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Orally administered branaplam does not impact neurogenesis
in juvenile mice, rats, and dogs
Diethilde Theil1,‡, Reginald Valdez*,2, Katy Darribat1, Arno Doelemeyer1, Rajeev Sivasankaran2 and
Andreas Hartmann1

ABSTRACT
Branaplam is a therapeutic agent currently in clinical development for
the treatment of infants with type 1 spinal muscular atrophy (SMA).
Since preclinical studies showed that branaplam had cell-cycle arrest
effects, we sought to determine whether branaplam may affect
postnatal cerebellar development and brain neurogenesis. Here, we
describe a novel approach for developmental neurotoxicity testing
(DNT) of a central nervous system (CNS) active drug. The effects of
orally administered branaplam were evaluated in the SMA neonatal
mouse model (SMNΔ7), and in juvenile Wistar Hannover rats and
Beagle dogs. Histopathological examination and complementary
immunohistochemical studies focused on areas of neurogenesis
in the cerebellum (mice, rats, and dogs), and the subventricular zone
of the striatum and dentate gyrus (rats and dogs) using antibodies
directed against Ki67, phosphorylated histone H3, cleaved caspase-
3, and glial fibrillary acidic protein. Additionally, image-analysis based
quantification of calbindin-D28k and Ki67 was performed in rats and
dogs. The patterns of cell proliferation and apoptosis, and neural
migration and innervation in the cerebellum and other brain regions
of active adult neurogenesis did not differ between branaplam-
and control-treated animals. Quantitative image analysis did not
reveal any changes in calbindin-D28k and Ki67 expression in rats
and dogs. The data show that orally administered branaplam has
no impact on neurogenesis in juvenile animals. Application
of selected immunohistochemical stainings in combination with
quantitative image analysis on a few critical areas of postnatal CNS
development offer a reliable approach to assess DNT of CNS-active
drug candidates in juvenile animal toxicity studies.
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INTRODUCTION
Spinal muscular atrophy (SMA) is an autosomal recessive
neurodegenerative disease that is characterized by deficiency in
the survival motor neuron (SMN) protein, often the result of the
deletion of gene SMN1, that leads to progressive muscle weakness
(Burghes and Beattie, 2009; Kolb and Kissel, 2015; Lunn and

Wang, 2008; Tizzano and Finkel, 2017). SMA is rare, occurring in 1
in 11,000 births (Sugarman et al., 2012), and patients with the more
severe form (type 1) die before the age of 2 years if they do not
receive treatment (Swoboda et al., 2005). The first treatments for
SMA were approved in 2016 [nusinersen (Spinraza)] (Spinraza
Prescribing Information, 2021) and 2019 [onasemnogene
abeparvovec (Zolgensma)] (Zolgensma Prescribing Information,
2021), and additional treatments are currently in clinical trials
(Ramdas and Servais, 2020). Most recently, Risdiplam (Evrysdi),
an orally administered RNA splice-modifying small molecule
developed by Roche, was recently approved by the FDA for all
types of SMA (FDA News Release, 2020). Currently, branaplam,
another oral small molecule, is being evaluated in an open-label,
phase 1/2 trial in infants with type 1 SMA (NCT02268552), and has
been shown to have good efficacy, safety, and tolerability (Charnas
et al., 2017; Jevtic et al., 2019).

Branaplam is an mRNA splicing corrector. Specifically,
branaplam modulates SMN2 splicing and increases generation of
full-length SMN2 mRNA and functional SMN protein. This SMN2
splicing modulation results because of the sequence-selective
increased binding affinity of U1 small nuclear ribonucleic protein
(snRNP) to the 5′ splice site of SMN2 in the presence of branaplam
(Cheung et al., 2018; Palacino et al., 2015). Preclinical studies
show that branaplam is distributed to the brain in mice (Palacino
et al., 2015) and is expected to be distributed similarly in
humans. Branaplam was also shown to have adverse effects, such
as cell-cycle inhibition and aneugenic effects both in vitro and
in vivo.

The evaluation of potential developmental neurotoxicity (DNT)
is an essential part of drug safety assessment, especially for
compounds that specifically target the central nervous system
(CNS) intended for use in pediatric patients. Current guidelines for
DNT studies refer to drug exposure during gestation and early
postnatal development. This includes functional and behavioral
endpoints, as well as gross and qualitative histological assessments
allowing for detection of deviations of normal anatomy such
as hypoplasia or heterotopias (Organization for Economic
Co-operation and Development, 2007, 2011, 2015; United States
Environmental Protection Agency, 1998). The DNT guideline
OECD TG 426 applies to exposure from gestation day 6 to postnatal
day 21, assessing exposed animals through maternal milk from birth
until weaning. Similarly, the ICH S5 (R2) (2005) safety guidance
applies to exposure from implantation to weaning. The current test
guidelines do not specifically address juvenile drug exposures and
effects; however, subtle toxic developmental abnormalities may
occur in juvenile and adolescent animals that may be missed if not
assessed by appropriate means (Garman et al., 2015; Li et al., 2017).
It is prudent that tailored DNT testing is performed in juvenile
animals according to identified adverse (off-target) effects of
compounds. In the case of compounds having effects on the cellReceived 11 January 2021; Accepted 8 September 2021

1Translation medicine/preclinical safety, Novartis Institutes for Biomedical
Research, Basel 4058, Switzerland. 2Neuroscience/rare diseases, Novartis
Institutes for Biomedical Research, Cambridge, MA 02139, USA.
*Present address: Amgen, Inc., Cambridge, MA, USA

‡

Author for correspondence (diethilde.theil@novartis.com)

D.T., 0000-0001-5545-1448

This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is properly attributed.

