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NEUROSCIENCE

Spinal inhibitory neurons degenerate before motor
neurons and excitatory neurons in a mouse

model of ALS

Roser Montaiiana-Rosell', Raghavendra Selvan'?, Pablo Hernandez-Varas?, Jan M. Kaminski'*t,
Simrandeep Kaur Sidhu', Dana B. Ahlmark’, Ole Kiehn'*, llary Allodi'**

Amyotrophic lateral sclerosis (ALS) is characterized by the progressive loss of somatic motor neurons. A major fo-
cus has been directed to motor neuron intrinsic properties as a cause for degeneration, while less attention has
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been given to the contribution of spinal interneurons. In the present work, we applied multiplexing detection of
transcripts and machine learning-based image analysis to investigate the fate of multiple spinal interneuron pop-
ulations during ALS progression in the SOD1%%3* mouse model. The analysis showed that spinal inhibitory inter-
neurons are affected early in the disease, before motor neuron death, and are characterized by a slow progressive
degeneration, while excitatory interneurons are affected later with a steep progression. Moreover, we report dif-
ferential vulnerability within inhibitory and excitatory subpopulations. Our study reveals a strong interneuron
involvement in ALS development with interneuron specific degeneration. These observations point to differential
involvement of diverse spinal neuronal circuits that eventually may be determining motor neuron degeneration.

INTRODUCTION

In amyotrophic lateral sclerosis (ALS), somatic motor neurons de-
generate leading to muscle denervation and wasting (I). Hence,
people affected by the disease progressively lose the ability to control
muscles and perform movements. Execution of movements requires
coordinated activation of motor neuron pools for appropriate mus-
cle activation (2). The activation is mediated by a complex network of
inhibitory and excitatory intraspinal neurons decoding the input
from the descending motor pathways and the afferent sensory input
(3). Within the ventral horn of the spinal cord, inhibitory and excit-
atory neurons can be divided into four cardinal classes: VO, V1, V2,
and V3, identified by the expression of specific molecular markers
defining cell fate during development (4). Research in a number of
vertebrate species has shown that specific subpopulations of inhibi-
tory spinal neurons [expressing glycine or y-aminobutyric acid
(GABA)] and excitatory spinal neurons (expressing glutamate or
acetylcholine) form central pattern generators (CPGs), controlling
rhythmic movements, and regulating the coordination of locomo-
tion (2, 3, 5, 6).

These cardinal classes are further diversified. Thus, V0 interneu-
rons are, based on their axonal projections and excitatory or inhibi-
tory neurotransmitters, divided into several classes of neurons. A
small group of VO neurons expressing the Pitx2 transcription factor,
the VOc/g subpopulations, are ipsilaterally projecting, contain ei-
ther acetylcholine or glutamate, and are localized around the cen-
tral canal (7). The cholinergic VO neurons are the main source of C
boutons (7, 8). The largest population of V0 interneurons are con-
tralaterally projecting, inhibitory (VOp) or excitatory (VOy), and are
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characterized by expression or lack thereof of the Dbx1 and Evx1
transcription factors. They control left-right alternation at slow
(VOp) and high speed (VOy) of locomotion (9-11). V1 interneurons
are a large ipsilaterally projecting inhibitory population. In the
adult mice, 80% of them are glycinergic, although often coexpress-
ing GABA (12). Previous studies have shown that this population is
highly heterogeneous, and, depending on marker coexpression, up
to 50 subpopulations can be identified (13, 14). In mammals, V1
interneurons are known to control the speed of locomotion (15),
and Renshaw cells (RCs) as well as Ia interneurons belong to the V1
class (12). V2 interneurons are also ipsilaterally projecting and
divided into V2a excitatory interneurons and V2b inhibitory inter-
neurons. V2a neurons are characterized by expression of the tran-
scription factor Chx10 (16) and are rhythmically active during
locomotion (17). V2b neurons are identified by Gata2/3 expression
(18) and, together with V1 interneurons, are required for the coor-
dination of flexor-extensor alternation (19, 20). The V3 interneu-
rons project both contralaterally and ipsilaterally (21, 22) and are
excitatory; ablation or silencing of those neurons leads to changes
in left-right coordination (21). Two other molecularly defined ex-
citatory populations are the Shox2 (17) and the Hb9-positive (also
called Mnx1) (23) neurons. Shox2 neurons are found in the inter-
mediate area of the spinal cord, 75% of them coexpress Chx10 while
the remaining 25%, which are Shox2-positive and Chx10-negative,
are known to be involved in rhythm generation (17). Hb9 is ex-
pressed by motor neurons as well as many interneurons in the inter-
mediate area, some of which also contribute to locomotor rhythm
generation (23).

Growing evidence has reported spinal circuit dysregulations in
ALS [for review (24)]. The cholinergic C boutons on motor neurons
undergo changes during ALS progression (25). Glycinergic inter-
neurons change their electrophysiological properties at early post-
natal (P) stages, with the most ventrally located neurons being less
excitable (26). Our recent findings showed that already at P45, be-
fore motor neuron degeneration and muscle denervation, there is a
loss of glycinergic synapses on fast motor neurons (27), including
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the V1 interneuron synapses (27). Other studies have also reported
aloss of V1 and V2a interneurons at different disease stages (28, 29).
However, the temporal dynamics of potential loss of excitatory and
inhibitory interneurons in the ventral spinal cord motor-related cir-
cuits throughout disease development have not been revealed. Since
these interneuron populations are essential for movement, we set
out to perform such studies.

A clear challenge to this type of investigation is the inherent dif-
ficulties in being able to study the fate of multiple interneuron sub-
populations during disease progression. To succeed, it requires the
simultaneous visualization of several molecular markers in the spinal
cord as the disease develops. Previous studies have used multiplexed
antibody staining with up to four different markers to identify neuro-
nal subpopulations within the spinal cord (13). However, recent ad-
vancement in the multiplexing detection of transcripts now allows for
the visualization of tens and up to hundreds of markers at the same
time (30, 31). While multiplexing detection and visualization are now
routinely performed in several laboratories (32-34), reliable quantifi-
cation of multiple transcripts in the same cells has been proven difficult
and often requires manual annotation. Hence, in the present study, we
developed machine learning-based tools to automize cell segmenta-
tion and subsequent transcript registration, as well as a bioinformatic
analysis pipeline to perform spatial analysis of differentially expressed
transcripts. The combination of the multiplexing detection and the
computational analysis allowed us to investigate the changes in expres-
sion of molecular markers identifying multiple classes of interneurons
in the spinal cord as well as motor neuron populations in the SOD1%%*4
mouse at three time points of disease progression: (i) presymptomatic
disease stage, P30; (ii) onset of locomotor disease stage, P63, and (iii)
end disease stage with motor neuron death, P112. We find that inhibi-
tory subpopulations of interneurons start losing their specific markers
[e.g., Engrailed-1 (Enl) and Calbl] early in the disease. In contrast,
excitatory interneurons (e.g., Chx10-positive) lose their specific mark-
ers at late stages of the disease, although these changes in expression
appear quickly at symptomatic stages. Together, these results point to-
ward a large contribution of spinal interneuron circuits in disease, with
distinct degenerative temporal dynamics between inhibitory and ex-
citatory interneurons.

RESULTS

Developmentally defining neuronal markers are maintained

in the adult spinal cord

The expression of molecularly defining interneuron markers has been
mainly characterized during mouse development at embryonic and
postnatal stages (4, 13). Among these markers are transcription fac-
tors, whose expression appears to be down-regulated in the adult tis-
sue making antibody detection less sensitive. We previously showed
that the Enl transcript, identifying V1 interneurons, can be reliably
detected in the mouse adult spinal cord by in situ hybridization (27,
35). In the present study, we compared the expression of 24 markers
(Fig. 1, A and B) in P1 and P28 mouse spinal cord tissue to validate
their presence and spatial location in the adult, by using an in situ
sequencing technique (CARTANA) (Fig. 2A), now replaced by Xeni-
um (10x Genomics) (31). This technique allows for the detection of
more than 250 markers at the same time, by using barcoded probes
detecting the specific transcripts (31). Upon sequencing, information
about the spatial localization of the barcodes is provided as X-Y coor-
dinates within the acquired tile images (31) which allow for exact lo-
calization of transcript within the spinal cord (Fig. 2A). However, for
exact subpopulation identification, coexpression of multiple markers
is often required. Therefore, outlines of neuronal soma or cell bodies
are needed to assign potential expression of multiple markers within
the same cell. Previous computational methods have been developed
to identify cell body boundaries based on the segmentation of nuclear
[4',6-diamidino-2-phenylindole (DAPI)] staining (32, 36). However,
neurons found within the ventral and dorsal areas of the spinal cord
differ substantially in shape and size, with ventral neurons being larg-
er and dorsal neurons being characterized by smaller and rounder
somata. Therefore, segmentation based on nuclear staining might not
capture the diverse cell body size in the spinal cord. To segment spinal
neurons, we therefore implemented a machine learning deep ensem-
ble approach as shown in Fig. 2A. To get an outline of cell bodies we
used NeuroTrace, which provides a fluorescent Nissl staining of the
cytoplasm of neurons and nuclei. NeuroTrace images of the analyzed
spinal cord tissue were obtained after in situ sequencing and regis-
tered to the DAPI images obtained by CARTANA for X-Y coordinate
registration (Fig. 2A). Probabilistic segmentation of the cell bodies

