reduce MN firing, which
would in turn further worsen cellular abnormalities (including
trafficking impairment, autophagy overload, and endoplasmic
reticulum stress) and further accelerate the disruption of syn-
apses and firing, precipitating the demise of the MN itself. The
demonstration that PKA activation restores synaptic integrity
and then leads to the activity-dependent beneficial effects on
disease markers shows that this vicious circle can be interrupted
by acting at a single-pathway level. However, the focal nature
of intraspinal injections and the comparatively small number of
MNs affected has limited the assessment of long-term effects
of PKA activation on mouse survival. Nevertheless, we show the
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Figure 9. Schematic representation of the main findings. Chemogenetic
interventions (in green) on intrinsic excitability (using actPSAM) and dys-
functional excitatory synapses (in red) through the cAMP/PKA pathway
converge to restore adequate MN firing, which in turn reduces the burden of
cellular abnormalities that drives MN degeneration.

impact of PKA activation on different disease markers whose
decrease has been repeatedly correlated with prolonged survival
(e.g., Saxena et al., 2013; Ouali Alami et al., 2018).

Together with the previously reported hypoexcitability of
MNs, the early impairment of excitatory synaptic function de-
picts a new conceptual framework for excitation-dependent
processes in ALS, in which loss of activity-dependent neuro-
protection, rather than excitotoxicity, shapes MN vulnerability.
Interventions at the motoneuronal synaptic level, potentially
aimed at the cAMP/PKA pathway, emerge as viable new strat-
egies for early ALS management.

Materials and methods

Animals

Animals for electrophysiological experiments were bred and
housed in the BioMedTech animal facility at Université de Paris.
Electrophysiological procedures were approved by the Paris
Descartes University ethics committee (CEEA34; authorization
number CEEA34.MM.064.12) and followed the European Di-
rectives (86/609/CEE and 2010-63-UE) and the French legisla-
tion on the protection of animals used for scientific purposes.
Two lines of transgenic mice were used: B6SJL-Tg(SOD1*G93A)
1Gur/] (called mutSOD1 here), which carry a mutated human
SOD1 gene and have a phenotype similar to late-onset ALS in
humans, and B6SJL-Tg(SOD1)2Gur/] (called wtSOD1 here),
which carry the nonmutated human SODI gene and display no
pathological phenotype. In both lines, the transgene copy
number was measured by quantitative PCR and found to be >20.
Both male and female mice were used for electrophysiological
recordings. MNs recorded from mutSODI1 mice were compared
with the ones recorded from wtSODI1 mice. Experiments were
performed on mice at age PA5-P55 (presymptomatic young adult
animals), unless otherwise specified.

The chemogenetic experiments and the quantitative im-
munohistological analyses were performed at Ulm University in
compliance with institutional guidelines (Tierforschungszen-
trum, Ulm) and German animal protection laws, approved by
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Regierungsprisidium Titbingen (Tiibingen, Germany), under
license no. 1404. The breeding and the sacrifice of mutSOD1 mice
in Ulm was approved by the local veterinary service and animal
experimentation oversight committee under license no. 1312. For
the chemogenetic experiments, high-copy B6SJL-Tg(SODI*G93A)
1Gur/] mice (obtained from Jackson Laboratory) were crossed with
homozygous ChAT-cre females (kind gift from Pico Caroni, Frie-
drich Miescher Institute for Biomedical Research, Basel, Switzer-
land) and the F1 offspring mutSOD1/ChAT-cre double-tg mice were
used for experiments. Only male mice were used in chemogenetics
and histological experiments to minimize the between-subject
variability (Ouali Alami et al, 2018). Gria4 knockout mice
(B6.129P2-Gria4™Pee; Gria4~/~ for brevity) were backcrossed to
the C57BL/6] strain for 10 generations and then maintained as a
homozygous colony; these mice have been previously character-
ized (Beyer et al., 2008). WT C57BL/6] (Gria*/*) mice were used as
controls in the experiment involving Gria4~/~ mice.

Surgery for electrophysiological experiments

The surgical procedures have been described previously
(Manuel et al., 2009; Delestrée et al., 2014). Briefly, atropine
(0.20 mg/kg; Aguettant) and methylprednisolone (0.05 mg;
Solu-Medrol; Pfizer) were given subcutaneously at the onset of
the experiment, to prevent salivation and edema, respectively.
15 min later, anesthesia was induced with an i.p. injection of
sodium pentobarbitone (70 mg/kg; Pentobarbital; Sanofi-Aven-
tis). A tracheotomy was performed, and the mouse was artifi-
cially ventilated with pure oxygen (SAR-830/AP ventilator;
CWE). The end-tidal CO, level was maintained at ~4% (Micro-
Capstar; CWE). The heart rate was monitored (CT-1000; CWE),
and the central temperature was kept at 37°C using an infrared
heating lamp and an electric blanket. A catheter was introduced
in the external jugular vein, allowing us to supplement the an-
esthesia whenever necessary (usually every 20-30 min) by i.v.
injection (sodium pentobarbitone, 6 mg/kg). The adequacy of
anesthesia was assessed by lack of noxious reflexes and stability
of the heart rate (usually 400-500 bpm) and end-tidal PCO,. A
slow i.v. infusion (50 pl/h) of a 4% glucose solution containing
NaHCO; (1%) and gelatin (14%; Plasmagel; Roger Bellon) helped
maintain the physiological parameters. The animal was para-
lyzed after the surgery with pancuronium bromide (Pavulon;
Organon; initial bolus was 0.1 mg, followed by a continuous
infusion 0.01 mg/h). Additional doses of anesthetic were then
provided at the same frequency as before the paralysis, and
adequacy of anesthesia was assessed by stability of the heart rate
and PCO,. The vertebral column was immobilized with two pairs
of horizontal bars (Cunningham Spinal Adaptor; Stoelting) ap-
plied on the Th12 and L2 vertebral bodies, and the L3-L4 spinal
segments were exposed by a laminectomy at the Th13-L1 level.
The tissues in the hindlimb and spinal cord were covered with
pools of mineral oil.