1

© 2021. Published by The Company of Biologists Ltd | Biology Open (2021) 10, bio058551. doi:10.1242/bio.058551

B
io
lo
g
y
O
p
en

mailto:diethilde.theil@novartis.com
http://orcid.org/0000-0001-5545-1448


cycle, we believe that DNT studies should be extended to include
assessment of neurogenesis and neuronal migration in juvenile
animals.
In order to assess potential effects of branaplam in juvenile

animals at stages when brain development is still ongoing, we
developed a novel approach for DNT testing that targets selected
areas of the CNS known to be important active sites of postnatal
development, including neurogenesis and neuronal migration. The
selected brain regions for DNT testing in the present study included
the cerebellar cortex and regions where neurogenesis continues
throughout adult life, such as the subgranular zone (SGZ) of the
dentate gyrus of the hippocampus and the subventricular zone
(SVZ) of the striatum (Fuentealba et al., 2012; Ming and Song,
2011; Shigemoto-Mogami et al., 2014). In the present study, we
assessed the effects of orally administered branaplam on postnatal
cerebellar neurogenesis and neuronal migration in juvenile rats and
dogs. Since these animal species do not carry the SMN2 gene,
cerebellar neurogenesis was additionally assessed in neonatal
SMNΔ7 mice expressing human SMN2 (Le et al., 2005).

RESULTS
Neuropathological assessment did not reveal changes indicating
abnormal brain development in mice rats, or dogs.

Immunohistochemical staining results: proliferation
markers in the cerebellum
SMNΔ7 Mice
In study 1, numerous Ki67 and phosphorylated histone 3 (PHH3)
positive cells were found in vehicle- and branaplam-treated animals
on postnatal day (PND) 9 (Fig. 1). Ki67 immunoreactivity was
observed throughout the entire external granular layer (EGL) band
and some cells in the internal granular layer (IGL). Based on
microscopic qualitative assessment, no change in the EGL size or
distribution of Ki67 and PHH3 in the IGL was noticed in the
vehicle-treated mice (Fig. 1A,C) and branaplam-treated mice
(Fig. 1B,D). The staining pattern suggests normal postnatal
cerebellar development and no effect on mitosis.
In study 2, assessment of Ki67 and PHH3-stained tissue sections

did show rare positive cells in branaplam-treated mice at PND 35
and 49. A few Ki67 and PHH3 positive cells were found in the
residual EGL of vehicle-treated mice that survived only until PND
14, 15, and 16. The staining pattern suggests normal regression of
the EGL in branaplam- and vehicle- treated animals with no changes
in proliferation or mitosis (Fig. S1).

Wistar Hannover rats
No PHH3 positive proliferating cells were found in the cerebellum
at the site of former EGL or IGL at PND 36. Normal regression of
the EGLwas observed in all branaplam treated rats at all dose levels.
The staining pattern was similar with the one observed in the
vehicle-treated animals and is compatible with normal proliferation
and postnatal cerebellar development (data not shown).

Beagle dogs
Proliferating Ki67 positive cells were found in the residual EGL,
corresponding to the normal stage of cerebellar development at
PND 57. A few PHH3 positive cells were found in the residual EGL.
No changes were observed in the proportion of Ki67 and PHH3
positive cells. No changes were observed in the Ki67 and PHH3 the
staining pattern in the cerebellum of vehicle-treated (Fig. 1G) and
branaplam-treated animals (Fig. 1H). The staining pattern suggests
normal proliferation and postnatal cerebellar development.

Immunohistochemical staining results: proliferation
markers in the subventricular zone (SVZ) and the
subgranular zone (SGZ)
Beagle dogs
Proliferating single or clustered Ki67 positive cells and few isolated
PHH3 cells were found in the SVZ of the lateral ventricle and in the
RMS if it was present on the sections. The staining pattern for both
markers was similar in branaplam-treated dogs. No difference in the
proportion of Ki67 and PHH3 was observed in vehicle-treated
compared with branaplam-treated dogs (Fig. S2). Image-analysis-
based quantification in the SVZ did no show a statistically
significant difference in the unit length labeling index for Ki67
positive areas (Fig. 2A). Only a few isolated Ki67 and PHH3
positive cells were present in the SGZ of the dentate gyrus with a
similar pattern of distribution in dogs treated with vehicle or 2 mg/
kg/day branaplam for 13 weeks.

Wistar Hannover rats
Abundant proliferating Ki67 positive cells and only few PHH3
positive cells were found in the SVZ and rostral migratory stream
(RMS), and olfactory tubercle when present in sections. No
difference in proliferating cells was found in the SVZ on PND 36
in rats treated with vehicle or branaplam up to 10 mg/kg (Fig. S3A).

Image analysis based quantification of Ki67 in the SVZ did not
reveal any statistically significant difference in the unit length
labeling index for Ki67 positive areas in rats treated with vehicle and
branaplam at 2 mg/kg/day for 13 weeks and 2.5 mg/kg/day for
26 weeks (Fig. 2B,C and Fig. S3B). Only a few isolated Ki67 and
PHH3 positive cells were found in the SGZ of the dentate gyrus with
a similar pattern of distribution in rats treated with vehicle or 2 mg/
kg/day branaplam for 13 weeks or 2.5 mg/kg/day branaplam for
26 weeks (Fig. S3C).

Immunohistochemical staining results: apoptosis, Purkinje
cell and glia cell alignment
Apoptosis
SMNΔ7 mice
Cleaved caspase-3 positive cells were occasionally seen in the EGL
and more frequent in the IGL. No difference in the distribution of
caspase-3 positive cells was noticed in vehicle-treated (Fig. 1E) and
branaplam-treated mice (Fig. 1F). The staining pattern is compatible
with the normal cell death that occurs in the developing cerebellum.