A Contralateral Ipsilateral * Excitatory B
_projections projections N Inhibitory
Vo Pitx2, Evx1, ChAT
VA Ent, Foxp2, Pou6f2, Sp8, Lmo3, Bhihb5, Nr3b3, Nr4a2, Prdm8
g S V1 - Renshaw cells Calb1
Vo, £ Vo, ,;\l2a
Vo) (V0c) =3 =" |(Vzh) V1 - lainterneurons  Calb2, Pvalb
vo, Vo, Spg2 N Fvalb
) \’/31 V2a Chx10, Shox2
Mj‘ = Hb9 = ) Hb9 interneurons Mnx1

Vglut2, GlyT2, Gad67, Gad65, Lhx1, Lhx5

Fig. 1. Interneuronal markers investigated in the present study and their circuitry. (A) Schematic of the locomotor circuits in the mammalian lumbar spinal cord.
Shown are the cardinal ventral interneuron subpopulations (VOp, VOy, VO¢, V1, V1 RCs, V1 la interneurons, V2a, V2b, and V3) as well as Shox2 and Hb9 interneurons, and
their main ipsilateral (solid) or contralateral (dashed) projections. Inhibitory inputs are shown as triangles, and excitatory are shown as circles. (B) Panel of markers de-
tected throughout the study representing the different interneuron populations of interest. Transcript expression of underlined markers was quantified for characteriza-

tion of interneuron dysregulation in ALS progression.
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Fig. 2. Fate-defining markers are present in adult mouse tissue. (A) Pipeline used for processing and analysis of in situ sequencing data. NeuroTrace (NT) images were
acquired and registered to in situ sequencing data based on 4’,6-diamidino-2-phenylindole (DAPI) staining. These were then used for segmentation of neuronal cells us-
ing a machine learning deep ensemble model based on the use of U-Net convolutional neural network with k-fold cross-validation, which was applied separately to
patches (512 x 512 pixels) of annotated data from P1 (52 annotated patches) and P28 (20 annotated patches) and merged through two ensemble steps to obtain proba-
bilistic segmentation. A confidence threshold and structural kernel were applied to obtain final segmentation, to which in situ sequencing coordinates were registered.
Only transcripts that localized to segmented cells were used for final processing in R, where coordinates were normalized and plotted for visualization and qualitative
analysis. (B) Validation of identity markers by in situ sequencing technique in wild-type (wt) young adult mouse lumbar spinal cord (P28, right) compared to early postna-
tal (P1, left), for the interneuron populations included in the study: Pitx2 (pink circle) for VOc/g, En1 (blue square) for V1, Chx10 (green diamond) for V2a, Shox2 (khaki tri-
angle), and choline acetyltransferase (ChAT; salmon circle) for VOc and motor neurons. (C) Validation of markers for inhibitory interneuron subpopulations in adult mouse
tissue including parvalbumin (Pvalb; blue circle), Calb1 (green square), Foxp2 (khaki diamond), Pou6f2 (salmon triangle), and Sp8 (pink circle). Data in (B) and (C) are
pooled from n = 2 sections from N = 1 mouse for P1, and N = 2 mice for P28.
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was then obtained on the basis of the NeuroTrace staining, using an
updated version of a deep ensemble method previously developed for
limited label training data (37). Neuron annotations for both P1
(n = 52 annotated patches, from N = 2 sections from two indepen-
dent mice) and P28 tissue (n = 20 annotated patches, from N = 2 sec-
tions from two independent mice) were generated and used to train
parallel models using U-Net convolutional neural networks (CNN)
with k-fold cross-validation (Fig. 2A). The final ensemble model ob-
tained from the combination of P1 and P28 models was used for
probabilistic segmentation of the tile images. A threshold of 0.4 con-
fidence and a structural kernel of 5 were applied to define the final
segmentation used for analysis (neurons visualized in yellow and
green; Fig. 2A). Transcript X-Y coordinates were then registered to
segmented neurons, and spatial analysis was performed per hemi-
cord. A total of N=6 P1 and N = 29 P28 spinal cord sections (from 3
and 11 mice, respectively) were analyzed to validate transcript expres-
sion and spatial localization. Cross sections obtained from lumbar (L)
segments 1 to 3 were included in the study. Figure 2B shows an ex-
ample of spatial analysis for the cardinal neuronal identity markers
Pitx2, Enl, Chx10, Shox2, and choline acetyltransferase (ChAT) in P1
versus P28 tissue (the graph includes data from two spinal cord sec-
tions from one mouse at P1, and two sections from two mice at P28;
markers are shown in different colors and shapes). An example of
spatial segregation of markers for inhibitory interneuron subpopula-
tions including parvalbumin (Pvalb) (12), Calbindin (Calb1), Foxp2,
Pou6f2, and Sp8 (13), which can be used in combination with En1 to
represent V1 interneurons, is shown in Fig. 2C. Examples of combi-
natorial expression of interneuron markers are shown in fig. S1 (A
and B), including colocalization of inhibitory markers with En1. The
lack of representation of some markers at P28 can be explained by the
fact that the in situ sequencing technique detects only 30% of all tran-
script, thus especially underrepresenting the more lowly expressed
markers (such as Pitx2 or combinatorial En1/Sp8) in the portrayed
dataset (2 to 6 sections out of 29). However, when taking into account
the full dataset (not shown here to facilitate visualization), all markers
were detected.

This analysis demonstrates that the interneuron markers that
have been used embryonically and early postnatally to characterize
spinal interneuron populations (4, 38, 39) are also found in the adult
spinal cord. On the basis of spatial localization, it appears that the
marker-identified interneuron populations maintain their identity
in the adult spinal cord.

Interneuron markers in the SOD1°*** mouse

For single mRNA molecule quantifications in healthy and SOD
tissue, we used the RNAscope HiPlexUp technique (ACD, Bio-
Techne) (Fig. 3 and fig. S2A). RNAscope is known to detect ~95% of
mRNA molecules of the targeted transcripts, and the HiPlexUp
technique allows for simultaneous detection of up to 48 transcripts
in the same tissue. We used the 24 transcripts originally investigated
by in situ sequencing (Fig. 1B). The probes were designed and vali-
dated by ACD BioTechne and the procedure was performed as
shown in fig. S2A. Upon two series of hybridization-amplification
and four labeling and cleaving rounds per series, images were ac-
quired in a total of eight rounds (three probes imaged per round).
DAPI and NeuroTrace staining were included for image registration
and cell segmentation, respectively. Using Image], registration ma-
trixes for the eight HiPlexUp rounds plus NeuroTrace were gener-
ated on the basis of DAPI staining, and these were used to transform
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and merge 26 superimposed tile images of each spinal cord section
(one per transcript + DAPI + NeuroTrace) which were used for fur-
ther processing in the ZEN software (Zeiss). The machine learning-
based Intellesis tool (Zeiss) was used for cell segmentation and
neuron enrichment (fig. S2, B and C; in orange is the positive frac-
tion = neurons included in the study, in blue is the negative frac-
tion = background and other cells). X-Y coordinates and area were
obtained for each segmented neuron, while the intensity means and
SD were obtained for each transcript expressed within each neuron
(fig. S2B).

Three different time points were included in the study: P30 (pre-
symptomatic disease stage), P63 (onset-of-locomotor-phenotype
disease stage), and P112 (symptomatic disease stage with motor
neuron death). Three wild-type (wt) and three SOD1%%3A mice were
included per time point. Analysis was performed per hemicord
since SOD1%** shows asymmetrical loss of neurons within the spi-
nal cord similar to patients with ALS with spinal cord onset (40-43).
Both left and right hemicords were analyzed for each mouse, with
two to five hemisections included per hemicord. With this approach,
98.943 neurons were segmented, of which 84.791 were included in
the study after applying a soma size threshold of 70 pm” When
comparing the number of segmented neurons per condition and
time point, we observed that a comparable number of neurons were
included in the study, with an average of 625 segmented cells per
hemisection (multiple unpaired ¢ tests with Welch correction; P30:
t=0.5782, df = 38, P > 0.9999; P63: t = 1.311, df = 41, P = 0.5918;
P112: t = 0.09803, df = 46, P > 0.9999; n = 20 to 26 hemisections,
N = 3 mice per condition) (fig. S2D; the spatial distribution of the
segmented neurons is shown for individual mice in fig. S2E). At
P112, changes in expression levels are visually notable for some of
the markers (e.g., Enl and Chx10), due to the clear decrease in in-
tensity when compared to control conditions (Fig. 3, C to F). All 24
markers were investigated in disease progression in the SOD1%*4
mouse. However, in the present work, only the following markers re-
lated to major classes of ventral interneurons will be discussed (un-
derlined in Fig. 1B): En1, FoxP2, Pou6f2, and Sp8 for V1 interneurons;
Calb1 for V1 putative RCs; Pvalb and FoxP2 for V1 putative Ia inter-
neurons; Chx10 for V2a interneurons; Shox2 for excitatory interneu-
rons; Pitx2, ChAT, and Vglut2 for VO¢/g interneurons; ChAT for motor
neurons; GlyT2, Gad67, Gad65, and Vglut2 for neurotransmitter-
defined neurons.