Stimulation and recording

The MNs were impaled with micropipettes (tip diameter, 1.0-1.5
pm) filled with a mixture of 2 M K-acetate and 0.1 M QX-314
(sodium channel blocker; Sigma-Aldrich). Recordings were
made using an Axoclamp 2B amplifier (Molecular Devices)
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connected to a Powerl401 interface (sampling rate 20 kHz) and
using Spike2 software (CED). After impalement, identification of
MNs rested on the observation of antidromic action potentials in
response to the electrical stimulation of their axon in the triceps
nerve. This method of identification was still possible despite the
QX-314, as it takes ~30-90 s for the compound to diffuse from
the tip of the electrode to the cell body to block the sodium
channels. All MNs retained for analysis had a resting membrane
potential more hyperpolarized than -50 mV and an overshoot-
ing action potential >65 mV. As fully described in Manuel et al.
(2009), the input resistance was measured using the peak re-
sponse of a series of small-amplitude square current pulses (-3
to +3 nA, 500 ms), and the membrane time constant was mea-
sured on the relaxation of the membrane potential after injec-
tion of small hyperpolarizing current pulses (-5 nA, 1 ms). All
recordings were performed in bridge mode, except for the input
resistance, which was recorded using discontinuous current
clamp mode (7-9 kHz). All care was taken to compensate for the
microelectrode resistance and capacitance. At the end of the
experiments, animals were killed with a lethal i.v. injection of
pentobarbitone (200 mg/kg).

Vibration experiments

After initial surgery, the triceps nerve (composed of the nerves
innervating medial gastrocnemius, lateral gastrocnemius [LG],
and soleus muscles) was separated from the surrounding tissues
and mounted on a silver bipolar electrode for stimulation and
electroneurogram (ENG) recording. The triceps muscle belly
was separated from the surrounding tissues, and the Achilles
tendon was cut free at the triceps insertion point as close to the
heel as possible. The tendon was connected with a rigid suture to
the center of a loudspeaker membrane driven by a function
generator. Before the tendon was cut, the mouse paw was dor-
siflexed to the maximum flexion angle, and a small mark was
made on the bone to indicate the muscle’s maximum physio-
logical length. After the transfer of the tendon to the vibrator,
the muscle was stretched to mimic the maximum length during
dorsiflexion. The Achilles tendon was vibrated at frequencies
ranging from 300 to 500 Hz. For each MN, we searched for the
vibration frequency that elicited the largest EPSP (370 Hz, on
average). The obtained signal was smoothed using root mean
square amplitude (Spike2, time constant 4 ms), and then peak
amplitude of the response was measured.

Electrically evoked EPSPs and paired-pulse protocol
experiments

In these experiments, the surgery was similar to the previously
described vibration experiments, with the exception of Achilles
tendon dissection. After MN penetration and identification, the
triceps nerve was stimulated with constant-current pulses of
20-ps duration repeated at 3 Hz. The intensity of stimulation
was gradually increased from the threshold (minimal intensity
to recruit the most excitable afferents as seen by the apparition
of a volley response recorded at the surface of the spinal cord) up
to the point when maximum amplitude of EPSP was reached
(Fig. S1, A and B). 10-30 successive sweeps at the stimulation
intensity that elicited the maximal EPSP (usually 1.8x to 2.0x
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threshold) were averaged offline, and measurements were ob-
tained from these averages. In the paired-pulse experiments, the
nerve was stimulated with a pair of constant current pulses
separated by 10-ms intervals at an intensity that elicited sub-
maximal EPSPs amplitudes. The sequence was repeated at 3 Hz
210 times. For each MN, we computed the paired-pulse ratio for
each individual pair and then averaged the individual ratios. To
investigate the presynaptic inhibition of Ia terminals, the Ia
EPSP in TS MNs elicited by stimulation of the TS nerve (test
response) was conditioned by stimulating group I afferents in
the nerve branches innervating the posterior part of the biceps
femoris (three shocks at 200 Hz; 2x threshold of the most ex-
citable afferents; conditioning stimulation applied 23 ms before
the test stimulation). Renshaw inhibition was observed in sep-
arate experiments in which the L4-L5 dorsal roots were cut to
suppress the sensory EPSPs. In these conditions, stimulation of
the TS nerve produces only an inhibitory postsynaptic potential
elicited by the motor axon collaterals.