Wistar Hannover rats and Beagle dogs
Numerous cleaved caspase-3 positive cells were observed in the
SVZ and brain parenchyma of rats and dogs. An example of cleaved
caspase-3 positive staining in the SVZ is shown from dogs treated
with vehicle (Fig. 1I) and branaplam (Fig. 1J). There was no
difference in staining pattern between vehicle and branaplam-
treated rats and dogs in all studies (data not shown). The staining
pattern is compatible with normal cell death that occurs in the SVZ
and brain parenchyma in rats and dogs.

Purkinje cell and glia alignment
Neonatal SMNΔ7 mice
Expression of calbindin D-28k in the cerebellum of SMNΔ7 mice
was confined to Purkinje cells and their dendritic branches in the
molecular layer; treatment with branaplam did not change this
normal pattern in both mouse studies. An example of the calbindin
D-28k staining is shown in a vehicle-treated mouse PND 14
(Fig. 3A) and branaplam-treated mouse PND 49 (Fig. 3B). Glial
fibrillary acidic protein (GFAP) staining showed normal
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arrangements of Bergman glial fibers in vehicle- and branaplam-
treated SMNΔ7mice. An example of the GFAP staining is shown in
a vehicle-treated mouse PND 14 (Fig. 3C) and branaplam-treated
mouse PND 49 (Fig. 3D).

Juvenile Wistar Hannover rats
The calbindin D-28k staining in rats indicated normal alignment
of Purkinje cells and normal organization of the layers of the
cerebellar cortex in all studies on PND 35, PND 98, and PND 189
(Fig. S4A,B). Image analysis was applied on calbindin D-28k
stained brain sections from the 13-week and 26-week studies.
Assessment of the unit-length labelling index for calbindin D-28k
stained Purkinje cells indicated no significant difference between
values for rats treated with vehicle or 2 mg/kg/day branaplam for
13 weeks or treated with vehicle or 2.5 mg/kg/day branaplam for
26 weeks, respectively (Fig. 2E,F). Staining for GFAP revealed
normal arrangement of the radial glia and no glia scarring. The
staining pattern was similar between animals treated with vehicle or
branaplam for rats treated with vehicle or 2 mg/kg/day branaplam
for 13 weeks (Fig. S4C).

Juvenile Beagle dogs
Positive calbindin D-28k staining was observed in the cerebellum in
Purkinje cells and in the molecular layer at comparable intensities in
the vehicle- and branaplam-treated dogs of all studies. Quantitative
assessment of the length of the molecular layer and estimation of the

number of Purkinje cells indicated no significant difference between
the unit-length labelling indices for these cells in the cerebellum of
the vehicle- and branaplam-treated dogs (Fig. 2D). Normal Purkinje
cell alignment and molecular layer width were also observed in
vehicle- and branaplam-treated dogs from both studies (Fig. S5A)
Staining for GFAP revealed normal arrangement, no glia scarring or
activation. The staining pattern was similar between animals treated
with vehicle or branaplam from both dog studies included in the
assessment (Fig. S5B).

Assessment of genotoxicity potential
In vitro
In a mammalian mutagenicity test using human lymphocytes,
branaplam induced a concentration-related increase in micronucleus
formation. Assessment by fluorescence in situ hybridization (FISH)
demonstrated that the micronuclei were centromere positive,
demonstrating an aneugenic but not clastogenic effect (Table 1).

In vivo
The study in adult male rats showed that branaplam caused an
increase in micronucleus frequency at doses of ≥5 mg/kg with a no-
observable-effect level (NOEL) of 1 mg/kg. In blood samples
collected from a 13-week repeated dose study in juvenile rats, the
increased micronucleus frequencies were observed in male rats at a
dose of 2.0 mg/kg/day; no such effect was observed in female rats.
After a drug-free period of 4 weeks, the micronucleus frequencies in

Fig. 1. Ki67, phosphorylated histone 3, and cleaved caspase-3 immunohistochemistry stainings in the cerebellum of the SMA mouse model and
juvenile dogs treated with vehicle and branaplam. Ki67 staining in the external granular layer (EGL, brown stained layer) in the cerebellum of the SMA
mouse treated with vehicle (A) and branaplam (B); phosphorylated histone 3 staining (dark brown punctate staining) in the vehicle (C) and branaplam
(D) treated mice; cleaved caspase-3 staining (arrows point at single positive cells) in the vehicle (E) and branaplam (F) treated mice; Single Ki67 positive
cells in the residual EGL (arrows) in the cerebellum of vehicle (G) and branaplam (H) treated dogs. Numerous cleaved caspase-3 positive cells (brown
stained nuclei) in the subventricular zone (SVZ) of vehicle (I) and branaplam (J) treated dogs. Examples shown of three brains assessed per dose group
(mice) or ten per dose group (dogs).
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branaplam-treated rats were not different from control rats indicating
full reversibility of this change. The NOELs were 0.75 and 2.0 mg/
kg in male and female rats, respectively (data not shown).

Pharmacokinetics
Juvenile rats and dogs administered vehicle had no measurable
concentrations of branaplam in plasma, cerebrospinal fluid (CSF) or
brain tissue samples. Following repeated oral administration to
neonatal SMNΔ7 mice, juvenile rats, and juvenile dogs, branaplam
was quantifiable in all matrices investigated (Table 2). The mean
concentrations were calculated in all matrices across both sexes and
are presented in Table 2 together with the concentration ratios
between brain and plasma or CSF and plasma. Branaplam was
distributed into the brain with brain-plasma concentration ratios
between 2.8 and 4.3 for the SMNΔ7mouse, 2.6 and 3.1 juvenile rat,
and 8.9 to 9.9 for the juvenile dog. The CSF-plasma ratios in
juvenile dogs ranged between 0.16 and 0.17.

