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Reduced mTORC1-signalling in retinal progenitor cells leads to

visual pathway dysfunction

Iwan Jones*, Anna-Carin Higglund* and Leif Carlsson?*

ABSTRACT

Development of the vertebrate central nervous system involves the
co-ordinated differentiation of progenitor cells and the establishment
of functional neural networks. This neurogenic process is driven by
both intracellular and extracellular cues that converge on the
mammalian target of rapamycin complex 1 (mTORC1). Here we
demonstrate that mTORC1-signalling mediates multi-faceted roles
during central nervous system development using the mouse retina
as a model system. Downregulation of mMTORC1-signalling in retinal
progenitor cells by conditional ablation of Rptor leads to proliferation
deficits and an over-production of retinal ganglion cells during
embryonic development. In contrast, reduced mTORC1-signalling
in postnatal animals leads to temporal deviations in programmed cell
death and the consequent production of asymmetric retinal ganglion
cell mosaics and associated loss of axonal termination topographies
in the dorsal lateral geniculate nucleus of adult mice. In combination
these developmental defects induce visually mediated behavioural
deficits. These collective observations demonstrate that mTORC1-
signalling mediates critical roles during visual pathway development
and function.
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INTRODUCTION

Development of the vertebrate central nervous system (CNS)
involves the transition of neural progenitor cells (NPCs) through a
series of temporal and spatial neurogenic waves that lead to the
establishment of functional neural networks comprised of distinct
cellular lineages (G6tz and Huttner, 2005). Neurogenesis is driven
by both intracellular and extracellular molecules that signal through
the mammalian target of rapamycin complex 1 (mTORCI) to
coordinate cell growth, nutritional metabolism and protein
translation in response to these inductive cues (LiCausi and
Hartman, 2018). mTORCI is a protein complex that is assembled
from three regulatory (mTOR, Raptor and mLST8) and two
inhibitory components (PRAS40 and Deptor) (Saxton and
Sabatini, 2017) (Fig. 1A). Raptor functions as an adaptor protein
and is responsible for recruiting canonical mTORCI1 substrates
through binding to their TOR signalling motifs (Nojima et al.,
2003). One downstream effector is p70S6K whose phosphorylation
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of the 40S ribosomal protein S6 (pS6) routinely acts as a readout
marker of mTORCI1 signalling (Holz et al., 2005; Knight et al.,
2012) (Fig. 1A).

The generation of Raptor deficient animal models has been a robust
approach for demonstrating that mTORC1-signalling is critical for the
development and function of several major cell types within the CNS.
Conditional deletion of Rpfor in NPCs during embryonic
development leads to microcephaly and aberrant oligodendrocyte
differentiation while Rpfor inactivation in postnatal mice induces
reactive astrogliosis (Bercury et al., 2014; Chen et al., 2016; Cloetta
et al, 2013; Zhang et al., 2017). Furthermore, treatment of
experimental models with pharmacological mTORC1 inhibitors
leads to long-term learning and memory deficits (Blundell et al.,
2008; Tischmeyer et al., 2003). Taken together, these observations
demonstrate that mMTORC1-signalling is integral to brain development
and function but whether this pathway mediates similar multifaceted
roles within other CNS domains remains largely unexplored.

The mouse retina is a tractable model for studying various aspects
of CNS development and function (Agathocleous and Harris, 2009).
This neuroepithelial tissue develops from a homogenous pool of
retinal progenitor cells (RPCs) that undergo orchestrated cell fate
transitions to produce six neuronal classes: rod and cone
photoreceptors, horizontal, bipolar, amacrine and retinal ganglion
cells (RGCs) and Miiller glia. The adult mouse retina presents as a
laminated structure with the cell bodies of these distinct cell
lineages being radially positioned within three stratified layers:
(i) photoreceptors reside in the outer nuclear layer (ONL), (ii) the inner
nuclear layer (INL) contains horizontal, bipolar and amacrine cells in
addition to Miiller glia, while the (iii) ganglion cell layer (GCL)
contains RGCs and displaced amacrine cells (Bassett and Wallace,
2012). Within these stratified layers various neuronal classes are also
tangentially distributed across the retinal surface in well-ordered
mosaics to ensure complete sampling of visual space. Of particular
importance in this regard are RGC mosaics whose primary function is
to relay visual information to retinorecipient brain nuclei such as the
dorsal lateral geniculate nucleus (dLGN) (Morin and Studholme,
2014; Reese and Keeley, 2015). This precise tissue architecture
requires both intracellular and extracellular signalling (Amini et al.,
2017) and recent studies have demonstrated the importance of the
mTORC1 pathway for radial positioning during mouse retinal
development (Choi et al., 2018; Jones et al., 2015). However,
whether mTORC1 mediates similar roles during tangential mosaic
formation and visually mediated behaviour is currently unknown.