Stimulation of the descending tracts

These experiments were performed on a separate set of animals
from those in the Ia EPSP experiments above. After initial sur-
gery (laminectomy and nerve dissection as described above), a
craniotomy was performed over the cerebellum, ~1 mm caudal
with respect to the lambda landmark, and an additional lami-
nectomy over C7-Thl spinal segments was performed for de-
scending volley recording. A tungsten stimulating electrode
(WPL, tip 1 um, resistance 1 MQ) was inserted into the mouse
brainstem through the cerebellum, at the stereotaxic coor-
dinates anteroposterior -7.2, mediolateral +0.1 with reference to
the bregma landmark, using a Neurostar robot stereotaxic in-
strument. At this location, the MLF contains reticulospinal,
tectospinal, and vestibulospinal fibers. The vestibulospinal and
reticulospinal fibers make direct monosynaptic connections
with TS MNs in mice (Liang et al., 2014). The MLF was stimu-
lated with single constant-current shocks of 150-ps duration
delivered through the descending tungsten electrode against the
reference electrode located in the temporal muscles. The
smallest stimulation intensity (threshold intensity) to elicit a
volley in the cervical cord and in the lumbar cord was never
stronger than 25 pA (average 14.3 pA, SD 5.7 mA). Correct
placement of the electrode was assessed while monitoring the
descending volley at the C7 and L3 spinal levels. The electrode
was placed at the depth at which the descending volley was
maximal (Fig. S5, A and B).

Upon successful penetration of an MN, the MLF was stimu-
lated with a train of five pulses at 200 Hz, repeated at 3 Hz. We
then recorded EPSPs in spinal MNs at 2.2x threshold intensity
(the final intensity was always <60 pA; intensity at which the
current spread from the tip of the electrode was <0.25 mm
[Gustafsson and Jankowska, 1976] only activating MLF). We
recorded 10-30 sweeps, which were averaged, and measure-
ments were made on these averages. In a few cells (four wtSOD1
and six mutSODI1), the MLF stimulation evoked only a mono-
synaptic response, as exemplified in Fig. S5 D. The latency be-
tween the descending volley recorded at the lumbar level and
the EPSP onset was short (0.3 ms in the example of Fig. S5 D). In
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such a short delay, there is no time for the activation of an in-
terposed interneuron, indicating that the descending fibers
synapse directly onto the MN. In extremely rare instances (one
wtSOD1 and one mutSODI cell not included in the analysis of
monosynaptic inputs), we observed solely a disynaptic EPSPs
(Fig. S5 E). Disynaptic EPSPs appeared only after the second
shock (unfilled arrow, no EPSP visible in response to the first
shock), and they grew in response to the following stimulations,
indicating a progressive temporal facilitation of an increasing
number of interposed excitatory interneurons. The central la-
tency with respect to the fastest component in the volley was 1.4
ms, i.e., ~1 ms longer than the monosynaptic response (this
supplemental delay is caused by the activation of the synapses to
interneurons, the time for interneurons to reach their firing
threshold, and the axonal conduction velocity of interneurons,
which might be slower than the axonal conduction velocity of
descending fibers). However, in most MNs (15 wtSOD1 and 14
mutSOD1), the responses were mixed (Fig. 8 A): after the peak of
the monosynaptic component (filled arrowheads), a bump was
visible, reflecting the apparition of the disynaptic component
(unfilled arrowhead). However, this disynaptic component was
negligible in the response to the first stimulation of the train.

At the end of the experiment, the location of the electrode
was marked by an electrolytic lesion, the mouse was perfused
intracardially with 4% paraformaldehyde (PFA), and the brain-
stem was removed, cut at 100 pm on a vibrating microtome
(model 7000smz-2, Campden Instruments), and stained with
Cresyl violet. The lesion location was verified with light mi-
croscopy (Fig. S5 C).

PKA activation experiments

Initial surgery and MN stimulation and recording were per-
formed as described above. To measure the impact of PKA ac-
tivation on MN synaptic excitation levels, the recording
microelectrode was filled with a mixture of 2 M K-acetate, 0.1 M
QX-314, and 4 mM cAMP analogue (S)-adenosine, cyclic 3',5'-
(hydrogenphosphorothioate) triethylammonium (cAMPS-Sp).
Next, EPSP amplitude and paired-pulse ratio were measured
before, immediately after, and in successive 2-min intervals
after iontophoretic injection of cAMPS-Sp through the micro-
electrode (500-ms pulses of -2 to -4 nA, repeated at 1 Hz, total
amount injected -120 to -180 nA - s; Lalley et al., 1997).