DISCUSSION
Here we presented the results for a novel approach for DNT using
the drug candidate branaplam, which showed cell-cycle effects in
preclinical safety studies. Specifically, neonatal SMNΔ7 mice,
juvenile Wistar Hannover rats, and juvenile Beagle dogs orally
dosed with branaplam showed no signs of aberrant proliferation,
apoptosis, or cell-cycle arrest. Similar patterns of cell proliferation

(demonstrated by Ki67 and PHH3 staining), and apoptosis
(demonstrated by staining for cleaved caspase 3) were observed in
vehicle- or branaplam-treated animals. Results obtained with
calbindin-D28k immunohistochemistry indicated no morphological
abnormalities in Purkinje cell bodies or their dendrites in the
molecular layer. Purkinje cell or Bergmann glia misalignment (the
latter demonstrated with GFAP staining) was not observed in any
species tested, and there was no evidence of glial cell activation
or scarring. Distribution of branaplam into the brain was consistent
with that previously described for mice and rats after oral
administration (Palacino et al., 2015). These results indicate no
adverse effects of branaplam on cerebellar architecture and adult
neurogenic sites in neonatal mice, juvenile rats, and juvenile dogs
detectable by immunohistochemistry staining and image-analysis-
based quantification.

Since pediatric patients with SMA are to be treated with
branaplam, we wanted to establish a sensitive assessment of
potential DNT and brain development in view of the cell-cycle-
inhibiting potential of branaplam. We aimed at performing sensitive
DNT investigations in the brain of juvenile animals treated with
branaplam that were beyond the recommended qualitative
histological assessments (Bolon et al., 2018). To achieve this
goal, we developed a novel protocol focusing on a few critical areas
of postnatal development using immunohistochemistry to assess
neurogenesis, neuronal migration and alignment complemented

Fig. 2. Image analysis based quantification of Ki67 and Calbindin D-28k positive staining in the striatum (SVZ) and cerebellum. Quantification of
Ki67 in the SVZ of the striatum in the dogs treated with vehicle (n=8) and branaplam at 2 mg/kg/day (n=10) for 13 weeks (A) and rats treated with vehicle
(n=10), branaplam (n=9) at 2 mg/kg/day for 13 weeks (B) and vehicle (n=9) at 2.5 mg/kg/day for 26 weeks (n=10) (C). The Ki67-positive area divided by the
length of the region of interest was used as a unit length labeling (ULL) index. Quantitative assessment of the length of the molecular layer and estimation of
the number of calbindin D-28K-positive Purkinje cells in the cerebellum of dogs treated with vehicle (n=10) and branaplam at 2 mg/kg/day (n=10) for
13 weeks (D) and rats treated with vehicle (n=10) and branaplam at 2 mg/kg/day (n=10) for 13 weeks (E) and vehicle (n=10) at 2.5 mg/kg/day for 26 weeks
(n=9) (F). The number of calbindin D-28K-positive cells divided by the length was also used as the readout (cells per unit length); Veh, vehicle. Median of
values shown. Significance assessed by Mann–Whitney test.
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with image analysis-based quantification. Some of these
immunohistochemistry stainings were shown to be sensitive in
detecting DNT in mice exposed to phenytoin on PND 2 to PND 4,
exhibiting abnormal dendritic arborization of Purkinje cells, and
persistence of the EGL (Ohmori et al., 1999). Similarly, early
postnatal exposure to cisplatin resulted in derangement of glial
fibers as demonstrated by light microscopy (Pisu et al., 2005).
In our experiments, branaplam was administered to neonatal and

juvenile experimental animals at ages that correspond to the time
during which the cerebellum is still developing in humans

(Watson et al., 2006). The vast majority of cells in the external
germinal zone (EGZ), a temporary population of proliferating
cerebellar cells located at the subpial surface of the developing
cerebellum, differentiate into granule cells that migrate to form the
IGL during the postnatal period (Marzban et al., 2015). In mice, the
peak of granule cell production in the EGZ is on PND 7 and
proliferation and migration are largely completed by PND 20 (Heng
et al., 2011). In rats, EGZ volume peaks at PND 15 and disappears
by PND 24 (Heinsen, 1977; Marzban et al., 2015). In dogs, the EGZ
is apparent by PND 2 and it persists until the tenth PND week
(Phemister and Young, 1968). For comparison, in humans the
EGZ disappears between 12 and 18 postnatal months and the cell
density in the internal granular layers reaches adult levels by about
2 years of age (Gadsdon and Emery, 1976). Likewise, the SVZ, and
SGZ of the hippocampal gyrus dentatus have been recognized as
important sites of neurogenesis in the postnatal brain in humans and
other mammals, but these anatomical structures are not as well
characterized compared to the cerebellum. In humans, neurogenesis
in the dentate gyrus of the hippocampus decreases rapidly during
the first years of life (Sorrells et al., 2018), whereas in the rat granule
cell development occurs between birth and PND 21, and then
continues at a lower rate throughout the animal’s life (Altman and
Bayer, 1990).

These findings are important as clinical studies with the orally
administered SMN splicing small molecule modulators branaplam
and risdiplam show promising efficacy in SMA Type 1 patients;
however, modulation of mRNA splicing has safety risks that are
believed to be off-target effects (Dunant, 2020; Jevtic et al., 2019;

Fig. 3. CalbindinD-28k and GFAP
staining in the cerebellum of the
SMA mouse model treated with
vehicle and branaplam.
CalbindinD-28k staining showing
Purkinje cell alignment (brown
staining) in a vehicle (A) treated
animal at PND 14 and branaplam
(B) treated animal at PND 49. Glial
fibrillary acidic protein staining
showing normal arrangement of
Bergman glial fibers (arrows) in the
vehicle- (C) and branaplam-treated
animal (D). PND, postnatal day.