V1 inhibitory interneurons show early dysregulation and
differential vulnerability among subpopulations

Upon image postprocessing (Fig. 4A and fig. S2, A and B), V1 inter-
neurons were defined as inhibitory neurons (GlyT2-, Gad65-, and/
or Gad67-positive), positive for Enl (Fig. 4, B and C). Analysis per-
formed at the presymptomatic disease stage did not show alterations
in Enl expression (P30: nested unpaired two-tailed ¢ test, t = 1.305,
df = 10, P = 0.2210, n = 20 to 22 hemisections, N = 6 hemicords
from three mice per condition) (Fig. 4D). Our previous data with
manual detection showed ~25% decrease in the Enl transcript ex-
pression already at P63 in the SOD1%** mice (27). Here, we found
a similar decrease in expression at P63 using the automized ap-
proach (P63: 19.2% down-regulation, nested unpaired two-tailed
t test, t = 2.493, df = 10, P = 0.0318, n = 21 to 22 hemisections,
N = 6 hemicords from three mice per condition) (Fig. 4D). The Enl
loss was further exacerbated in symptomatic mice with a total de-
crease of 45.4% compared to controls (P112: nested unpaired

40f18



SCIENCE ADVANCES | RESEARCH ARTICLE

\ P112 WT || P112 SOD1
2 Gad67 Gadeé5 Vglut2 ChAT
& ° ’

Set 1: Neurotransmitter markers

Sp8 Calb1 Pvalb

Set 2: V1 markers

Set 3: Excitatory interneuronal markers

Fig. 3. Interneuron marker transcript detected by RNAscope HiPlexUp. Microscopy images obtained by RNAscope HiPlexUp multiplexed in situ hybridization in wt
(left) and SOD1%°** mice (right) at P112, including all markers used for characterization of interneuron dysregulation. To facilitate visualization, markers have been divided
into three subsets. For each subset and condition, an overview of a full hemisection is shown, together with an inset with higher magnification. (A and B) Subset 1 includes
neurotransmitter markers: GlyT2 (blue), Gad67 (orange), Gad65 (deep red), Vglut2 (green), and ChAT (purple). (C and D) Subset 2 includes markers for inhibitory and V1
population: En1 (blue), Foxp2 (orange), Pou6f2 (yellow), Sp8 (red), Calb1 (green), and Pvalb (purple). Arrows point to neurons that are En1*/Pou6f2* (yellow), En1*/Sp8*
(red), En1*/Calb1™ (green, putative for Renshaw cells), En1*/Foxp2*/Pvalb™ (purple with orange stroke, putative for V1 la interneurons). (E and F) Subset 3 includes mark-
ers for some excitatory populations: Chx10 (green, for V2a), Shox2 (purple), and Pitx2 (red, for VOc/c). Arrows point to neurons that are Chx10* (green), Shox2* (purple),
Chx10%/Shox2™ (white), and Pitx2™ (red).
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(F to K) HiPlexUp images of En1 (blue) colocalized with V1 subpopulation markers (orange) Foxp2 (E and F), Pou6f2 [(G) and (H)], and Sp8 [(I) and (J)] with NT (gray), in
controls and SOD1%A mice at P112. (L to N) Quantification in SOD1%°3* mice versus controls shows significant decrease in Foxp2* neurons at P63 and P112 (L) (nested
unpaired two-tailed t tests; P63 P = 0.0036, P112 P < 0.0001), Pou6f2* neurons at P63 and P112 (M) (nested unpaired two-tailed t tests; P63 P = 0.0100, P112 P = 0.0007),
and Sp8* neurons at P112 (N) (nested unpaired two-tailed t tests; P63 P = 0.7444, P112 P = 0.0083). Scale bars, 100 pm. 2D kernel densities in (E) were plotted with 10 bins
using viridis scale. N = 6 hemicords from three mice (filled shapes, representing biological replicates). Number of hemisections (empty shapes, technical replicates for
biological replicate): P30 n(wt) = 22, n(SOD1) = 20; P63 n(wt) = 22, n(SOD1) = 21; P112 n(wt) = 23, n(SOD1) = 26. Data are shown as means + SD.
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two-tailed ¢ test, t = 6.379, df = 47, P < 0.0001, n = 23 to 26 hemi-
sections, N = 6 hemicords from three mice per condition), which
was also evident upon visualization of spatial distribution and
count-based kernel density estimation (Fig. 4, B and E).

We next investigated potential differential vulnerability within V1
subpopulations by analyzing FoxP2-, Pou6f2-, and Sp8-positive neu-
rons (13) at P63 and P112 time points (Fig. 4, F to N). Quantified
neurons were positive for GlyT2, Gad65, and/or Gad67, and Enl
markers as well as FoxP2, Pou6f2, or Sp8 (Fig. 4, F to K). The analysis
revealed a differential vulnerability among neurons, with FoxP2
(P63: 37.4% down-regulation, nested unpaired two-tailed ¢ test,
t=3.777,df =10, P=0.0036, n = 22 to 21 hemisections, N = 6 hemi-
cords from three mice per condition) (Fig. 4L) and Pou6f2-positive
neurons (P63: 35.1% down-regulation, nested unpaired two-tailed ¢
test, t = 3.168, df = 10, P = 0.0100, n = 22 to 21 hemisections, N =6
hemicords from three mice per condition) (Fig. 4M) decreasing in
number at earlier time-points compared to the Sp8-positive neurons
(P63: ns, nested unpaired two-tailed ¢ test, + = 0.328, df = 41,
P =0.7444, n = 22 to 21 hemisections, N = 6 hemicords from three
mice per condition) (Fig. 4N). Despite appearing initially more resis-
tant, Sp8-positive neurons were reduced in numbers at P112 (P112:
36.4% down-regulation, nested unpaired two-tailed f test, t = 2.754,
df =47, P=0.0083, n =23 to 26 hemisections, N = 6 hemicords from
three mice per condition) (Fig. 4N). At the same time point, FoxP2-
and Pou6f2-expressing neurons were further decreased in numbers
(P112 FoxP2: 44.3% down-regulation, nested unpaired two-tailed ¢
test, t = 5.502, df = 47, P < 0.0001; P112 Pou6f2: 43.9% downregula-
tion, nested unpaired two-tailed ¢ test, t = 3.637, df = 47, P = 0.0007;
n = 23 to 26 hemisections, N = 6 hemicords from three mice per
condition) (Fig. 4, L and M). Spatial information regarding changes
in expression at P63 of Enl transcripts, as well as Foxp2, Pou6f2, and
Sp8, is shown in fig. S3 (A to D). All positive neurons were included
in the analysis, independently of whether they were low or high ex-
pression for the transcript. Moreover, the shown contour plots also
display all neurons without any cutoff in spatial density.

Putative RCs and Ia interneurons, members of the V1 subpopula-
tion, were also analyzed at P63 and P112. These functionally defined
interneuron populations are found in specific areas of the ventral spi-
nal cord (12). In this study, putative Ia interneurons were identified as
inhibitory interneurons (GlyT2+, Gade5t, and/or Gad67%), positive
for Enl, FoxP2, and Pvalb (Fig. 5, A and B) (12). Moreover, we re-
stricted their location to the ventrolateral area of the spinal cord,
where Ia interneurons are found (Fig. 5D). Decreased numbers of
inhibitory En1*/FoxP2*/Pvalb™ neurons were found at P63 (42.0%
down-regulation) as well as at P112 (45.8% down-regulation) (Fig. 5,
C and D) (P63: nested unpaired two-tailed ¢ test, t = 3.279, df = 41,
P =0.0021, n = 22 to 21 hemisections, N = 6 hemicords from three
mice per condition; P112: nested unpaired two-tailed ¢ test, t = 4.760,
df=47, P <0.0001, n =23 to 26 hemisections, N = 6 hemicords from
three mice per condition). Putative RCs were identified by their ex-
pression of the inhibitory markers GlyT2, Gad65, and/or Gad67, in
combination with Enl and Calbl (Fig. 5, E and F) and their ventral
location in the spinal cord (Fig. 5H). The number of ventral inhibi-
tory En1*/Calb1™ neurons was reduced by 52.8% at P63 (P63: nested
unpaired two-tailed ¢ test, = 2.587, df = 10, P = 0.0271, n =22 to 21
hemisections, N = 6 hemicords from three mice per condition)
(Fig. 5G), and this reduction was exacerbated at P112 to a 79.5% de-
crease (P112: nested unpaired two-tailed ¢ test, t = 3.630, df = 10,
P =0.0046, n = 23 to 26 hemisections, N = 6 hemicords from three
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mice per condition) (Fig. 5, G and H). The spatial distributions of
putative V1 Ia and RCs at P63 are shown in fig. S4 (A and B).