Intracellular labeling of MNs and immunostaining of la
synaptic contacts

The surgery and intracellular recordings of TS MNs were per-
formed as above. The microelectrode was filled with a mixture
of 3 M KCl and 2% Neurobiotin (Vector Laboratories). A series of
current pulses (2-5 nA, 600 ms, 1 Hz), was used to transfer the
neurobiotin into the MN. 45 min after injection, to allow the
neurobiotin to diffuse in distal dendrites, the mouse was per-
fused intracardially, using 50 ml of 1x PBS and 100 ml of 4% PFA.
The spinal cord was postfixed for 1 h and then preserved in 1x
PBS. The spinal cord was embedded in 4% agarose and cut in 50-
pm slices with a vibratome (VT1000S, Leica). Slices were in-
cubated for 1 h in 1x PBS, 3% Triton X-100, BSA (5 mg/ml), and
10% donkey serum and then rinsed three times for 10 min with
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PBS. The Neurobiotin was revealed by incubation of the slices in
1x PBS, 1% Triton X-100, BSA (5 mg/ml), and Streptavidin-Cy3
(1:500, Sigma-Aldrich). After rinsing three times for 10 min,
slices were incubated overnight at 4°C in 1x PBS, 1% Triton
X-100, and BSA (5 mg/ml) with primary antibodies anti-VGluT1
(guinea pig, 1:4,000, Merck Millipore). Slices were rinsed three
times for 10 min again, and secondary antibodies Alexa Fluor
647-conjugated donkey anti-guinea pig (1:500, Jackson Im-
munoresearch Laboratories) were applied in 1x PBS, 1% Triton
X-100, and BSA (5 mg/ml) for 3 h at room temperature. Finally,
slices were washed three times for 10 min with PBS and
mounted on slides with Fluoroshield. Slides were then analyzed
using a confocal microscope for fluorescence (LSM710; Carl
Zeiss). For the somatic synaptic density, cholera toxin subunit B
coupled to Alexa Fluor 488 (10 ul, 2% CTb-488 in sterile water)
was injected into the right LG muscles at P50 (n = 3 WT and 3
mutSODI mice). 4-5 d later, the animals were perfused with 4%
PFA, and immunolabeling against VGIuT1 was performed as
above. Z-stacks of somas were acquired on a LSM710 confocal
microscope with a 63x oil-immersion objective. The images
were processed in Neurolucida, and a 3D model of the soma
surface was constructed while counting the number of boutons
in juxtaposition to the soma.

Chemogenetic experiments

The AAV9 encoding pAAV(9)-pCAG-A7-floxed-PSAM(LI4IF,
Y115F)5HT3-WPRE, and pAAV(9)-pCAG-A7-floxed-PSAM(LI141F,
Y115F)-GlyR-GFP-WPRE (Magnus et al., 2011) were prepared by
Vector Biolabs. The plasmid encoding pAAV-hSyn-DIO-rM3D(Gs)-
mCherry was obtained from Addgene (plasmid #50458), and the
plasmids encoding the capsid protein for WT AAV9 and the rep
gene were a kind gift of Oliver Miiller (University of Kiel, Kiel,
Germany); the AAV9 preparation was performed as previously
reported (Commisso et al., 2018). All AAV vectors were prepared
in stock suspensions at the titer of 1 x 10'® genomes/ml.

The intraspinal injection of single AAV9 vectors for the ex-
pression of the chemogenetic PSAM or DREADD receptors and
the chemogenetic agonist treatment were performed as previ-
ously reported (Saxena et al., 2013). This approach was chosen
because it yields a large number of infected MNs at the injection
site (Fig. S4 A). However, the volume injected was purposefully
kept small to (i) minimize the surgical and injection injury to the
juvenile spinal cord and (ii) minimize the discomfort to the
experimental animal that may result from excessive or reduced
excitability of a number of MNs. Consequently, only a spinal
cord segment 200-300 pm long contained infected MNs. Briefly,
animals were placed in a stereotaxic frame under buprenor-
phine (0.1 mg/kg)/meloxicam (1.0 mg/kg) premedication and
continuous 4% sevoflurane anesthesia (in 96% O, at 0.8 liter/
min). After incision of the skin and the subcutaneous fascia, the
paraspinal muscles were blunt dissected, and the dorsal laminae
of the T11-T12 vertebrae were incised with a corneal-limb scis-
sor (Fine Science Instruments). The bone flap was removed to
expose the dorsal aspect of the spinal cord. Using the dorsal
artery as reference, a pulled glass capillary was lowered using
the stereotaxic frame at the coordinates y = +0.25 mm z =
-0.4 mm at one location in the lumbar spinal cord.
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Approximately 0.5 pl total AAV suspension (titer 1 x 10'® ge-
nomes/ml) was mixed with 0.5 pl of 1.5% Fast-green and injected
(at 0.1 pl/min) using a PicoSprizer III (Parker) microfluidic device.
For the double-chemogenetic experiments, 0.5 ul of AAV9-PSAM
suspension and 0.5 pl of AAV2-9-DREADD Gs suspension were
mixed together with 1 pl of 1.5% Fast-green; a volume of 1 ul from
the mix was then injected. The capillary was left in place for
10 min after the end of the injection. After retraction of the cap-
illary, the paraspinal muscles were sutured on the midline using
Prolene 6/0 surgical thread, the fascia was positioned on the
midline, and overlying skin was sutured with Prolene 6/0. Mice
were administered buprenorphine (0.05 mg/kg) twice per day
and meloxicam (1.0 mg/kg) daily for three consecutive days after
surgery. The chemogenetic agonist PSEM?°® (Apex Scientific) was
administered s.c. at a dose of 5 mg/kg in saline. CNO (Tocris) was
administered at a dose of 5 mg/kg diluted in saline. For chronic
experiments, the agonist was injected once per day starting 10 d
after AAV injection for 7 d. For acute experiments, a single dose
was administered on the day 17 after AAV injection. Mice were
sacrificed 3 h after the last administration of the agonist.