The work presented in this study therefore addresses the roles of
mTORC1-signalling during retinal mosaic formation. We demonstrate
that downregulation of this pathway in RPCs by means of Rptor-
ablation induces proliferation deficits and aberrant RGC differentiation
during mouse embryonic development. Such neurogenic disruption
consequently leads to asymmetric RGC mosaics and irregular
binocular projection topographies in the dLGN of adult animals.
These multi-faceted developmental defects eventually culminate in
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Fig. 1. See next page for legend.

functional deficits when performing visually mediated behavioural
tasks. Our collective observations therefore demonstrate that
mTORC I -signalling mediates critical roles during various aspects of
retinal mosaic formation and visual pathway function.

RESULTS

Conditional deletion of Rptor within retinal progenitor cells
leads to a distinct spatial pattern of reduced mTORC1-
signalling

To disrupt mTORC1-signalling in RPCs (Fig. 1A) we crossed mice
carrying floxed Rptor alleles (Rptor™!-1Pmsa referred to as Rptor’”)
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(Sengupta et al., 2010) with animals harbouring an LAx2-promoter
driven Cre-recombinase transgene (7g(Lhx2-Cre)1Lcar, referred to
as Lhx2-Cre) (Hagglund et al., 2011), which promotes LoxP
recombination in RPCs prior to the onset of neurogenesis and
mTORC]-signalling (Hagglund et al., 2011, 2017). Lhx2-Cre:
Rptor”/ mice were born at normal Mendelian ratios and adult mice
were indistinguishable from their littermates (Fig. S1). Immunoblot
analyses were therefore performed on retinal extracts harvested at
postnatal day 1 (P1) to determine the extent of mMTORCI1 pathway
activity following Rptor deletion. While a significant reduction in
Raptor was detected in Lhx2-Cre:Rptor”/ animals, the level of pS6
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Fig. 1. Conditional deletion of Rptor leads to domain-specific
reductions in mMTORC1-signalling. (A) The mTORC1 is assembled from
Deptor, PRAS40, LST8, mTOR and Raptor. This multimeric complex
regulates protein translation in response to nutritional and environmental
cues through the phosphorylation of the 40S ribosomal protein S6 (pS6).
(B) Representative immunoblot analyses of Raptor, GAPDH, pS65235/236
pS6S240/244 and S6 in retinal extracts harvested from control (n=4) and
Lhx2-Cre:Tsc1™ (n=4) mice at P1. (C) Densitometry analyses of Raptor,
pS6S235/236 gnd pS6S249/244 in retinal extracts harvested from control (n=6)
and Lhx2-Cre:Rptor’ (n=6) mice at P1. Lhx2-Cre:Rptor”’ mice exhibit a
significant 30% decrease in Raptor levels compared to littermate controls.
No significant differences in pS6523%/236 and pS65240/244 |evels were
observed. Raptor densitometry data were normalised against GAPDH while
pS6°5235/236 gnd pSES249/244 values were normalised against S6.

(D) Schematic diagram detailing the dissection strategy employed for
harvesting retinal quadrants. (E) Schematic diagram detailing the qPCR
strategy employed to determine the level of Rptor recombination in the
retinal quadrants. The level of PCR product generated by the target primer
pair (R6F and R6R) was normalised against that amplified from the internal
control primer pair (R4F and R4R). (F) gPCR analysis of normalised Rptor
levels in retinae harvested from control (n=6) and Lhx2-Cre:Rptor’ (n=7)
mice at 6 weeks of age. Mutant animals exhibit a domain-specific pattern of
Rptor recombination with approximately 80% deletion being observed in the
DT retina while the remaining quadrants exhibit close to a 50% deletion rate.
(G—K) Representative immunohistochemical staining of retinae harvested
from Lhx2-Cre:Rptor*:ROSA26R (G-H) and Lhx2-Cre:Rptor":ROSA26R
(I-K) mice at P1. Lhx2-Cre:Rptor*:ROSA26R animals exhibit widespread
pS6S240/244 distribution due to canonical mTORC1-signalling mediated by
the remaining wild-type Rptor allele. In contrast, no pS6524%/244 was
observed in the DT retina (I,K, red triangles) of Lhx2-Cre:Rptor":ROSA26R
mice while modest pS65240/244 |evels were observed within the remaining
regions (l,J, green triangles). (L—P) Representative lineage tracing analyses
of retinae taken from Lhx2-Cre:Rptor*’:ROSA26R (L,M) and Lhx2-Cre:
Rptor”:ROSA26R (N-P) mice at P1. All mice exhibit widespread X-gal
staining throughout the retina thus confirming global Lhx2-Cre transgene
expression and subsequent Cre-mediated recombination of the ROSA26R
allele. Note that radial columns of X-gal mosaicism are observed in both
Lhx2-Cre:Rptor*:ROSA26R and Lhx2-Cre:Rptor’":ROSA26R mice due to
variable ROSA26R recombination in the ventral retina (M,0). The broken
line demarcates the border of the retina in all images. All data represents the
meanzs.e.m. Statistical differences were calculated using unpaired two-
tailed Student’s t-tests. P-values are denoted as follows: *P<0.05 and
****P<0.0001. Scale bars: (G,I,L,N) 500 um; (H,J,K,M,O,P) 100 pym.
Abbreviations: D, dorsal; Deptor, DEP domain containing mTOR interacting
protein; DN, dorsonasal; DT, dorsotemporal; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; kDa, kilodalton; LE, lens; LST8, lethal with
SEC13 protein 8; mTOR, mechanistic target of rapamycin; mTORC1,
mechanistic target of rapamycin complex 1; N, nasal; NR, neural retina;