Together, these data show that all the analyzed V1 subpopula-
tions are affected at a symptomatic stage in the SOD1%** mice
when compared to the wt control. However, earlier in the disease,
V1 subpopulations show differential vulnerability, with Sp8* neu-
rons being more resistant to loss of transcripts, and putative RCs
being most strongly affected.

Inhibitory neurotransmitter expression and V1 interneuron
survival decrease only at symptomatic stages, while the En1
transcript is lost earlier on
The expression of the glycine transporter 2 (Glyt2) and the enzymes
catalyzing the GABA neurotransmitter Gad67 (also called Gadl)
and Gadé65 (also called Gad2) was investigated at the three time
points (Fig. 6 and figs. S5 and S6). These markers are used to visual-
ize glycinergic and GABA-releasing (GABAergic) neurons, respec-
tively. GlyT2 transcript (Fig. 6, A and B) was down-regulated only at
P112 (P30: nested unpaired two-tailed ¢ test, t = 0.332, df = 10,
P =0.7469, n = 22 to 20 hemisections, N = 6 hemicords from three
mice per condition; P63: nested unpaired two-tailed # test, t = 0.881,
df = 41, P = 0.3836, n = 22 to 21 hemisections, N = 6 hemicords
from three mice per condition; P112: nested unpaired two-tailed ¢
test, t = 3.058, df = 10, P = 0.0121, n = 23 to 26 hemisections, N =6
hemicords from three mice per condition) (Fig. 6, C and D). Gad67
expression (Fig. 6, E and F) was also decreased only at P112 (P30:
nested unpaired two-tailed ¢ test, = 0.105, df = 40, P = 0.9172,
n = 22 to 20 hemisections, N = 6 hemicords from three mice per
condition; P63: nested unpaired-two tailed # test, t = 1.604, df = 10,
P =0.1398, n =22 to 21 hemisections, N = 6 hemicords from three
mice per condition; P112: nested unpaired two-tailed ¢ test, t = 3.399,
df =47, P=0.0014, n = 23 to 26 hemisections, N = 6 hemicords from
three mice per condition) (Fig. 6, G and H), while no changes in
Gad65 transcript levels (Fig. 6, I and J) were observed at any of the
investigated time points (P30: nested unpaired two-tailed ¢ test,
t=0.414, df =10, P = 0.6879, n = 22 to 20 hemisections, N = 6 hemi-
cords from three mice per condition; P63: nested unpaired two-tailed
ttest, t = 1.273, df = 41, P = 0.2101, n = 22 to 21 hemisections, N = 6
hemicords from three mice per condition; P112: nested unpaired two-
tailed ¢ test, t = 0.995, df = 10, P = 0.3431, n = 23 to 26 hemisections,
N = 6 hemicords from three mice per condition) (Fig. 6, K and L).
To further investigate inhibitory interneuron survival, we per-
formed lineage tracing for the V1 subpopulation in the SOD1%%%4
mouse. For this, we generated a triple transgenic mouse carrying the
SOD1%*** mutation and expressing tdTomato (44) under the En1 pro-
moter (SOD1%*4;En1%R26R™™° m5use) (Fig. 7A). TdTomato-
positive neurons were quantified in wt mice at different time points
and compared with P63, P84, and P112 SOD1*** mice (Fig. 7, B and
C). Quantifications of tdTomato-positive neurons (Fig. 7D) were used
to evaluate V1 interneuron fate, while quantifications of double-
positive tdTomato and Enl neurons (Fig. 7E) were used to evaluate
transcript fate in the V1 population. These quantifications revealed a
significant decrease in number of tdTomato™ cells in the symptomatic
mice at P112 compared to wt mice [nested one-way analysis of vari-
ance (ANOVA) with Dunnett’s post hoc, F;,5 = 3.332; wt as control
group, n = 65 hemisections, N = 14 hemicords from 7 mice; SOD1
P63: P = 0.4608, n = 26 hemisections, N = 6 hemicords from three
mice; SOD1 P84: P = 0.6398, n = 25 hemisections, N = 6 hemicords
from three mice; SOD1 P112: P = 0.0115, n = 27 hemisections, N = 6
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Fig. 5. Putative V1 la interneurons and Renshaw cells show dysregulation in the SOD15?** mouse. (A and B) Colocalization of En1 (blue), Foxp2 (orange), and Pvalb

(purple) transcript detected by RNAscope HiPlexUp in situ hybridization in wt (A) and SOD1%*A mice (B) at P112. (C) Significant reduction in inhibitory En1*/Foxp2*/
Pvalb® neurons within the ventrolateral region of the spinal cord, where V1 la interneurons are located, in SOD1%%%*A mice (gray) versus wt (red) at P63 and P112 (nested
unpaired two-tailed t tests; P63 P = 0.0498, P112 P = 0.0016). (D) Spatial distribution with count-based kernel density estimations of putative la interneurons from pooled
P112 spinal cord sections. Data show a decrease in En1*/ Foxp2*/Pvalb* neurons in the SOD1%** mouse (right/red) compared to healthy controls (left/gray). (E and
F) Colocalization of En1 (blue) and Calb1 (orange) transcript in wt (E) and SOD16%3A spinal cord (F) at P112. (G) Marked loss of inhibitory En1*/Calb1™ neurons located
within the ventral spinal cord, where RCs are found, in the SOD1%3* mouse at P63, with exacerbation at P112 (nested unpaired two-tailed t tests; P63 P = 0.0271, P112
P=0.0046). (H) Spatial distribution of putative RCs (En1*/Calb1™) at P112 with very few cells in the ventral spinal cord of SOD1%** mice compared to healthy control mice,
evidencing the marked reduction in En1*/Calb1* neurons. Scale bars, 100 pm. NT counterstaining in gray. 2D kernel densities in (D) and (H) were plotted with 10 bins
using viridis scale. N = 6 hemicords from three mice (filled). Number of hemisections (empty): P30 n(wt) = 22, n(SOD1) = 20; P63 n(wt) = 22, n(SOD1) = 21; P112 n(wt) = 23,
n(SOD1) = 26. Data are shown as means + SD.

hemicords from three mice] (Fig. 7D). The analysis of transcript fate in
the V1 population showed a decreased expression of Enl already at
P63, which was maintained at P84 and then further decreased at P112
(nested one-way ANOVA with Dunnett’s post hoc, F3 53 = 38.24; wt as
control group, n = 65 hemisections, N = 14 hemicords from 7 mice;
SOD1 P63: P < 0.0001, n = 26 hemisections, N = 6 hemicords from
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three mice; SOD1 P84: P = 0.0001, n = 25 hemisections, N = 6 hemi-
cords from three mice; SOD1 P112; P < 0.0001, n = 27 hemisections,
N = 6 hemicords from three mice) (Fig. 7E). These results show that
V1 inhibitory interneurons die at a late disease stage as shown by the
significant loss of tdTomato-positive neurons at P112, while the Enl
transcript is lost at earlier stages of the disease.
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means + SD.

Glutamatergic V2a neurons lose Chx10 transcript late in
disease, while Shox2*/Chx10~ and VOg interneurons remain
unaffected, as does Vglut2 expression

Excitatory glutamatergic (Vglut2*) interneurons were also analyzed
at the three different time points. We investigated three populations:
the V2a (Chx10"), the Shox2" (further divided into Chx10% or
Chx107), and the VOg (Pitx2"). V2a interneurons were defined as
Chx10* neurons found in the intermediate area of the spinal cord.
When comparing transcript expression between wt and SOD1%%4
mice (Fig. 8, A and B), a steep down-regulation (57.6%) was ob-
served only at P112 (P30: nested unpaired two-tailed ¢ test, f = 1.392,
df = 10, P = 0.1941, n = 22 to 20 hemisections, N = 6 hemicords
from three mice per condition; P63: nested unpaired two-tailed ¢
test, t=0.110, df = 10, P = 0.9150, n = 22 to 21 hemisections, N=6
hemicords from three mice per condition; P112: nested unpaired
two-tailed ¢ test, t = 4.894, df =47, P < 0.0001, n = 23 to 26 hemisec-
tions, N = 6 hemicords from three mice per condition) (Fig. 8C).
Analysis of the spatial distribution at P112 revealed changes in both
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the ventral and dorsal areas (Fig. 8D), while no changes were ob-
served at P30 and P63 (fig. S7, A and B).