Table 1. Micronucleus frequency analysis in human lymphocytes after
continuous treatment for 28 h with branaplam. Two experiments with
duplicate lymphocyte cultures were performed for each concentration
of branaplam

Concentration Percentage of micronucleated binucleated cellsa RDIb

DMSO 0 µg/ml 4.50 100.00
MBC 3 µg/ml 69.9c 54.8
1.0 µg/ml 8.50 54.4
1.3 µg/ml 14.0c 49.7
2.0 µg/ml 12.7c 56.3
2.5 µg/ml 31.0c 39.7
3.1 µg/ml 32.0c 38.0
6.0 µg/ml 41.5c 40.7
aFrequency (per thousand binucleates) of micronucleated binucleated cells.
bRelative division index (cytotoxicity parameter).
cStatistically significant increase versus control (P<0.05).
DMSO, dimethylsulfoxide; MBC, micronucleated binucleated cells; RDI,
relative division index.
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Ratni et al., 2018). Both SMN splicing modulators branaplam and
risdiplam showed cell-cycle effects, which could be detected with
high sensitivity in mammalian cytogenetics assay which are the
gold standard in preclinical safety testing. For risdiplam it was
postulated that regulation of secondary targets involved in the cell
cycle may be responsible for the aneugenic potential (Ratni et al.,
2018; Risdiplam Prescribing Information, 2020), whereas the cell-
cycle arrest effects of branaplam are probably caused by a
stabilizing effect on microtubulin polymerization. Safety findings
related to a cell-cycle arrest were observed with both compounds
in organs with active proliferation (e.g. gastrointestinal tract and
testis) in experimental animals. Additionally, branaplam induced a
minimal to mild peripheral axonopathy in dogs in a chronic 52-week
juvenile toxicity study and risdiplam caused retina degeneration in a
39-week chronic cynomolgus monkey study (Ratni et al., 2018;
Risdiplam Prescribing Information, 2020). Toxicities for these
compounds were monitored closely in the clinic, and no peripheral
neurotoxicity or retinal toxicity have been reported in patients
treated with branaplam or risdiplam (Day et al., 2020; Jevtic et al.,
2019; Risdiplam Prescribing Information, 2020).
Our studies demonstrated that orally administered branaplam,

under conditions of the studies performed and described here, had
no impact on neurogenesis in juvenile mice, rats, or dogs. The
immunohistochemistry stainings applied in our studies were robust
and reproducible in all species tested, that is, all markers were
well established for each species and no stainings were comparable
from different IHC runs. Moreover, we also demonstrated that
the immunohistochemistry staining was suitable for automated
quantitative assessment. Applying these techniques to selected
areas critical for postnatal CNS development may offer a reliable
and robust approach to assess DNT particularly of CNS active drug
candidates for use in pediatric populations.

MATERIALS AND METHODS
Animal studies
All animal experiments [neonatal SMNΔ7mice (a transgenic mouse model of
SMA, Le et al., 2005) juvenile Wistar Hannover rats (Rattus norvegicus), and
juvenile Beagle dogs (Canis lupus familiaris)] were reviewed and approved
by the respective Institutional Animal Care and Use Committees of either
Novartis Institutes for BioMedical Research (Cambridge, MA, USA),
PsychoGenics, Inc. (Paramus, NJ, USA) or Charles River Laboratories, Inc.
(Montreal, Quebec, Canada); all experiments conformed to the Guide for the
Use and Care of LaboratoryAnimals (National Research Council, Institute for
Laboratory Animal Research, 2011).

Administration of branaplam and animal tissue collection
An overview of the animal studies from which brain tissues were analyzed
by immunohistochemistry and/or image analysis-based quantification is
shown in Table 3.

SMNΔ7 Mice
In study 1, branaplam was administered daily by oral gavage at 0.03 mg/kg/
day or 3.0 mg/kg/day to neonatal male or female SMNΔ7 mice, beginning
on PND 3, with tissues collected at necropsy at the end of the study on
PND 9. In study 2, branaplam was administered daily by oral gavage at
1.0 or 3.0 mg/kg/day to neonatal male or female SMNΔ7 mice beginning
on PND 3. For each study, brain tissue from nine branaplam-treated mice
(three per dose group) and three vehicle-treated mice was used for
immunohistochemical investigation. Tissues were collected at necropsy at
the end of the study on PND 35 or PND 49. Tissues from vehicle-treated
animals, treated by oral gavage in parallel in each of the two studies, were
collected from study animals at necropsy on PND 9 from the first study and
on PND 14, 15 or 16 in the second study.

Wistar Hannover rats
In study 1, branaplam was administered weekly to juvenile male or female
Wistar Hannover rats by oral gavage at 0.75, 3.0 or 10 mg/kg/week,
beginning on PND 7, with tissues collected at necropsy at the end of the
study on PND 36. Brain tissue from 24 branaplam-treated rats (four males
and four females per dose group) and from eight vehicle-treated rats
(four males and four females) was used for immunnohistochemical
investigation.