P, postnatal day; PRAS40, proline rich AKT substrate 40 kDa; pS6,
phosphorylated ribosomal protein S6; pS6K, phosphorylated ribosomal
protein S6 kinase; Raptor, regulatory protein associated with mTOR; RPE,
retinal pigment epithelium; S6, ribosomal protein S6; S6K, ribosomal protein
S6 kinase; T, temporal; V, ventral; VN, ventronasal; VT, ventrotemporal;
X-gal, 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside.

was comparable to control littermates (Fig. 1B,C). One possible
explanation for this apparent normal level of mTORC]1-signalling
was that the Rpfor allele was undergoing variable recombination
efficiency within the RPC population. Retinae were therefore
harvested from control and Lhx2-Cre:Rptor’” adult mice and
dissected into four equal tissue quadrants (Fig. 1D). Genomic
DNA was prepared from these regions and the level of Rptor
recombination was determined by qPCR (Fig. 1E). Lhx2-Cre:
Rptor”’ animals exhibited a distinct spatial pattern of Rptor-ablation.
A recombination level of approximately 80% was detected in the
dorsotemporal (DT) region while the remaining retina exhibited
close to a 50% deletion rate (Fig. 1F).

Given the distinct spatial pattern of Rpfor recombination we
predicted that the DT retina of Lhx2-Cre:Rptor’/ mice would exhibit a

lower level of mTORCI-signalling relative to the remaining
quadrants. Immunohistochemical analyses were therefore performed
on flat-mounted retinae harvested from L/x2-Cre:Rptor™/:ROSA26R
and Lhx2-Cre:Rptor”:ROSA26R animals at Pl (Fig. 1G-K).
Widespread pS654724 expression was observed throughout the
retina of Lhx2-Cre:Rptor/:ROSA26R mice due to canonical
mTORC]1-signalling mediated by the remaining wild-type allele
(Fig. 1G,H). In contrast, no pS6524%24* was detected in the DT retina
of Lhx2-Cre:Rptor”’:ROSA26R mice (Fig. 1LK, red triangles) in
combination with normal pS65249244 levels being observed within the
remaining quadrants (Fig. 11,J, green triangles). Importantly, this
distinct spatial pattern of Rptor recombination was not due to variable
expression of the Lhx2-Cre transgene since lineage-tracing analyses
demonstrated widespread X-gal staining throughout the retina of both
Lhx2-Cre:Rptor™:ROSA26R and Lhx2-Cre.:Rptor”’:ROSA26R mice
(Fig. 1L-P). However, it should be noted that radial columns of X-gal
mosaicism was sometimes observed in both Lhx2-Cre:Rptor*/:
ROSA26R and Lhx2-Cre:Rptor:ROSA26R mice due to subsets of
RPCs escaping ROSA26R recombination in the ventral retina
(Fig. IM,0).

To summarise, a distinct spatial pattern of Rptor-ablation was
observed in Lhx2-Cre:Rptor” mice (Fig. S2). RPCs that generated
the DT retina exhibited high levels of deletion that consequently
resulted in the loss of mTORCI-signalling within this domain. In
contrast, progenitor cells that established the remaining retina
exhibited lower levels of Rpfor recombination that had no outward
effects on mTORC1-signalling activity. This characteristic spatial
pattern of Rptor-ablation was also fully penetrant amongst all Lax2-
Cre:Rptor” mice analysed (n=43) independent of sex or genetic
background (129/Sv:CBA:C57BL/6 and 129/Sv:CBA:C57BL/6:
NMRI).