Immunostaining of pre- and postsynaptic structures

All histological evaluations were performed on mutSOD1 or
nontransgenic littermates (called WT here). Mice were termi-
nally anesthetized with cloralium hydrate and transcardially
perfused with 50 ml ice-cold PBS followed by 2.5-3 ml/g of 4%
PFA in PBS (pH 7.4). Spinal cord samples were quickly dissected
and postfixed in 4% PFA in PBS at 4°C for 18 h, washed in PBS,
and cryoprotected in 30% sucrose in PBS for 36 h. Samples were
then snap-frozen in optimal cutting temperature compound and
sectioned at -18°C in a cryostat (Leica CM1950); 40-pm-thick
sections were washed in PBS and used for immunostaining.
Free-floating spinal cord sections were incubated in blocking
buffer (3% BSA and 0.3% Triton), followed by incubation with
opportune primary antibody (diluted in blocking buffer): anti-
VAChT 1:300, Millipore ABN100 (for goat anti-VAChT im-
munostaining, we diluted the primary antibody directly in a
BSA-free solution made with PBS and 0.3% Triton X-100 [Thermo
Fisher Scientific], avoiding the blocking step); anti-VAChT 1:300,
SYSY 139105; anti-misfolded SOD1 B8HI10 1:500, Biomol MM-
0070-P; anti-LC3A 1:300, Cell Signaling D50G8 4599, anti-RFP Atto
565 1:500, Nanotag Biotechnologies At565-S; anti-GFP 1:500, Ab-
cam abl3970; a-bungarotoxin CF 405S conjugate 1:500, Biotium
00002; anti-pGluRl 1:100, Abcam abl2108; anti-pGluR2 1:200,
Abcam ab52180; anti-VGluT1 1:500, SYSY 135304; anti-bassoon
1:500, Enzo VAM-PS003; anti—synaptophysin 1:200, SYSY
101002; anti-Homerlb/c 1:500, SYSY 160023; anti-Shankl1 1:200
Novus NB300-167.500; anti-Shank? 1:500 (previously reported
[Peter et al., 2016]; kind gift from Tobias Boeckers, Institute of
Anatomy and Cell Biology, Ulm University); anti-GluR4 1:500, Cell
Signaling Technologies D41A11 8070; anti c-Fos [2H2] 1:500, Abcam
ab208942; for 48 h at 4°C. The specificity of the antibody against
GluR4 was tested on cerebellar sections of WT and Gria4~/~ mice.
The molecular layer was brightly stained by the anti-GluR4 anti-
body in WT animals, but the staining was reduced to background
levels in Gria4~/~ mice (Fig. S4, G and H). Spinal cord sections were
thereafter washed three times for 45 min in PBS and 0.1% Triton
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X-100, incubated for 2 h at room temperature with the opportune
secondary antibody combination (all diluted at 1:500: donkey anti-
goat Alexa Fluor 405, Abcam abl75664; donkey anti-guinea pig
CF-633, Biotium 20171; donkey anti-rabbit Alexa Fluor 488,
Life Technologies A-21206; donkey anti-rabbit Alexa Fluor
647, Life Technologies A-31573; donkey anti-mouse Alexa Fluor
488, Alexa Fluor 568, and Alexa Fluor 647, Life Technologies
A-21202, A-10037, and A-31571; donkey anti-chicken Alexa Fluor
488, Jackson Immunoresearch 703-545-155) and mounted in
ProLong Gold Antifade (Thermo Fisher Scientific).

Fluorescent images were acquired with a Zeiss 710 confocal
microscope, with a 63x oil-immersion objective (NA 1.40) and
2.5 added optical zoom; optical section thickness was set at 200
nm; and images were acquired at 12-bit depth. Acquisition pa-
rameters were adjusted so as to maintain fluorescence intensity
from target structures below saturation and above zero values;
imaging parameters were kept constant across replicates and
genotypes. a-MNs were identified by their VAChT-positive cy-
toplasm surrounded by bright VAChT-positive C-boutons and
displaying a VAChT-negative area at the center of the cell cor-
responding to the nucleus. This strategy allows the exclusion of
y-MNs, which are devoid of C-boutons. The combined use of
cytoplasmic VAChT immunostaining and C-boutons lining, to-
gether with the identification of the nuclear halo, allows the
definition of the cellular contour and the establishment of the
spatial orientation of synaptic structures. The postsynaptic
structures located between the presynaptic terminal and the
cytoplasm of the cell are considered to belong to the identified
MN, whereas those located in proximity of the presynaptic
terminal but away from the cytoplasm are considered to belong
to other structures or cells and were excluded from the analysis.
For a better display, the contrast of the representative pictures
was adjusted to highlight mainly the bright C-boutons rather
than the relatively dimmer cytoplasmic VAChT staining (see Fig.
S2, E and F, for examples in which the VAChT signal was in-
tentionally boosted to highlight the cytoplasmic labeling). MNs
for analysis were selected randomly in the lateral pool of the
ventral horn from spinal cord sections (at L3-L5). Confocal
stacks were acquired starting at a depth of 4 pm below the
surface of the section; 10-15 optical sections were acquired for
each MN. Spinal cord sections displaying cutting or staining
artifacts, uneven staining, or background intensity were not
considered for imaging. MNs <20 um in diameter or displaying
no VGIuT1* synapses were not included in the analysis. Cutting,
immunostaining, and imaging was performed in batches that
included samples from both genotypes; freshly cut and im-
munostained samples from the same WT mice were also
routinely included and analyzed to ensure batch-to-batch
reproducibility.