In study 2, branaplam was administered daily to juvenile male and female
Wistar Hannover rats by oral gavage at 0.25, 0.75 or 2.0 mg/kg/day for 13
consecutive weeks, beginning on PND 7, with tissues collected at necropsy
at the end of the study from high-dose animals treated with branaplam at
2.0 mg/kg/day. In study 3, branaplam was administered daily to juvenile
male and female Wistar Hannover rats by oral gavage at 0.25, 0.75 or
2.5 mg/kg/day for 26 consecutive weeks, beginning on PND day 7, with
tissues collected at necropsy at the end of the study from high-dose animals
treated with branaplam at 2.5 mg/kg/day. Tissues from vehicle-treated
animals, which were treated by oral gavage in parallel in each of the three
studies, were collected from respective study animals at necropsy at the end
of each respective study. For studies 2 and 3, brain tissue from ten
branaplam-treated rats (five males and five females from the high-dose
group) and from five vehicle-treated rats (five males and five females) was
used for immunnohistochemical investigation.

Beagle dogs
In study 1, branaplam was administered weekly to male or female juvenile
Beagle dogs by oral gavage at 0.75, 3.0 or 10 mg/kg/week, beginning on
PND 28, with tissue collected at necropsy at the end of the study on PND 57.
In study 2, branaplam was administered daily to male and female juvenile
Beagle dogs by oral gavage at 0.25, 0.75 and 2.0 mg/kg/day, beginning on
PND 28, with tissues collected at necropsy at the end of the 13-week study
from high-dose animals treated with branaplam at 2.0 mg/kg/day. For
immunohistochemical investigations, brain tissue was used from 30
branaplam-treated dogs (five males and five females per dose group) and
ten vehicle-treated dogs (five males and five females) in the first study, and
from ten branaplam-treated dogs (five males and five females from the high-
dose group) and ten vehicle-treated dogs in the second study. Brain tissue
from vehicle-treated dogs that were treated by oral gavage in parallel in each

Table 2. Mean branaplam concentrations in plasma, CSF, and brain at necropsy

Species
Dose
(mg/kg/day) Sampling Day

Plasma
(ng/mL)

± SD
plasma CSF (ng/mL)

± SD
CSF Brain (ng/g)

± SD
brain

CSF/
plasma

Brain/plasma
ratio

SMNΔ7 mouse 1 PND 35, 4 h pd 5.63 (n=4) na na na 19.1 (n=4) na na 3.4
1 PND 49, 4 h pd 8.58 (n=4) na na na 23.9 (n=4) na na 2.8
3 PND 35, 4 h pd 26.5 (n=5) na na na 115 (n=5) na na 4.3

Wistar Hannover
rat

0.25 PND 188, 24 h pd 2.85a (n=6) 0.226 na na 7.42 (n=24) 1.35 na 2.6
0.75 PND 188, 24 h pd 7.82a (n=6) 1.5 na na 21.8 (n=24) 3.9 na 2.8
2.5 PND 188, 24 h pd 17.9a (n=6) 2.28 na na 55.7 (n=24) 12.1 na 3.1

Beagle dog 0.25 PND 119, 24 h pd 0.620 (n=10) 0.141 BLQ (n=10) na 6.13 (n=10) 1.3 na 9.9
0.75 PND 119, 24 h pd 1.70 (n=10) 0.509 0.294 (n=10) 0.089 15.4 (n=10) 5.7 0.17 9.1
2 PND 119, 24 h pd 3.24 (n=10) 1.18 0.530 (n=10) 0.214 28.8 (n=10) 12.63 0.16 8.9

aPlasma samples collected at 24 h post day 186 pp dosing. BLQ, below limit of quantification; CSF, cerebrospinal fluid; na, not available; pd, post last dose; PND,
postnatal day.
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of the two studies was collected from respective study animals at necropsy at
the end of each study.

Tissue processing and immunohistochemistry
Sampling and processing of tissues followed best practice recommendations
as outlined by the Society of Toxicologic Pathology, Nervous System
Sampling Working Group (Bolon et al., 2018). Brain tissues from all
animals were fixed by immersion in 10% neutral buffered formalin,
trimmed, and routinely processed.

Consecutive cerebellar tissue sections of standard thickness (4 to 6 µm)
from each species and tissue sections from striatum and dentate gyrus (rats
and dogs) were taken from the same tissue blocks, which were used for
preparation of the hematoxylin and eosin-stained tissue sections. For all
studies, tissue sections from animals dosed with the highest dose and the
corresponding vehicle were always included in the immunohistochemistry
assessment. All sections were stained with proliferation markers (Ki67 or
PHH3), Purkinje cell marker (calbindin-D28k), and apoptosis marker
(cleaved caspase-3). Sections were additionally stained with a glia marker
[glial fibrillary acidic protein (GFAP)] as outlined in Table 3. Cell cycle
phase markers Ki67 and PHH3, Purkinje cell marker calbindin-D28k and
apoptosis marker cleaved caspase-3 were applied on selected brain sections;
GFAP was selected to assess possible morphological changes (Bergman
glia alignment or scarring) in the cerebellum (more information on applied
antibodies and specificity are shown in Table 4).

Immunohistochemistry with the selected antibodies was performed using
the fully automated Discovery XT® instrument (Ventana Medical Systems
Inc, Oro Valley, AZ, USA). For immunostaining, tissue sections acquired
from paraffin blocks and mounted on glass slides were de-paraffinized and
rehydrated under solvent-free conditions using EZprep™ solution for 8 min
at 75°C. Tissue sections on glass slides were heated to induce epitope

retrieval by successive cycles at 100°C for 4 min in a tris-
ethylenediaminetetraacetic acid-based buffer optimized for the Discovery
XT® instrument (CC1 solution). Prior to application of respective primary
antibodies, a blocking step to inhibit nonspecific antibody binding was
performed by applying 1x casein solution in phosphate-buffered saline
(BioFX Laboratories, Owings Mills, MD, USA; catalog number PBSC-
0100-5×) for 32 min at room temperature. Endogenous avidin/biotin activity
in tissues was quenched by application of Ventana A/B blocking reagents
for 4 min each.