Shox2* neurons can be divided into Shox2*/Chx10* and Shox2*/
Chx10~ (17) (Fig. 8, E to H). These two subpopulations are differen-
tially affected in the SOD1%*** mice. In the case of Shox2*/Chx10*
neurons, there was a significant 59.6% reduction at P112 (P112:
nested unpaired two-tailed f test, t = 4.410, df = 10, P = 0.0013,
n = 23 to 26 hemisections, N = 6 hemicords from three mice per
condition) (Fig. 8G). In contrast, there was no change in the expres-
sion of Shox2*/Chx10™ neurons at this same time point (P112: nest-
ed unpaired two-tailed ¢ test, t = 0.137, df = 47, P = 0.8914, n = 23
to 26 hemisections, N = 6 hemicords from three mice per condition)
(Fig. 8H). Changes in spatial distribution are shown in Fig. 81 for
Shox2*/Chx10" neurons and in fig. S7 (C and D) for overall Shox2*
and Shox2*/Chx10™ neurons.

The glutamatergic Pitx2-positive VOg neurons are located close
to the central canal (7). This population remained unchanged as the
number of Pitx2-positive neurons was constant at all time points in

100f 18



SCIENCE ADVANCES | RESEARCH ARTICLE

V2a P112

w S0D1

P112 SOD1 D

1000

¥ (um)

500

C V2a (excitatory, Chx10*)

604 e w ok

404 a

A
9. o v
¢ A
4 X B
7 oxm L3
oo g
[] 360 660 900

P30 P63 P112 X (um)
Shox2 V2a P112

W S0D1

00 03 06 09
Count

0 300 600 900

204

Positive cells
> o
%}-q

A

s

<[ 0,

<O
@co

o

our

s o

5 @

P112 SOD1 |

000

¥ (um)

500

G Shox2 V2a H Shox2 non-V2a
45 - 45+
0
o 7 o 7 ] 60 660 960 00 00 02 04 06 08
[ [} Count
: A g v °
> ol s &% 0.7
=] o = Fa,
8 o 3 v z
£ 154 ofv 4 £ 15 S 050 .
el o o° ng.Bo / ~
S A 025 /\
oo / 3
v o ’
o o 000

P112 —P1'12— ! 0 ® uri(?ﬂ 00

Fig. 8. V2a and Shox2*-V2a interneurons are dysregulated at later stages of disease in the SOD1%*** mouse. (A and B) RNAscope HiPlexUp in situ hybridization
microscopy images showing detection of Chx10 transcript (green) in the lumbar spinal cord of healthy control (wt) (A) and SOD1 G3A mice (B) at P112.(C) Significant reduc-
tion in the number of excitatory (Vglut2™) Chx10™ neurons in SOD1%%%A mice (red) compared to healthy control mice (gray) only at P112 (nested unpaired two-tailed t
tests; P30P=0.1941,P63 P=0.9150,P112 P < 0.0001). (D) Spatial distribution of excitatory Chx1 0" neurons with count-based kernel density estimations in SOD1 G93A mice
(right/gray) versus healthy control mice (left/red) from pooled P112 sections show the loss of positive cells in the intermediate region of the spinal cord. (E and F) Colocal-
ization of Chx10 (green) and Shox2 (violet) transcript by RNAscope HiPlexUp in wt (E) and SOD1 GI3A spinal cord (F) at P112. (G and H) Quantification of excitatory Shox2™
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the SOD1%°*A mice (P30: nested unpaired two-tailed ¢ test, t = 1.765, hemicords from three mice per condition) (figs. S8, A to D, and S9,
df = 40, P = 0.0852, n = 22 to 20 hemisections, N = 6 hemicords B, D, F, and H).

from three mice per condition; P63: nested unpaired two-tailed  test, Chx10%, Shox2™, and V0g (Pitx2*) neurons are all positive for the
t=0.578,df =10, P = 0.5762, n = 22 to 21 hemisections, N = 6 hemi-  vesicular glutamate transporter 2 (Vglut2) (7, 17). We therefore also
cords from three mice per condition; P112: nested unpaired two-tailed — investigated Vglut2 expression at the three time points (Fig. 9). No
ttest, t = 0.294, df = 10, P = 0.7746, n = 23 to 26 hemisections, N=6  changes were detected in Vglut2 expression at these stages (P30: nested
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unpaired two-tailed ¢ test, t = 1.557, df = 40, P = 0.1273, n = 22 to
20 hemisections, N = 6 hemicords from three mice per condition;
P63: nested unpaired two-tailed ¢ test, t = 1.832, df = 30, P = 0.0742,
n = 22 to 21 hemisections, N = 6 hemicords from three mice per
condition; P112: nested unpaired two-tailed  test, t = 0.099, df = 10,
P =0.9225, n = 23 to 26 hemisections, N = 6 hemicords from three
mice per condition) (Fig. 9C) nor was there a difference in the spatial
distribution (Fig. 9D and fig. S10).

Together, these data suggest that some excitatory populations are
affected late in disease and that, also in this case, specific markers are
lost before the neurotransmitter itself. Moreover, the Chx10 and
Shox2 populations show differential vulnerability with regard to the
transcription factor, with Chx10* and Shox2*/Chx10* neurons be-
ing affected at P112, while the Shox2*/Chx10™ and Pitx2* neurons
appear resistant.

Cholinergic populations are affected at P112 except for

VOc interneurons

The ChAT marker is known to be down-regulated upon muscle de-
nervation (45), and somatic motor neuron loss is observed at P112
in the SOD1%%** mouse model (27, 46, 47). Here, we also found
down-regulation of ChAT™ cells located in the most ventral part of
the spinal cord, corresponding to putative somatic motor neurons,
at P112 (P112: nested unpaired two-tailed ¢ test, t = 2.348, df = 47,
P =0.0231, n =23 to 26 hemisections, N = 6 hemicords from three
mice per condition), with 28.4% loss (fig. S11). The VOc interneu-
rons, positive for Pitx2 and ChAT (7), were also analyzed (figs. S8
and S9, A, C, E, and G). This population, which is known to give rise
to C boutons (7, 8), was not affected at any of the investigated time

points (P30: nested unpaired two-tailed ¢ test, t = 0.257, df = 40,
P =10.7989, n = 22 to 20 hemisections, N = 6 hemicords from three
mice per condition; P63: nested unpaired two-tailed # test, t = 0.578,
df = 10, P = 0.6215, n = 22 to 21 hemisections, N = 6 hemicords
from three mice per condition; P112: nested unpaired two-tailed ¢
test, t =0.123, df = 10, P = 0.6579, n = 23 to 26 hemisections, N = 6
hemicords from three mice per condition) (fig. S9, A, C, E, and G).
Thus, as expected, motor neurons are affected in the SOD1%%** mi

at the symptomatic stage, while at least some cholinergic interneu-
ron populations remain unaffected in terms of transcript expression.

DISCUSSION

This study shows that spinal interneurons exhibit differential sus-
ceptibility to disease progression in a mouse model of ALS. Inhibitory
interneurons exhibit early onset, starting at P63, characterized by
slow loss of neuronal identity followed by cell death at later stages,
while excitatory interneurons display later onset, starting at P112,
but faster loss of transcript.

A condition for the success of this study was the development of
methods to reliably detect the coexpression of multiple markers in
spinal cell populations. We developed two analysis pipelines that en-
able the tracing of cell populations with high fidelity based on the
detection and the quantification of multiple markers. With this ap-
proach, we obtained a quantitative dataset on the relative changes
of transcript expression in subpopulations of spinal interneurons
throughout disease progression in the SOD1%*** mouse line. We
demonstrate that molecular markers that hitherto have been consid-
ered only expressed during development are present into adulthood
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tion showing Vglut2 transcript (green) within the lumbar spinal cord of wt (A) and SOD1°%** mice (B) at P112, NT in gray. (C) Quantification of Vglut2* neurons in SOD1%3*

mice versus healthy control mice reveals no changes at any of the tested time points (nested unpaired two-tailed t tests; P30 P=0.1273, P63 P=0.0742, P112 P = 0.9225).
(D) Spatial distribution of Vglut2* neurons within the spinal cord in healthy control mice (right/gray) and SOD1%°** mice (left/red) at P112, including count-based kernel
density estimations. The apparent higher density observed in the SOD1%** mouse is an effect of the higher number of sections used in this group. Scale bar, 100 um. 2D
kernel densities in (D) were plotted with 10 bins using viridis scale. N = 6 hemicords from three mice (filled). Number of hemisections (empty): P30 n(wt) = 22, n(SOD1) = 20;
P63 n(wt) = 22, n(SOD1) = 21; P112 n(wt) = 23, n(SOD1) = 26. Data are shown as means =+ SD.
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in spinal cord tissue and that these markers can be used to delineate
specific cell populations derived from developmental progenitors.
This finding allowed us to use these transcripts as cellular markers
also in the adult mouse spinal cord.