Domain-specific reduction in mTORC1-signalling leads to
aberrant RGC differentiation during embryonic development
The distinct spatial pattern of Rpror-ablation observed in Lhx2-Cre:
Rptor”’ mice fortuitously provided an opportunity to investigate
how contrasting reductions in mMTORC1-signalling influenced RGC
neurogenesis [embryonic day (E) 12.5] and radial migration (E16.5)
(Fig. 2) (Pan et al., 2005; Reese, 2011). We initially observed that
the retinal area of mutant animals was significantly reduced at both
E12.5 and E16.5 (Fig. 2S) albeit with cell densities that were
comparable to control animals (Fig. 2T). These observations

implied that the smaller retina observed within Lhx2-Cre:Rptor”’

mice was due to a decrease in absolute cell number that presumably
arose due to proliferation deficits. To address this possibility the
proportion of cells in various phases of the cell cycle were examined
at commencement of RGC neurogenesis (E12.5) (Fig. S3).
Accordingly, an in utero pulse of BrdU followed by
phosphohistone-H3 (PH3) immunohistochemistry (Fig. S3A,B)
demonstrated that Lhx2-Cre:Rptor’”/ mice had a significant
reduction in the number of both proliferating BrdU* and PH3*
mitotic RPCs (Fig. S3C). Moreover, the number of double-labelled
cells was also reduced which was indicative of an increase in cell
cycle length (Fig. S3C). Taken together, our data demonstrated that
slower cell cycle progression and a consequent reduction in absolute
cell number underlay the decreased retinal area observed in LAx2-
Cre:Rptor’”/ mice.

Widespread pS6524024% reactivity was detected throughout the
entire retina (Fig. S4A—C) and Brn3" RGCs were observed to curve
around the central retina of control mice at E12.5 (Fig. 2A-C,
yellow arrowheads) with the number of RGCs being lower in the
nasal region (Fig. 2A) relative to the temporal domain (Fig. 2C).
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Fig. 2. Domain-specific reduction in
| mTORC1-signalling leads to aberrant RGC
neurogenesis and radial migration deficits
during embryonic development. RGC
differentiation and mTORC1-activity was
assessed by immunohistochemistry at
developmental time points that coincided with
neurogenic onset (E12.5) and radial migration
(E16.5) milestones. (A—F) Representative
coronal sections through the nasal to temporal
axis of control (A—C) and mutant (D—F)
animals at E12.5 demonstrates the delayed
appearance of RGCs and reduced mTORC1-
signalling in Lhx2-Cre:Rptor” mice. The
yellow triangles represent the dorsal and
ventral boundaries of the differentiating Brn3*
RGC population, respectively. Note that both
control and mutant animals display similar
nasal'®" to temporal™9" RGC distribution
gradients. (G—-R) Representative coronal
sections through the nasal to temporal axis of
control (G-L) and Lhx2-Cre:Rptor’ (M-R)
animals at E16.5 reveals ectopic Brn3* cells
(yellow arrowheads) in both the dorsal and
ventral neuroblastic layers of mutant mice.
Moreover, a reduced level of MTORC1-
signalling is observed throughout the whole
extent of the retina in Lhx2-Cre:Rptor”

o animals with the DT region (O) exhibiting a

» GCL Pl it i el complete lack of pS6S249/244 immunoreactivity.
el A~y (S) Quantitative analysis demonstrates that
the area of the retina in Lhx2-Cre:Rptor’ mice
was significantly smaller during both
neurogenesis (E12.5) and radial migration
(E16.5). (T) Quantitative analysis
demonstrates that the density of DAPI* cells in
the retina of both control and Lhx2-Cre:Rptor’
mice were comparable during both
neurogenesis (E12.5) and radial migration
(E16.5). (U) Quantitative analysis
demonstrates that the density of Brn3* cells in
the retina of Lhx2-Cre:Rptor” mice was
significantly reduced during neurogenesis
(E12.5) but the subsequent over-production of
RGCs leads to a significant increase in their
¢ numbers during radial migration (E16.5). The
(B (P WO R R " number of eyes analysed at each age was as
R L : follows: E12.5 (control, n=8; Lhx2-Cre:Rptor™,
n=8); E16.5 (control, n=8; Lhx2-Cre:Rptor",
n=12). All data represents the meants.e.m.
Statistical differences were calculated using
unpaired two-tailed Student’s t-tests. P-values
are denoted as follows: **£<0.01 and
****P<0.0001. Scale bar: (A—F) 50 pum;
(G—R) 50 pym. Abbreviations: CM, ciliary
margin; D, dorsal; GCL, ganglion cell layer;
INBL, inner neuroblastic layer; LE, lens; NR,
neural retina; ONBL, outer neuroblastic layer;
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Contrastingly, the mutant retina exhibited a reduction in both
mTORC-activity (Fig. S4D-F) and RGC numbers (Fig. 2D-F,
yellow arrowheads) that was subsequently confirmed by cell count
analysis (Fig. 2U). Moreover, the spatial expression pattern of
Math5, which is essential for RGC differentiation (Yang et al.,
2003), overlapped with that of Brn3* cells in the temporal retina of
control mice (Fig. S5A) while its expression domain was reduced in
mutant animals (Fig. S5B); thus confirming that Rpfor-ablation led
to delayed RGC neurogenesis.