Primary antibodies were applied at the predetermined dilution to
respective tissues on glass slides for 3–6 h. Secondary antibodies were
applied after a short post-fixation using 0.05% glutaraldehyde. 3,3′-
diaminobenzidine was used as a chromogen according to the manufacturer’s
recommendations (ChromoMap DAB™ or DAB Map™, Ventana Medical
Systems Inc) followed by counterstaining with hematoxylin II and a bluing
reagent.

Microscopic analysis and automated digital analysis
Immunostained tissue sections were assessed by bright field light
microscopy. All stained tissue sections were scanned using a Hamamatsu
NanoZoomer slide scanner (NanoZoomer 2.0 HT, scanning software NDP-
Scan Vers. 2.5, Hamamatsu Photonics France, Swiss Office, Solothurn,
Switzerland). For image-analysis-based quantification cerebellar and striatal
tissue sections from rats and dogs stained for Ki67 and calbindin D-28kwere
scanned using a Philips slide scanner (Philips Ultra Fast Scanner, version
1.6, Image Management System version 2.2, Philips Digital Pathology,
Best, the Netherlands). A 40× objectivewas used for scanning, resulting in a
pixel size of 0.25 µm in x and y directions. Image-analysis-based
quantification was performed using Definiens Developer XD software
(Developer XD 2.0, Definiens AG, Munich, Germany), and image analysis

Table 3. Overview of animal studies from which brain tissue were sampled and assessed by immunohistochemistry and automated digital
morphometry

Animal species

Treatment
duration/dosing
frequency Dose, mg/kg

No of brains
assessed per
dose /total

Age at start
of dosing,
PND

Age at
necropsy,
PND

Brain regions
investigated IHC markers and ADI

SMNΔ7
mouse
modela

33 days (1×day) 0, 1, and 3 3/9 3 35 and 49b Cerebellum (EGL) Ki67, PHH3, CALB, CC3,
GFAP

Wistar
Hannover
rat

5 weeks, (1×week) 0, 0.75, 3, and 10 8/32 7 36 Cerebellum
Hippocampus
Dentate gyrus (SGZ)
Striatum (SVZ)

PHH3, CALB, CC3

13 weeks (1×day) 0 and 2 10/20 7 98 Cerebellum
Hippocampus
Dentate gyrus (SGZ)
Striatum (SVZ)

Ki67, PHH3, CALB, CC3¸ GFAP,
ADIc

26 weeks (1×day) 0 and 2.5 10/20 7 189 Ki67, PHH3, CALB, CC3¸ GFAP,
ADIc

Beagle dog 5 weeks (1×week) 0, 0.75, 3, and 10 10/20 28 57 PHH3, CALB, CC3, GFAP,
13 weeks (1×day) 0 and 2 10/20 28 119 Ki67, PHH3, CALB, CC3¸ GFAP,

ADIc

aFvB.Cg-Tg(SMN2*Δ7) 4299 Ahmb Tg (SMN2) 89 Ahmb/J mice.
bNo vehicle treated animals were available for these timepoints, as untreated animals are not surviving without treatment . Vehicle treated animals of 14, 15, and
16 PND were included in the assessment.
cADI imaging was applied only for Ki67 andCALB. ADI, automated digital imaging; CALB, calbindin D-28k; CC3, cleaved caspase 3; EGL, external granular layer;
IHC, immunohistochemistry; PHH3, phosphorylated histone H3; PND, postnatal day; SGZ, subgranular zone; SVZ, subventricular zone.

Table 4. Information on the antibodies used by immunohistochemistry

Antibody Specificity Vendor Catalog number Host

Calbindin D-28k Marks a member of calcium-binding protein superfamily and is a
Purkinje cell-specific marker in the cerebellum

Cell signaling 2173S Rabbit

Phospho-Histone3 Marks cells undergoing mitosis in the M phase Cell signaling 9701 Rabbit
Ki67 Marks nuclear antigen present in mid G1, S, G2, and the entire

M phase of the cell cycle
Neomarkers RM-9106S Rabbit

Cleaved caspase-3 Marks apoptotic cells Cell signaling 9661 Rabbit
Glial fibrillary acidic protein Marks astrocytes including Bergmann glia in the cerebellum Dako 9661 Rabbit
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algorithms were developed for each respective immunostaining. The
algorithms quantified stain-positive areas and computed unit-length
labelling indices.

Quantification of Ki67
SVZ regions in slide scans of the striatum were automatically detected as the
regions of interest (see Fig. 4, panels A through C for an example of the
outline of the region automatically detected in the rat). Ki67 positive
staining was detected and the areas measured. The length of this region was

measured and used as the denominator for the subsequent detected Ki67
positive cells. The Ki67 positive area divided by the length of the region of
interested was used as a unit length labeling index (ULL index).

Quantification of calbindin D-28k
Slide scans of the cerebellum, the granular and molecular cell layers as well
as the Purkinje cells, were detected automatically based on the positive and
negative areas (see Fig. 4, panels D through G for an example of the regions
automatically detected in the rat brain). The length of the molecular layer

Fig. 4. Automated image-analysis-based quantification of cell proliferation and distribution of Purkinje cells. Original Ki67 image (A). Image overlay
showing the region of interest in green and the detected Ki67 positive areas in red (B). Outline of the detected areas (C). Original calbindin-D28k image (D).
Image overlay showing the molecular layer (orange), granular cell layer (blue) and the interface area (light grey) with Purkinje cell layer (magenta) and white
space (yellow) (E). Part of the original image at higher magnification, showing the molecular layer with the Purkinje cells (F). Image overlay at higher
magnification (G). Outline showing the different cell layers and the interface area with the detected Purkinje cells (H).
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containing Purkinje cells was measured and used as the denominator for the
detected Purkinje cells (see Fig. 4G for an example of the Purkinje cell
nuclei detected as part of the molecular layer). The number of Purkinje cells
divided by the length of the molecular layer containing Purkinje cells at the
interface to the granular layer was used as the readout (cells per unit length).