Of particular interest are the V1 interneurons, given their early
dysregulation and involvement in the SOD1%** locomotor pheno-
type (27). Our study reveals distinct patterns of dysregulation in
transcription factor expression within different V1 interneuron
populations. We find that putative RCs show the highest susceptibil-
ity to the disease, followed by putative Ia interneurons, Foxp2- and
Pou6f2-positive neurons, and lastly Sp8-positive neurons. While
our analysis of Renshaw cell (RC) and Ia interneuron degeneration
relies on putative definitions for these populations of interest, we
assert that these neuronal populations are involved, as the markers
we used are widely accepted within the field for identifying RCs and
Ia interneurons (12, 48, 49).

Our study reveals that putative RCs lose their markers (Enl and
Calb1) early in the disease course, corroborating earlier research in-
dicating a loss of Calbl-positive neurons in the SOD1%°** mouse
model. This loss was previously documented at 10 weeks (P70) using
immunohistochemistry (50), with subsequent losses of Calbl mRNA
and protein observed at P80 and P100, respectively (51). In addition,
calbindin- and gephyrin-positive neurons were reported to diminish
in this model (52). However, our findings contrast with those of
Salamatina et al. (29), who also investigated V1 interneurons in the
SOD1%%** mouse but did not observe changes in antibody labeling
of putative RCs. The discrepancies between our results and those of
Salamatina et al. (29) may stem from methodological and experi-
mental design differences. Notably, Salamatina et al. (29) reported a
low average number of RCs, between 0.5 and 1.5 cells per hemicord
in control mice, compared to the four to six cells per hemicord found
in our study. This lower detection level in their research might have
affected their ability to observe changes at the protein level, contrib-
uting to the differing outcomes. The lack of observed changes in
Pou6f2 in Salamatina et al. (29) might also be explained by such dif-
ferences. As previously noted in studies like Wootz et al. (51), altera-
tions at the mRNA level can precede protein level changes, further
explaining the observed differences between studies. Nonetheless,
our study identified similar patterns of loss in Foxp2 and Sp8 neu-
rons. In the case of Chx10-positive neurons, our findings also
showed a similar pattern of loss to that reported by Salamatina et al.
(29), albeit more pronounced, beginning around P110. This onset is
slightly later than the loss reported by Romer et al. (28).

Another point of divergence in our study from previous research
is the spatial mapping of V1 neurons. We observed less segregated
maps for Pou6f2, Sp8, and Foxp2 than previously reported in anti-
body staining studies (13, 14, 29). This discrepancy might arise from
differences in method sensitivity or in the presentation of spatial
maps. In Bikoff et al. (13), contour plots represent 30th to 90th per-
centile or 60th to 90th percentile densities, a more restricted range
than the densities we used, where no cutoff was applied. Therefore,
our contour plots, which include all positive neurons found across
multiple technical replicates, show more overlap than those in (13)
and (29), where a similar contour cutoff was presumably used.

In regards to cell fate, our results also show that V1 inhibitory
interneurons lose their Enl transcript at early stages of the disease
before they die at a later stage. While transcription factors are es-
sential during cell differentiation, they may also play a crucial role in
maintaining the neuronal fate in adult postmitotic neurons (53).
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Such research has demonstrated that depleting specific neuron-type
genes in adulthood can lead to disturbances in neural identity and
neurotransmitter levels in various neuron types, including dopami-
nergic, serotonergic, and cholinergic neurons (54-56). Disruption
of these postmitotic maintenance mechanisms may initiate neuro-
degenerative conditions (53). In the context of our study, a similar
mechanism may be at play. The early loss of En1 in the disease pro-
cess could be a contributing factor to initiating V1 neuron degen-
eration, which is eventually followed by the down-regulation of
neurotransmitter markers such as GlyT2 at later stages of the dis-
ease, and by cell death. Taking into account our previous findings,
these events occur after inhibitory and V1 interneurons first lose
connectivity with motor neurons (27).

Moreover, we also observed changes in excitatory markers which
coincide with motor neuron death. These findings clearly demon-
strate that inhibitory interneuron dysregulation precedes motor
neuron death and thereby changes the balance of the inhibitory/ex-
citatory synaptic input onto motor neurons. Therefore, pronounced
motor neuron degeneration reflects a larger and consecutive impair-
ment of spinal inhibitory and excitatory circuits in disease. Inhibi-
tory neurotransmitter deficits emerge at later stages of the disease
compared to transcription factors. This implies the presence of a
reservoir of transmitters earlier in the disease, suggesting the main-
tenance of the inhibitory/excitatory phenotype of the neurons de-
spite the ongoing degeneration and down-regulation of transcription
factors, especially in the inhibitory populations. This aspect could
be targeted as a potential ALS treatment aiming to maintain circuit
connectivity (35) and restore the excitatory/inhibitory balance on
motor neurons.

The observed degeneration of specific spinal interneuron sub-
populations raises the key question of which mechanisms underlie
their selective vulnerability. Although a definitive answer remains
elusive, one possible framework, as suggested by Salamatina et al.
(29), proposes that interneurons with direct motor neuron connec-
tivity are more prone to degeneration. This explanation aligns with
some of the available data, such as the vulnerability of RCs, Ia inter-
neurons, and Shox2* V2a neurons. However, the locomotor pheno-
type previously described in the SOD1%%** mice (27) cannot be
explained by the unique loss of last-order V1 interneuron projec-
tions. The loss of speed and changes in cadence suggest changes in
rhythm modulation, a process that does not occur at the motor neu-
ron level. Consequently, it is plausible that the loss extends beyond
V1 neurons projecting onto motor neurons, thus encompassing V1
interneurons and other interneurons that do not have such projec-
tions. Moreover, also VOc interneurons, which project onto motor
neurons via C boutons, do not appear affected in the SOD1%4
mice at the investigated time points (7).

Thus, further gene discovery studies investigating molecular
changes in interneurons and motor neurons over time are required to
clarify whether interneurons are the initial targets of degeneration,
subsequently spreading the disease anterogradely to motor neurons,
or if they degenerate due to a retrograde signal from motor neurons or
because of connectivity loss. A strong indication of the role of inhibi-
tory interneurons in disease initiation is the loss of V1 synaptic inputs
onto motor neurons, which precedes transcript down-regulation and
neuronal death (27). This type of morphological evidence points to-
ward an anterograde cascade starting from inhibitory interneurons;
this idea is also supported by a recent study reporting motor deficits
and motor neuron loss upon Enl down-regulation (57). However, to
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gain further insights into the potential role of the synaptic spread of
the disease, it would be crucial to conduct a comprehensive analysis of
the connectivity patterns between different interneuron populations
and fast/slow motor neurons in both healthy and diseased conditions.
In addition, investigating the molecular mechanisms underlying the
described synaptic loss could provide valuable information. These en-
deavors have the potential to shed light on the intricate mechanisms
driving the selective vulnerability observed in spinal interneurons.

MATERIALS AND METHODS

Experimental animals

All animal experiments were performed in accordance with the EU
Directive 20110/63/EU and approved by the Danish Animal Inspec-
torate (Dyreforsegstilsynet, ethical permit 2018-15-0201-01426) and
the Department of Experimental Medicine at the Faculty of Health
and Medical Sciences. wt C57BL6/] mice (Jackson Laboratory, strain
#000664) were used for in situ sequencing experiments. Heterozy-
gous SOD1%** mice [Jackson Laboratory, strain #004435 - B6.Cg-
Tg(SOD1*G93A)1Gur/]] were used as the ALS model. For V1
interneuron fate experiments, SOD1%** mice were crossed with
heterozygous En1“™ mice, a gift from J. Bikoff (St. Jude Children’s
Hospital, St Louis, TX, USA), and homozygous R26R*“™™*° [Jackson
Laboratory, strain #007914 - B6.Cg-Gt(ROSA)26Sortm14(CAG-
tdTomato)Hze/]]. All strains and multiple transgenics were kept on
a C57BL6/J genetic background. For experiments with SOD1%%*4
mice, wt littermates were used as controls. Genotyping of SOD1%34
was performed following supplier instructions. For quantification of
human mutated SOD1 copy number by quantitative polymerase
chain reaction, Jackson's SOD1°** founder breeder carrying 25
copies of the human mutated SOD1 gene was used as positive con-
trol, while a SOD1'*"* carrying 19 copies was used as negative con-
trol. Mice were group-housed on a 12:12-hour light:dark cycle with
food and water ad libitum, 23° to 24°C temperature, and 45 to
65% humidity.