RGC differentiation proceeded in a wave towards the retinal
periphery and by E16.5 the majority of Brn3" cells in control
mice had migrated into the future GCL (Fig. 2G-L) and their
NEFH" axons projected out of the eye to form the optic nerve
(Fig. S6A). Moreover, the GCL of wild-type animals exhibited
widespread pS65240/244 reactivity (Fig. S7TA-F). Contrastingly, a
reduction in mTORC 1-signalling (Fig. S7G-L) and apicobasal
thickness (Fig. S7G-L, brackets) was observed in Lhx2-Cre:
Rptor” mice. Interestingly, the mutant animals had an apparent
increase in RGC number within the emerging GCL (Fig. 2M—R)
that was confirmed by cell count analysis (Fig. 2U) and
indirectly by a greater number of projecting NEFH" axons
(Fig. S6B). Moreover, multiple ectopic Brn3* cells were
also evident within the outer- and inner-neuroblastic layers
(Fig. 2M-R, yellow arrowheads). In addition, these phenotypes
were most prominent in the DT retina of mutant mice where
increased numbers of Brn3* cells (Fig. 20) and a complete
absence of pS6524%24 immunoreactivity (Fig. S7I) were
observed. Thus, conditional deletion of Rpfor in RPCs
increased the number of RGCs during embryonic development.

Domain-specific reduction in mTORC1-signalling leads to
altered RGC mosaics during postnatal development

That an over-production of RGCs and radial migration deficits were
observed particularly in the DT retina of Lhx2-Cre:Rptor”
embryonic mice prompted the assessment of whether Rpror-
ablation also influenced postnatal RGC mosaic formation (Fig. 3).
These analyses were performed in both the DT and ventronasal
(VN) quadrants to assess whether the distinct levels of allele
recombination observed within these domains influenced tangential
dispersion (Fig. 3AB). Flat-mounted retinae taken at postnatal ages
(P3, P6 and P9) that coincided with RGC mosaic formation (Reese
and Keeley, 2015) demonstrated that both domains in control
animals in addition to the VN region of Lhx2-Cre:Rptor” mice
exhibited a comparable number of RGCs (Fig. 3A—I). In contrast, a
greater number of Brn3" cells were present in the DT retina of
mutant animals (Fig. 3J-L) that correlated with the previously
observed over-production of Brn3™ cells in this domain at E16.5.
This apparent increase in DT RGC number was subsequently
confirmed by cell count analysis (Fig. 3M).

The mosaic regularity of RGCs residing within the DT and VN
retina were next determined by Voronoi domain and nearest
neighbour approaches (Galli-Resta et al., 1997; Reese and
Keeley, 2015). Both regions in wild-type animals and the VN
quadrant of Lhx2-Cre:Rptor”/ mice (Fig. 3N-V) exhibited
comparable Voronoi domain areas. However, the increased
number of RGCs in the DT retina of mutant animals resulted in
smaller areas at all ages analysed (Fig. 3W-Y), which was
confirmed by quantitative analyses (Fig. 3Z,AA). However, no
differences in the Voronoi domain (VDRI) or nearest neighbour
regularity indices (NNRI) were observed, which demonstrated
that control and Lhx2-Cre:Rptor”/ mice had comparable mosaic
symmetries (Figs S8—10).