Image quantification was performed in Image] (National In-
stitutes of Health). For the evaluation of the size of presynaptic
terminals (VGIuT1 and synaptophysin), three to five consecutive
optical sections were collapsed in maximum-intensity projec-
tion, subjected to rolling-ball background subtraction, and
thresholded for the segmentation of the synaptic terminals. The
orientation of the synaptic structures (i.e., identification of the
postsynaptic structures belonging to a selected MN) was
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performed using cytoplasmic VAChT staining and the shape of
the nucleus as references, as described above. The contour of the
region of interest, including the area positive for VGIuTl, syn-
aptophysin, or bassoon, was traced manually in Image]J, and the
surface and mean intensity values were logged. For c-Fos
quantification, the contour of the nucleus was delineated man-
ually on maximum-intensity projections of confocal stacks, and
the mean fluorescence intensity was logged.

Statistics

All values are provided as mean + SD. Box-and-whiskers plots
are defined such that the boxes extend from the lower to upper
quartile values of the data, with a thick line at the median. The
whiskers extend from the boxes up to the last point within the
interval +1.5x the interquartile range. Individual data points are
overlaid on top of the boxes (note that, for the sake of clarity, at
most 100 randomly chosen points are shown). *, P < 0.05; **, P <
0.0L; **, P < 0.001; and ***, P < 0.0001. Statistical tests were
performed in Prism v.6.0.7 (GraphPad Software) and SciPy Py-
thon v.1.4.1 (Virtanen et al., 2020). Figures were generated using
matplotlib v.3.1.3 (Hunter, 2007), seaborn v.0.10.0 (Waskom
et al., 2020), and ImageJ v.2.0.0 (Schindelin et al., 2015).

Electrophysiology

Results obtained from wtSOD1 MNs were compared with the
ones from mutSODI1 animals using appropriate statistical tests.
The tests were chosen based on data distribution (Shapiro-Wilk
normality test) and variance (F test). For data with normal dis-
tribution, we used Student’s t test, and for data with nonnormal
distribution, we used Wilcoxon-Mann-Whitney rank sum test.
In all cases, the significance level was set at P < 0.05.

Synaptic coverage

For the synapses on the soma, the synaptic density was calcu-
lated as the number of VGIuT1 appositions divided by the surface
of the reconstructed 3D model of the MN soma using Neuro-
lucida (number of synapses per 100 um? of soma). For dendrite
analysis, we considered dendrites to be proximal if (i) they were
located in the section containing the soma, (ii) the path of the
dendrite could be traced back to the soma, and (iii) the dendritic
path length was <100 um from the soma. Dendrites segments
from at least two 50-um-thick sections (>100-pm radial dis-
tance) away from the soma were considered as distal dendrites
(spread in four to seven different spinal cord sections per ani-
mal). The density of synapses was computed for each dendritic
segment (number of synapses per 100 um). Differences were
analyzed using Wilcoxon-Mann-Whitney rank sum test. The
significance level was set at P < 0.05.

Synaptic proteins analysis

For the analysis of synaptic proteins, confocal stacks were ma-
nipulated in ImageJ; the same manipulations were applied to all
images across replicates and genotypes. For fluorescence in-
tensity quantification, small stacks (three to five optical sec-
tions) were collapsed in maximum-intensity projection, and on
the resulting projected images, regions of interest were manu-
ally traced either overlapping the presynaptic marker or in the
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volume adjacent to it (for the analysis of postsynaptic proteins).
Each image was thresholded (different threshold for each synaptic
protein; Roselli et al., 2009) to standardize the identification of
pre- and postsynaptic clusters. For each presynaptic protein, the
average fluorescence intensity value was obtained and individu-
ally plotted. For postsynaptic proteins, whenever multiple post-
synaptic clusters were detected, they were measured separately,
and the fluorescence intensity value was averaged. For determi-
nation of the cluster area, the cumulative area of GluR4 or Hom-
erlb clusters was determined by measuring the area of individual
clusters (after thresholding) and summing the area of all clusters
corresponding to a given presynaptic terminal. Background fluo-
rescence was measured locally and subtracted. Mann-Whitney
nonparametric U tests (MW) were used to compare WT and
mutSOD1 MNs. For chemogenetic experiments, one- or two-way
ANOVAs, followed by Tukey honestly significant difference (HSD)
tests, were used to test the effects of infection versus genotype.
The significance level was set at P < 0.05.