Preparation of fresh-frozen tissue

Samples were collected at P1 and P28 for in situ sequencing experi-
ments, P30, P63, and P112 for RNAscope HiPlexUp experiments,
and P63, P84, and P112 for V1 fate experiments. Both males and
females were used. Mice were anesthetized with an overdose of pen-
tobarbital solution (250 mg/kg) and euthanized by decapitation. The
lumbar region of the spinal cord was then quickly dissected free,
removed from the vertebrate canal, and fresh-frozen by immersion
in dry ice-cold isopentane for cryoprotection. For better preserva-
tion, the samples were stored at —80°C and sectioned closely before
use. Spinal cord coronal sections were embedded in Tissue-Tek
OCT Compound (Sakura, ref. 4583), cut on a cryostat at 12 pm
(Thermo Fisher Scientific, Cryostar NX70 or Microm HM550), col-
lected on SuperFrost Plus glass slides (Thermo Fisher Scientific),
and further stored at —80°C. To avoid RNA degradation, all equip-
ment and tools involved in RNA work were cleaned with RNaseZap
(Thermo Fisher Scientific, AM9780 or AM9786) before use.

In situ sequencing

Assay

In situ sequencing was performed using CARTANA’ Library Prep
Kit (CARTANA/10x Genomics, art. no. 1010-01/02; later replaced
by Xenium, 10x Genomics). Sample preparation was performed as
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described in the user manual (doc. no. D023). Briefly, samples were
first fixated in the provided fixation solution, followed by incubation
in permeabilization solution, and dehydration in ethanol series.
After rehydration, samples were incubated for reverse transcription,
postfixation, padlock probe ligation, rolling circle amplification,
and fluorescent labeling in the provided mixes and dehydrated
and mounted following the supplier’s instructions. All incubations
were performed in SecureSeal Hybridization Chambers (Grace Bio-
Labs, ref. 621502). The used chimeric padlock probes were custom
made by CARTANA and included the 24 neuron markers in Fig. 1B:
Pitx2, Evx1, ChAT, Enl, Foxp2, Pou6f2, Sp8, Lmo3, Bhlhb5, Nr3b3,
Nr4a2, Prdm8, Calbl, Calb2, Pvalb, Chx10, Shox2, Mnx1, Vglut2,
GlyT2, Gad67, Gad65, Lhx1, and Lhx5. Quality control was per-
formed using anchor probes labeled with Cy3 fluorophore to detect
all amplification products. Quality control images were taken in-
house with a 20X air objective using a Zeiss Axio Imager.Z1 or a
Zeiss Axio Scan.Z1 slide scanner (EC Plan-Neofluar 20x/0.50 M27
or Plan-Apochromat 20x/0.8 M27, respectively; 0.227 pm/pixel)
and approved by CARTANA/10x Genomics. Processed samples
were then sent to CARTANA/10x Genomics for in situ barcode se-
quencing, imaging, and data processing. Briefly, adapter probes and
sequencing pools (containing AF488, Cy3, Cy5, and AF750 labels)
were hybridized to the ligated padlock probes to detect the first nu-
cleotide in the gene-specific barcodes through a sequence-specific
signal. This was followed by imaging and performed four times in a
row to allow for decoding of full barcoded probes. Raw data was
obtained using a Nikon microscope system with 40X objective
(0.165 pm/pixel) or CFI Plan-Apochromat A 20x/0.75 (0.32 pm/
pixel) and images included DAPI plus the four sequencing labels,
taken as Z-stack and flattened using maximum intensity projection.
After sequencing, the samples were sent back for further staining with
NeuroTrace 530/615 or 640/660 (Invitrogen, N21482 or N21483) for
segmentation purposes, which was performed by a 2-hour incuba-
tion at room temperature [1:200 in phosphate-buffered saline (PBS)].
Image and data processing

After image sequencing and processing by CARTANA/10x Genom-
ics, the data received included DAPI images of the sequenced spinal
cord sections, and csv files with the gene identity and coordinates in
pixel units (0.32 pm/pixel) of the detected transcripts. Transcript data
were presented in the format of low and high threshold, of which we
used the low threshold. NeuroTrace imaging was then performed us-
ing a Zeiss Axio Imager.Z1 or a Zeiss Axio Scan.Z1 slide scanner with
EC Plan-Neofluar 20x/0.50 M27 or Plan-Apochromat 20x/0.8 M27,
respectively (0.227 pm/pixel). DAPI counterstaining was also reim-
aged together with the NeuroTrace for later image registration. Cell
segmentation based on NeuroTrace staining was performed using a
custom-made deep learning model (Fig. 2A). The segmentation
model was based on an ensemble of CNNs trained and cross-validated
on different partitions of the partial, manually annotated image data.
Specifically, U-Net type architecture was used as the CNN configura-
tion for each ensemble member. Predictions from the ensemble net-
work yielded a probabilistic segmentation map for the presence of
neurons. The cell boundary delineation was then obtained using a 0.4
confidence threshold and a structural kernel of 5 on these probabilis-
tic segmentation masks. These cell segmentation results were regis-
tered to the sequencing data based on the NeuroTrace DAPI and the
DAPI obtained during the in situ sequencing assay. Keypoint-based
registration using the random sample consensus (RANSAC) (58) algo-
rithm was performed to obtain the transformation. The transformation

140f18



SCIENCE ADVANCES | RESEARCH ARTICLE

obtained by registering the DAPIs was then applied to the NeuroTrace
cell segmentation. These registered cells were then colocalized with
the transcripts from CARTANA. Only transcripts that localized with-
in segmented cells were considered. A total of N = 6 spinal cord sec-
tions (from three mice) for P1 and N = 29 sections (from 11 mice) for
P28 were processed and analyzed. Further analysis was performed in
RStudio (see the “Spatial profiling and quantifications” section, code
at https://doi.org/10.5281/zenodo.10600983).

Quantitative multiplexed in situ hybridization

(RNAscope HiPlexUp)

Assay

Quantitative multiplexed in situ hybridization was performed using
the RNAscope HiPlex12 Reagents (488, 550, 647) Kit Assay (Ad-
vanced Cell Diagnostics/Bio-Techne, catalog no. 324194; since re-
placed by HiPlex v2 Assay) in combination with the RNAscope
HiPlexUp Reagent (Advanced Cell Diagnostics/Bio-Techne, catalog
no. 324190). Sample pretreatment and HiPlexUp assay were per-
formed as described in the user manual (324100-UM). Briefly, sam-
ples were first pretreated through fixation with 4% paraformaldehyde
(extended to 90 min compared to the supplier), ethanol dehydra-
tion, and incubation with the provided protease. The first HiPlex12
assay was then performed through hybridization of the first 12
probes (followed by overnight storage in 5X SSC at room tempera-
ture), then amplification and sequential probe labeling, imaging,

and fluorophore cleaving (fig. S2A). Notably, the concentration of
Tween in the PBST was reduced to 0.05%, and the assay was adapted
to the use of three fluorescent channels (four rounds of fluorophores
instead of three). Once the first 12 probes had been imaged, they
were cleaved using the HiPlexUp reagent, and the second round of
HiPlex12 was processed in the same manner (fig. S2A). The combi-
nation of probes and fluorophores used, including catalog numbers,
is listed in Table 1. After the assay, samples were stained with Neu-
roTrace 530/615 (Invitrogen, N21482) by a 2-hour incubation at
room temperature (1:200 in PBS) and reimaged for segmentation
purposes. Counterstaining with DAPI (provided in the kit) was per-
formed as described in the manual by a 30-s incubation before
mounting for every other imaging round, and imaged in every
round (including the NeuroTrace one) for image registration.
Image acquisition and processing

All imaging rounds were performed using a Zeiss Axio Scan.Z1
slide scanner. SOD1 samples and their corresponding age-matching
controls were processed and imaged together. The same microscopy
settings were used for all samples and imaging rounds. Full coronal
spinal cord sections were scanned using a Plan-Apochromat 20x/0.8
M27 air objective (0.227 pm/pixel), with three Z-stack slices in in-
crements of 2.5 pm and autofocused based on DAPI staining. A
minimum of five sections, spaced 120 pm apart, were imaged per
mouse—with three mice per condition and time point. Using the
ZEN software (Zeiss, ZEN desk version 3.5), the resulting tiled

Table 1. RNAscope HiPlexUp probes. All probes were specific for mouse.