Domain-specific reduction in mTORC1-signalling leads to
aberrant RGC apoptosis during postnatal development

RGCs undergo extensive postnatal apoptosis to fine-tune their mosaic
arrangement (Beros et al., 2018) and we therefore reasoned that
alterations in programmed cell death underlay the densely packed
nature of RGCs in the DT retina of Lix2-Cre:Rptor’” animals. To
address this hypothesis we performed immunohistochemical analyses
on flat-mounted retinae harvested from wild-type and mutant mice at
P6 (Fig. 4) as this age coincided with the peak of RGC apoptosis
during mouse retinal development (Young, 1984). Both DT and VN
domains in control (Fig. 4A,B) and the VN region of LAix2-Cre:
Rptor” mice (Fig. 4D) exhibited comparable numbers of evenly
dispersed Brn3™" nuclei that were intermingled with numerous Casp3*
cells. In contrast, densely packed RGCs and a seemingly reduced
number of apoptotic cells were present within the DT region of
mutant animals (Fig. 4C) that was subsequently confirmed by
quantitative analyses (Fig. 41). We therefore concluded that a reduced
level of apoptosis contributed to the densely packed RGC mosaics
observed in the DT retina of early postnatal Lhx2-Cre:Rptor’” mice.

Domain-specific reduction in mTORC1-signalling leads to
aberrant retinal morphology and RGC mosaics in adult mice
Next we examined whether the domain-specific decreases in
mTORC]1-signalling within the DT and VN retina altered RGC
apoptosis at later developmental periods (Fig. 4E-H), as Raptor
deficiency leads to continuous programmed cell death during
nervous system development (Cloetta et al., 2013). Both the DT and
VN regions in control animals at P21 exhibited solitary Casp3™ cells
that were intermingled amongst evenly dispersed Brn3" nuclei
(Fig. 4E,F, yellow arrowheads). In contrast, an apparent increase in
the number of apoptotic cells was observed in both domains within
mutant animals (Fig. 4G,H), which was confirmed by quantification
analyses (Fig. 4I).

This unexpected increase in RGC apoptosis within older postnatal
Lhx2-Cre:Rptor” mice therefore provided an opportunity to
investigate how sustained programmed cell death influenced both
retinal morphology and RGC mosaics within adult animals (Fig. 5).
Accordingly, enucleated eyes were harvested from mice at 7 weeks of
age and the morphological appearance of the retinae was determined
by histological staining. Coronal eye sections demonstrated that the
DT and VN regions in control animals exhibited a characteristic
laminated structure with the three nuclear layers (ONL, INL and
GCL) being interconnected by two plexiform layers (Fig. SA,B). In
contrast, while the morphology of the retinae in Lix2-Cre:Rptor”
mice also displayed similar stratification, the apicobasal thickness of
the DT region was greatly reduced (Fig. 5C) while both the DT and
VN retina exhibited a disorganised GCL (Fig. 5C,D) which was
populated by ROSA26R™ cells (Fig. S11).

Given the aberrant morphology of the GCL in mutant animals we
next examined the tangential arrangement of RGCs by flat-mount
analyses (Fig. SE—Q). In control retinae, a comparable number
of Brn3" cells were observed in both DT and VN quadrants
(Fig. 5E,F). In contrast, a reduction in both Brn3* cell number and
nuclear area was observed in the DT retina of Lhx2-Cre:Rptor”’
mice (Fig. 5G) while only RGC number seemed to be affected
within the VN domain (Fig. 5H) and this was subsequently
confirmed by quantitative analyses (Fig. SM,N). Moreover, the
decrease in RGC numbers within the DT and VN domains of
Lhx2-Cre:Rptor’’ animals appeared to disrupt the regularity of their
mosaics. The spatial properties of these arrays were therefore
determined by Voronoi domain and nearest neighbour approaches
(Galli-Resta et al., 1997; Reese and Keeley, 2015). Both regions in
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Fig. 3. Domain-specific reduction in mTORC1-signalling leads to an over-production of RGCs in the dorsotemporal retina during postnatal
development. Retinae were harvested from control and Lhx2-Cre:Rptor” mice during postnatal development to determine the mosaic arrangement of RGCs
in the VN and DT regions (AB). (A-L) Representative flat-mount analyses of the VN and DT regions of control and Lhx2-Cre:Rptor’” mice at P3 (A,D,G,J),
P6 (B,E,H,K) and P9 (C,F,I,L) demonstrate that both domains in wild-type animals in addition to the VN region of Lhx2-Cre:Rptor’ mice (A-l) exhibit a
comparable number of Brn3* cells that are dispersed across the surface of the retina in similar arrays. In contrast, a seemingly greater number of RGCs are
present in the DT region of mutant animals at all ages analysed (J-L). (M) Quantification of RGC number in the DT and VN quadrants of control and Lhx2-
Cre:Rptor’ mice at P3, P6 and P9. Mutant mice have a significant increase in the mean number of Brn3* cells within the DT region at all ages analysed.
(N=Y) The regularity of RGC mosaics in the VN and DT regions of control and Lhx2-Cre:Rptor’" mice at P3 (N,Q,T,W), P6 (O,R,U,X) and P9 (P,S,V,Y) was
quantified by Voronoi domain and nearest neighbour analyses. Representative heat map diagrams reveal comparable RGC territories within both domains of
wild-type animals in addition to the VN region of Lhx2-Cre:Rptor” mice (N-V). In contrast, the increased number of RGCs in the DT domain of Lhx2-Cre:
Rptor™ mice (M) resulted in smaller Voronoi domain areas at all ages analysed (W-Y). (Z,AA) Quantitative analyses of the Voronoi domain (Z) and nearest
neighbour distances (AA) demonstrate that RGCs solely within the DT region of Lhx2-Cre:Rptor’* mice exhibit significantly reduced Voronoi domain areas
and nearest neighbour distances compared to control littermates due to the increased number of cells in this quadrant (M). The corresponding Voronoi
domain and nearest neighbour distance histogram plots are presented in Figs S8-S10. (AB) Schematic diagram detailing the retinal quadrants imaged for
the Voronoi domain and nearest neighbour analyses. The number of retinae analysed at each age was as follows: P3 (control, n=6; Lhx2-Cre:Rptor’’, n=6);
P6 (control, n=4; Lhx2-Cre:Rptor™, n=4); P9 (control, n=11; Lhx2-Cre:Rptor™, n=8). All data represents the meanzts.e.m. Statistical differences were
calculated using unpaired two-tailed Student’s t-tests. P-values are denoted as follows: **P<0.01, ***P<0.001 and ****<0.0001. Scale bar: (A-L) 50 pm.
Abbreviations: D, dorsal; DT, dorsotemporal; N, nasal; P, postnatal day; T, temporal; V, ventral; VN, ventronasal.