Online supplemental material

Fig. S1 shows how EPSP grows with the stimulation intensity
and that EPSP amplitude measurements are not distorted by
disynaptic inhibition. It also shows that the level of presynaptic
inhibition is similar in wtSOD1 and mutSOD1 mice. Fig. S2 shows
that the presynaptic elements are not affected by the mutation.
Fig. S3 shows that dendrites of mutSOD1 MNs become va-
cuolized, and that the size of the vacuoles increases with disease
progression. Fig. S4 shows a representative image of a spinal
cord after intraspinal injection of an AAV, illustrating the high
rate of infection that can be achieved at the site of injection. In
addition, the figure shows that increasing MN activity via act-
PSAM restores the quantity of GluR4 and Homerlb proteins at
VGIuT1* synapses. It also includes data demonstrating the
specificity of the GluR4 antibody. Fig. S5 explains the method
used for MLF stimulation and shows examples of atypical re-
sponses seen in a few MNs.
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Figure S1. Inputs to TS MNs and presynaptic inhibition of la terminals. (A) Recordings from a mutSOD1 MN following nerve stimulation at different
intensities normalized to the threshold intensity for the afferent volley. The stimulation was gradually increased up to 5x threshold. Top blue traces: Afferent
volley recorded on the dorsal surface of the spinal cord. Bottom green traces: Membrane potential of the MN. The red dot designates the stimulation time.
Stimulation artifacts were truncated. The central latency between the volley and the EPSP onset is <0.5 ms, indicating that the EPSP is monosynaptic.
(B) Quantification of the amplitude of the EPSP measured at the peak (green dots and curve) and the peak-to-peak amplitude of the volley (unfilled squares and
curve), showing that both reach a maximum at ~2x threshold intensity. At higher stimulation intensities, the amplitude plateaus, and we did not observe
disynaptic EPSPs despite the possible recruitment of group Il afferents. (C) Recording of Renshaw inhibition in a separate experiment, showing that disynaptic
inhibition (vertical blue dotted line) arrives at longer latency than the peak of the monosynaptic EPSP. The motor axons in the nerve (L3-L5 dorsal roots cut)
were stimulated at 200 Hz (red dots) to elicit a visible Renshaw inhibition through temporal facilitation. Note that it was not possible to isolate Ib inhibition or
group Il inhibition from la excitation, but these inhibitions are disynaptic and thus cannot occur faster than Renshaw inhibition. Therefore, the peak mea-
surement of the monosynaptic EPSP is not contaminated by any inhibition. (D-H) Presynaptic inhibition in mouse MNs. We investigated whether la terminals
from the TS are subject to presynaptic inhibition following a conditioning stimulation of group I afferents from posterior biceps (PB), i.e., the most classic
pathway for presynaptic inhibition (Rudomin and Schmidt, 1999). (D) The left panel shows the unconditioned la monosynaptic EPSP on a wtSOD1 TS MN; the
right panel shows the same la EPSP conditioned by group | afferents from the PB. The conditioning stimulation (black dots) is a train of three electric
stimulations at 200 Hz that precedes the stimulation of the TS (red dots) by 23 ms. The conditioning stimulation reduces the test EPSP. We repeated this
experiment in 14 wtSOD1 MNs (F) in which the conditioning stimulation elicited an average reduction of the test la EPSP of 6 + 8%; paired t test, **, P = 0.004.
Asterisk, example in D. (E) Presynaptic inhibition in a mutSOD1 MNs. Same arrangement as in D. We repeated this experiment in 13 mutSOD1 MNs (G) on
which the conditioning stimulation elicited an average reduction of the test la EPSP of 5 + 6%; paired t test, **, P = 0.006. Asterisk, example in E. (H) The effect
of the conditioning stimulation on the size of la EPSPs was the same in wtSOD1 and mutSOD1 MNss (t test, P = 0.50), indicating that the strength of presynaptic
inhibition is similar in the two phenotypes. Experiments were performed in four wtSOD1 mice and six mutSOD1 mice.
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Figure S2. No change in the presynaptic structure of VGluT1* synapses onto MNs. (A) Examples of immunolabeled VGluT1* synapses juxtaposed to the
soma of a WT and a mutSOD1 TS MN labeled with cholera toxin b (CTb). Scale bar: 20 um. Insets show a 3D reconstruction of the cell soma with the location of
the VGIuT1* boutons in blue. Arrowheads point to synapses visible in the optical plane of the corresponding example. (B) Immunolabeled VGluT1* synapses on
proximal dendritic segments of a WT and a mutSOD1 Neurobiotin-filled (NB) MN. Filled arrowheads point to VGluT1* synapses on dendritic varicosities
(vacuolized in the case of the mutSOD1 MN). The unfilled arrowhead points to a synapse at a distance from the vacuole. Scale bars: 5 um. (C) Estimation of the
synaptic density of VGIuT1* boutons on the soma. WT: 1.6 + 0.5 synapses/100 pm?, n = 23 (three mice); vs. mutSOD1 2.0 + 0.8 synapses/100 um?; n = 17 (three
mice); MW, P = 0.18. (Dy) Estimation of the density of VGIUT1* boutons on proximal dendrites. WT: 28 + 20 synapse/100 um, n = 29 (four mice); vs. mutSOD1:
29 + 23 synapse/100 um, n = 29 (four mice); MW, P = 0.85. (D) Estimation of the density of VGluT1* boutons on distal dendrites. WT: 6 + 4 synapse/100 um,