HiPlexUp round HiPlex12 round Marker Catalog no. Fluorophore
1 1 thS 885621-T1 AF488
5.
Pou6f2 e e 839401T6 e e WATT0647NN P
3 . Foxp2 428791T7 AF488
'1029981 T”.m,. OO ATT0550 ST
e Gad1 (Gad67) s .400951_1_12 e e WATT0647NN P
2 . 5 . th1 e s 488581-T1 e AF488 ST
. Lmo3 e e 497631 T2 e ATTOSSO ST
va1 e e 509161—T3 e e WATT0647NN P
6 . En1 442651 T4 AF488
Prdm8 e e 467501 T6 e e WATT0647NN P
7 Mnx1 (Hb9) 1063561 T7 AF488
. Sp8 e e 547521 T8 e ATT0550 ST
e Slc6a5 (GIyT2) s 409741 T9 e e WATT0647NN P
. 8 . . Pvalb s .421931 T10 e AF488 ST
Ca|b2 (Calretmm)' s '485811-T11 e ATTOSSO ST
. Gad2 Cade) s 439371_”2 e e ATTO647N P
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images were (i) split by scene (each scene corresponding to a differ-
ent section and imaging round—728 HiPlexUp images plus 91 Neu-
roTrace images), (ii) stitched based on DAPI staining, (iii) Z-stacks
were flattened by maximum intensity projection, and (iv) single-
channel images for each marker were exported to TIF format keep-
ing the original quality (3094 images) (fig. S2A). Sections that were
too broken or folded were discarded at this point (at least three sec-
tions per mouse were kept). Images from different rounds but origi-
nating from the same sections were then registered on the basis of
DAPI staining using the “Register Virtual Stack Slices” and “Trans-
form Virtual Stack Slices” plugins in Fiji (Image]J 2.3.0/1.53f51) and
merged into single images (68 images) with 26 channels each (Neu-
roTrace, DAPI, and the 24 interneuron markers) (fig. S2A). The
merged images were converted back to CZI format for further anal-
ysis. To improve segmentation and reduce file sizes, images were
cropped to include only the gray matter region of the spinal cord
using the ZEN software “Extract polygons” macro (fig. S2A). These
were then segmented on the basis of NeuroTrace staining using the
ZEN software Intellesis tool (80% confidence, split cells by water-
shed, 50-pm minimum size) and analyzed to obtain the coordinates
and marker intensity profiles (including intensity means and SD) for
each detected cell (fig. S2B). To detect positive cells, intensity thresh-
olds were selected for each image and interneuron marker based on
signal and background. Intensity means were used for transcripts
with abundant and widespread signal, while intensity SDs were used
for transcripts with sparse signal. For each group, six hemicords
from three mice were included, with two to five hemisections being
analyzed per hemicord (table S1). Further analysis was performed
in RStudio (see the “Spatial profiling and quantifications” section,
code at https://doi.org/10.5281/zenodo.10600965).

Spatial profiling and quantifications

All coordinate normalizations, spatial profiling, and positive cell
quantifications for in situ sequencing and quantitative RNAscope
HiPlexUp in situ hybridization were performed using a custom anal-
ysis pipeline scripted in RStudio (2022.02.1 Build 461) (codes at
https://doi.org/10.5281/zenodo.10600983 and https://doi.org/10.5281/
zen0do.10600965). The orientation angle of the individual images,
central canal coordinates, and maximum width and height of each
hemisection were measured for coordinate normalization to a stan-
dardized mouse spinal cord hemisection. Spinal cord orientation was
corrected using the ‘rearrr:rotate_2d’ function. Left and right hemi-
sections were then split on the basis of the coordinates of the central
canal using the ‘dplyr:mutate’ function. Last, coordinates were cor-
rected for hemisection size and position using basic R functions. For
in situ sequencing normalization, the used standardized dimensions
for a full spinal cord are as follows: 2050 pixels (656 pm) mediolat-
eral, 2950 pixels (944 pm) dorsoventral in early postnatal (P1); 3450
pixels (1104 pm) mediolateral, 4400 pixels (1408 pm) dorsoventral in
young adult (P28) (Fig. 2A). For RNAscope HiPlexUp in adult, stan-
dardized dimensions used for the gray matter are: 930 pm mediolat-
eral, 1280 um dorsoventral (fig. S2B). The x axis was defined as
parallel to the mediolateral axis with a medial origin, while the y axis
was defined as parallel to the dorsoventral axis with a ventral origin.
For in situ sequencing experiments, only transcripts that localized
within segmented cells were visualized and considered for qualitative
analysis. Colocalization of En1 transcript with other V1 markers was
also visualized to represent V1 subpopulations. For RNAscope Hi-
PlexUp experiments, positive cells for each marker were identified on
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the basis of the selected intensity thresholds as described above using
basic R functions, and combinations of markers with cell coordinates
were used to describe and quantify putative interneuron populations.
Spatial distributions show estimated counts and were calculated using
atwo-dimensional kernel density estimation with the ‘ggplot2::geom_
density_2d_filled’ function and ‘count_var = “count” argument, and
displayed using 10 bins and the viridis scale with no density cutoffs.

In situ hybridization (RNAscope)

Assay

For assessment of V1 interneuron fate, in situ hybridization was per-
formed using the RNAscope Multiplex Fluorescent V2 Assay (Ad-
vanced Cell Diagnostics/Bio-Techne, catalog no. 323100). Sample
pretreatment and assay were performed as described for fresh frozen
samples in the user manual (323100-USM) and in (27), with over-
night storage of samples in 5X SSC at room temperature after probe
hybridization. The following probes (Advanced Cell Diagnostics/
Bio-Techne) were used: Mm-En1-C1 (catalog no. 442651), tdToma-
to-C3 (catalog no. 317041-C3), and Mm-Chat-C2 as counterstaining
(catalog no. 408731-C2). Opal 690, 570, and 520 dyes (Akoya Biosci-
ences, FP1497001KT, FP1488001KT, and FP147001KT) were used as
fluorophores, respectively (1:1500 in trichostatin A buffer, TSA, pro-
vided in the kit). DAPI was used as counterstaining (provided
in the kit).

Image acquisition, processing, and analysis

Images were acquired using a Zeiss Axio Scan.Z1 slide scanner with
Plan-Apochromat 20%/0.8 M27 air objective (0.227 pm/pixel), with
five Z-stack slices in increments of 1.5 pm and autofocused based on
DAPI staining. A minimum of five sections (120 pm apart) were
imaged per mouse—with three mice per condition and time point.
Using the ZEN software (Zeiss, ZEN desk version 3.5) images were
split by scene, stitched based on DAPI staining, Z-stacks were flat-
tened by maximum intensity projection, and the ventral region of
each hemisection was cropped (760 pm X 650 pm). These were then
segmented on the basis of tdTomato transcript signal using the ZEN
software Intellesis tool (80% confidence, split cells by watershed,
50-pm minimum size) and analyzed to obtain the cell coordinates
and intensity profiles. The number of segmented cells was used to
quantify tdTomato* cells. Further tdTomato*/En1* quantification
was obtained on the basis of Enl intensity SD thresholds for the
segmented cells, and normalized to tdTomato* numbers to calculate
percentages.

Statistical analysis

All statistical analyses were performed using the GraphPad Prism
software [version 10.1.2(324)]. Sample sizes were not predetermined
by any statistical methods and were instead similar to previous pub-
lications, such as Allodi et al. (27). For all experiments, mice were
randomly allocated to different groups using a block design. Data
collection was not blind to experimental group allocation but was
semiautomated, and analysis of data was performed blind. All mice
used were included in the datasets. All RNAscope HiPlexUp data
were analyzed using a nested unpaired two-tailed ¢ test. Effect sizes
were calculated as Cohen’s d, based on statistical data following the
formula d; = t/(n, + n5op;) / (Nyhsop;) (Where t is ¢ test value
and 7 is the number of sections), and classified as trivial (<0.2),
small (0.2 to 0.49), medium (0.5 to 0.79) or large (>0.8) as suggested
by Cohen (59). Reported means were calculated from the nested
data. In the figures, data are presented as individual values of replicates
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(empty shapes), mean values for each hemicord (filled shapes), and
means + SD of hemicord values. The corresponding statistical val-
ues including n (and N), ¢, df, and P values are specified in the text
and figure legends, while extra information including mean differ-
ence + SEM, 95% confidence interval of differences, and effect sizes
can be found in tables S1 to S3. V1 interneuron fate data were ana-
lyzed using nested one-way ANOVA with Dunnett’s post hoc, with
wt as the control group. Here, data are presented as individual
replicates (gray), mean values for each hemicord (black), and
means + SD of hemicords. The corresponding statistical values in-
cluding #n (and N), Fppn,prd> and P values are specified in the text
and figure legends. Statistical significance is reported as follows:
*P < 0.05, ¥*P < 0.01, ***P < 0.001, and ****P < 0.0001.

Supplementary Materials
This PDF file includes:

Figs.S1to S11

Tables S1to S3
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