wild-type animals (Fig. 5I,J) exhibited comparable spatial mice resulted in increased Voronoi domain areas and nearest
properties (Fig. 50O,P). However, the decreased number of RGCs  neighbour distances (Fig. 5O,P) with the accompanying decrease in
in the DT (Fig. 5K) and VN regions (Fig. SL) of Lhx2-Cre:Rptor” both VDRI and NNRI confirming a complete loss of mosaic
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regularity in the DT domain in particular (Fig. S12). Interestingly,

this mosaic disarray phenotype was specific to Lhx2-Cre:Rptor”’

mice since the retina of heterozygous animals exhibited normal
RGC tangential positioning despite the fact that the Rptor allele
underwent recombination efficiencies similar to that observed
within the VN domain of mutant mice (Figs S13 and S14).

Aberrant RGC mosaics initiate retinogeniculate topography
deficits in adult mice

Intraocular anterograde labelling was next performed on control and
Lhx2-Cre:Rptor”/ mice at 6 weeks of age to determine whether
the aberrant DT and VN RGC mosaics observed in mutant
mice influenced their axonal termination topography within the
retinorecipient dLGN (Fig. 6). Binocular inputs in control
mice were segregated into a stereotypical pattern (Monavarfeshani
et al., 2017) with a single ipsilateral patch being surrounded by

Fig. 4. Domain-specific reduction in mTORC1-signalling leads to
aberrant RGC apoptosis during postnatal development. Retinae were
harvested from control and Lhx2-Cre:Rptor” mice during postnatal
development to determine the number of apoptotic cells in the DT and VN
regions (J). (A-D) Representative flat-mount images of the DT and VN retina
in control and Lhx2-Cre:Rptor’ mice at P6 demonstrate that both domains in
wild-type animals (A-B) in addition to the VN region of Lhx2-Cre:Rptor’ (D)
mice exhibit a comparable number of Casp3* cells. In contrast, a decreased
number of apoptotic cells are observed in the DT region of mutant animals
(C). (E-H) Representative flat-mount analyses of the DT and VN retina in
control and Lhx2-Cre:Rptor” mice at P21 demonstrate that both domains in
wild-type animals (E,F) exhibit solitary Casp3™* cells (yellow arrowheads). In
contrast, an increased number of apoptotic cells (yellow arrowheads) was
observed in both the DT (G) and VN (H) regions of Lhx2-Cre:Rptor”
animals. (I) Quantification of Casp3* cell number in the DT and VN
quadrants of control and Lhx2-Cre:Rptor’" mice. Mutant mice have a
significant decrease in the mean number of apoptotic cells within the DT
region at P6. Contrastingly, mutant mice have a significant increase in the
mean number of apoptotic cells in both the DT and VN region at P21.