n = 14 (four mice); vs. mutSOD1: 7 + 5 synapse/100 um, n = 13 (four mice); MW, P = 0.90. (E) Synaptophysin labeling in VGluT1* synapses juxtaposed to a MN
identified by VAChT labeling. Dotted line represents the approximate outline of the MN. Note that the intensity of the VAChT signal was intentionally boosted
to highlight the presence of an intracellular signal in addition to the presence of the C-boutons to identify MNs. (F) Bassoon labeling. Scale bars: 10 um (inset:
1 um). (G and H) No difference in cluster area of VGIuT1 (WT: 1.85 + 1.41 um? n = 179; vs. mutSOD1: 1.90 + 1.36 um?, n = 202; MW, P = 0.73) or in VGluT1
fluorescence intensity in WT and mutSOD MNs (WT: 1,459 + 315, n = 179; vs. mutSOD1: 1,494 + 350, n = 202; MW, P = 0.45). (1and J) No difference in cluster
size of synaptophysin (WT: 2.22  1.13 um? n = 91; vs. mutSOD1: 2.28 + 1.04 pm2, n = 75, MW, P = 0.55) or synaptophysin immunostaining intensity (WT: 1,653
+190, n = 91; vs. mutSOD1: 1,669 + 203, n = 75; MW, P = 0.61) inside VGluT1* synapses. (K and L) No difference in the size of bassoon puncta relative to the size
of the VGIuT1* bouton (WT: 24 + 26%, n = 36; vs. mutSOD1: 17 + 14%, n = 37; MW, P = 0.44) or bassoon puncta immunostaining intensity (WT: 1073 + 97, n =
118; vs. mutSOD1: 1,072 + 103, n = 118; MW, P = 0.68) in WT and mutSOD MNs. Each point on the graphs represents one synapse. Experiments in EL were
conducted on four WT and four mutSOD1 mice.
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Figure S3. MN dendrites of mutSOD1 animals display age-dependent vacuolization. (A) Dendritic varicosities (unfilled arrowheads) in a WT MN at P51.
(B) Dendritic varicosities (unfilled arrowheads) in a wtSOD1 MN at P98. (C) In mutSOD1 MNs, many varicosities display vacuoles (filled arrowheads). In
contrast, dendritic varicosities do not display any vacuole in wtSOD1 MNs (B), indicating that the vacuoles do not result from the transgenes by themselves but
are the consequence of the mutation. In mutSOD1 MNs, the vacuoles increase in size over time (C). Scale bars: 10 pm.
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Figure S4. Chemogenetic excitation of MNs rescues synaptic structure. (A) Image of the ventral spinal cord of a mouse injected intraspinally with an AA9
expressing inhPSAM. This section was very close to the injection site, and the infection rate was very high there, as shown by the fact that very few MNs
(identified by VAChT labeling, red) did not express inhPSAM (green). Scale bar: 50 um. (B) Timeline for the unilateral intraspinal injection of AAV9 5HT3-PSAM
(actPSAM) in double transgenic mutSOD1/ChAT-cre mice followed by injection of the specific ligand PSEM398, (C and D) GluR4 (C) and Homerlb (D) im-
munolabeling either in noninfected MNs (actPSAM-) or MNs expressing actPSAM (actPSAM*). The inset on the right is an enlargement of the region indicated
with a white rectangle. In all panels, dotted lines represent the approximate outline of the MNs. Scale bar: 10 pm (inset: 1 um). (E) Quantification of GluR4
cluster area at VGluT1* synapses in actPSAM infected MN (actPSAM*) versus contralateral noninfected MN (actPSAM-). ActPSAM~ MNs: 0.4 + 0.3 um?, n = 37;
vs. actPSAM* MNs: 0.8 + 0.4 um?, n = 47; MW, **** P < 0.0001. (F) Quantification of Homerlb cluster area at VGluT1* synapses in actPSAM-infected MNs
(actPSAM*) versus contralateral noninfected MNs (actPSAM-). actPSAM~ MNs: 0.6 + 0.8 um?, n = 44; vs. actPSAM* MNs: 1.1 + 0.9 um?, n = 62; MW, *** P =
0.0002. Each point on the graphs represents one synapse. (G and H) The specificity of the GluR4 antibody is demonstrated on the cerebellum of WT (G) and
Gria4 knockout (H) animals. Note the dense GluR4 labeling (green) in the molecular layer of WT animals while the labeling is almost completely absent in
Gria4~/~ animals despite the dense VGluT2 labeling (red). Scale bars: 100 pm.
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Figure S5.  Methodological considerations for MLF-evoked EPSP measurements. (A) Representation of the path of the stimulation electrode (dashed line)
in stereotaxic coordinates (adapted from Franklin and Paxinos, 2008). (B) Recordings of the lumbar volley produced by a single shock stimulation at 25 pA at
each of the depths represented by a cross in A. The electrode was placed where the amplitude of the volley was maximal (in this case, 5.3 mm). (C) At the end
of the experiment, an electrolytic lesion was performed at the location of the stimulation electrode to confirm correct placement. Scale bar: 0.5 mm.
(D) Example of recording in which only monosynaptic EPSPs were visible (filled arrow). Note the lack of disynaptic EPSP “bump” on the response to the last
stimulation. (E) Example of recording in which only disynaptic excitation (unfilled arrowhead) was visible. In this cell, the stimulation of descending fibers did
not evoke monosynaptic EPSP, indicating that they did not project directly to this MN. The disynaptic EPSP started to appear in response to the second
stimulation (unfilled arrowhead) and grew upon stimulation repetition, indicating temporal summation of the excitatory interneurons activated by the de-
scending fibers. The latency of disynaptic response is ~1 ms longer than for the monosynaptic response. Note that because this MN did not display any
monosynaptic component, it was not included in our analysis.
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