Assessment of a genotoxic potential
The potential of branaplam to induce micronucleus formation was assessed
in vitro in human lymphocytes and in vivo in rats. The micronucleus test in
cultured human peripheral-blood lymphocytes was performed according to
ICH-S2(R1) and OECD guidelines (ICH, 2016; OECD, 2010). The in vitro
cytokinesis-block micronucleus assay in human lymphocytes detects
acentric chromosome fragments due to DNA breakage (clastogenicity)
and chromosome loss (aneuploidy) resulting from chromatid/chromosome
lagging in anaphase. The assay allows the assessment of cell toxicity/cell-
cycle delay in combination with the cytokinesis-block method using
cytochalasin B. The tests were conducted as described by Oliver et al.
(2006).

Micronucleus formation in vivowas assessed in a dedicated study in adult
male rats and as part of a 13-week repeat-dose study. In the dedicated study,
adult male rats were dosed twice (24 h apart) with 1, 5 or 10 mg/kg. In a
repeat-dose toxicity study, male and female juvenile rats were dosed with
0.25, 0.75 or 2.0 mg/kg/day for 13 weeks with blood sampling 24 h after the
last dose and 4 weeks after discontinuation of treatment in a subset of
animals. The methods used for assessing micronucleus induction in
peripheral blood of rats were described by Cammerer et al. (2007).

Pharmacokinetics
The following samples were collected for pharmacokinetic analysis of
branaplam: (1) plasma and brain tissue samples from SMNΔ7mice on PND
35 or 49 (4 h post last dose) after repeated dosing at 1 and 3 mg/kg/day;
(2) plasma and brain tissue samples from juvenile rats on PND 188 (24 h
post last dose) after repeated dosing at 0.25, 0.75, and 2.5 mg/kg/day for
26 consecutive weeks starting dosing at PND 7; and (3) plasma, brain tissue,
and CSF samples from juvenile dogs on PND 119 (24 h post last dose) after
repeated dosing to 0.25, 0.75, and 2 mg/kg/day for 13 consecutive weeks
starting dosing at PND 28.

A qualified LC-MS/MS method with a dynamic range of 1–1000 ng/ml
was employed for the analysis of branaplam in the plasma and brain tissue
samples collected from SMNΔ7 mice. Protein precipitation was used for
processing the plasma samples and brain tissue homogenate prior to LC-
MS/MS analysis on a Sciex QTRAP5500 system (Sciex, Toronto, Canada)
coupled with Agilent 1200 HPLC pumps. Chromatographic separation was
carried out on a MAC-MOD C18 (30×2.1 mm, 3 µm particle size) column
with a flow rate of 0.7 ml/min and column temperature set at 50°C. The
mobile phase Awas water containing 0.1% formic acid and mobile phase B
was acetonitrile containing 0.1% formic acid. Gradient elution was as
follows: 0 min, 5%B; 0.3 min, 95%B; 0.3 to 1.8 min 95%B, 2.5 min, 5%B
and 3.0 min, stop. Electrospray in positive ionization mode with multiple-
reaction monitoring (MRM) was employed for the MS/MS detection at the
following mass transitions: (i) branaplam: m/z 394.2→140.2; (ii) internal
standard gluburide: m/z 494.4→369.0.

Fully validated LC-MS/MSmethods were implemented in the analysis of
branaplam in the plasma samples (0.1 to 100 ng/ml for rat plasma and 0.2 to
200 ng/ml for dog plasma) while qualified LC-MS/MS methods were
employed for the analysis of the compound in the CSF (0.2 to 200 ng/ml)
and brain tissue (0.5 to 500 ng/g for rats and 1 to 1000 ng/g for dogs)
samples collected from the juvenile rats and juvenile dogs. In these
measurements, plasma, CSF (diluted to 1:1 with plasma), and homogenized
brain samples (diluted to 1:4 with PBS buffer) were processed using protein
precipitation method with acetonitrile:methanol (90:10, v:v). Upon vortex-
mixing and centrifugation, the resulting supernatants was dried under
nitrogen stream. The reconstituted sample extract were submitted to
LC-MS/MS analysis on a Sceix QTRAP 6500 system (Sciex, Toronto,
Canada) coupled with Shimadzu HPLC pumps. Chromatographic
separation was carried out on a MAC-MOD C18 (3 μm, 4.6×50 mm)
column with a flow rate of 0.8 ml/min and a column temperature set at 40°C.
The mobile phase was water:acetonitrile (95:5, v:v) containing 0.5% acetic

acid and 5 mM ammonium acetate and mobile B was acetonitrile containing
0.5% acetic acid. Gradient elution was as follows: 0 to 2 min 26% B; 2.0 to
2.01 min, 26% to 95% B; 2.01 to 2.5 min 95% B, 0.50 to 2.51 min, 95 to
26% B; 2.51 to 3.2 min 26% B. Mass transitions of (i)m/z 394.3→140.3 for
branaplam and (ii) m/z 400.3→140.3 for the internal standard [(M+6)
branaplam] were employed in the MS detection under positive electrospray
ionization with multiple-reaction monitoring.

The LC-MS/MS data from the above analysis were processed with
Analyst software (versions 1.6 and 1.6.2, Applied Biosystems, Foster City,
CA, USA). The analyte concentration data was calculated using Analyst
software or Watson LIMS (version 7.4.1 and 7.4.2, Thermo Fisher
Scientific, Philadelphia, PN, USA).
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