(J) Schematic diagram detailing the retinal quadrants imaged for the
apoptosis analyses. The number of retina analysed at each age was as
follows: P6 (control, n=12; Lhx2-Cre:Rptor”, n=10); P21 (control, n=6; Lhx2-
Cre:Rptor”, n=14). All data represents the meanzs.e.m. Statistical
differences were calculated using unpaired two-tailed Student’s t-tests.
P-values are denoted as follows: *P<0.05, **P<0.01 and ***P<0.001.

Scale bar: (A-D) 50 ym; (E—H) 50 um. Abbreviations: D, dorsal; DT,
dorsotemporal; N, nasal; P, postnatal day; T, temporal; V, ventral;

VN, ventronasal.

the contralateral input throughout the whole rostrocaudal axis
(Fig. 6A-I). In contrast, the area of dLGN in mutant animals
(Fig. 6J-R) appeared smaller throughout the full extent of the
nucleus (Fig. 6J,M,P) and the aberrant RGC mosaics influenced
retinogeniculate topography. Uninnervated contralateral domains
were observed (Fig. 6K,N,Q) with the loss of these axonal
terminations in both rostral (Fig. 6K) and caudal (Fig. 6Q)
positions correlating with the aberrant RGC mosaics present
within the VN and DT retina, respectively (Cang and Feldheim,
2013). Interestingly, axonal input was consistently maintained

within the dorsolateral shell of the dLGN in Lhx2-Cre:Rptor””

animals with the majority of the unoccupied contralateral domains
residing in the ventromedial core of the nucleus (Fig. 6N).
Moreover, the topography and position of the ipsilateral
projection was skewed in mutant mice (Fig. 6L,0,R) with ectopic
arbors being observed (Fig. S15). These regions of aberrant
innervation were primarily detected within central (Fig. 60) and
caudal (Fig. 6R) positions of the dLGN. The severity of
retinogeniculate  topography  disruption was  subsequently
confirmed by quantitative analyses. Total dLGN and contributing
contralateral and ipsilateral area were significantly reduced in LAx2-
Cre:Rptor”’ mice (Fig. 6S). The percentage area occupied by each
input was therefore quantified to accommodate for these total area
differences. Accordingly, the percentage area occupied by both
contralateral and ipsilateral projections were significantly reduced in
Lhx2-Cre:Rptor” mice (Fig. 6T).

The cumulative effects of Rptor-ablation leads to visually
mediated behavioural deficits

Control and mutant animals were finally subjected to visual cliff
testing (Fox, 1965) to determine whether the aberrant RGC mosaics
and associated loss of dLGN inputs would lead to visually mediated
behavioural deficits (Fig. 7). To begin these analyses all mice were
placed on a central beam that divided an open field arena into two
areas designated the ground and cliff sides and their behaviour was
monitored. In a majority of instances control mice approached the
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Fig. 5. Domain-specific reduction in mTORC1-signalling leads to aberrant retinal morphology and disorganised RGC mosaics in adult mice.
Enucleated eyes were harvested from control (n=8) and Lhx2-Cre:Rptor’ mice (n=8) at 7 weeks of age and the morphological appearance of the retina in
addition to the mosaic arrangement of RGCs in the DT and VN regions (Q) was determined. (A-D) Representative coronal eye sections taken from control
mice (A,B) demonstrates that the retina in both the DT and VN regions exhibits a characteristic laminated structure with three nuclear layers (ONL, INL and
GCL) being interconnected by two plexiform layers (OPL and IPL). In contrast, while the morphology of the retina in Lhx2-Cre:Rptor”” mice (C,D) also
displays comparable stratification, the apicobasal thickness of the DT region is reduced due to a decrease in the number of cells within the nuclear layers (C)
while both regions exhibit a disorganised GCL. (E-H) Representative flat-mount images of control retinae demonstrate that the RGCs in both the DT (E) and
VN (F) quadrants are dispersed in well-ordered arrays. In contrast, the Brn3* cells in the DT (G) and VN regions (H) of Lhx2-Cre:Rptor’ animals appear
fewer in number with asymmetric distribution. (I-L) The spatial properties of the RGC mosaics were determined by Voronoi domain and nearest neighbour
analyses. Representative heat map diagrams reveal greater variability in Voronoi domain areas and nearest neighbour distances within Lhx2-Cre:Rptor’
animals (K,L) compared to control littermates (1,J). (M) Quantification of RGC number in the DT and VN quadrants of control and Lhx2-Cre:Rptor” mice.
Mutant mice have a significant decrease in the mean number of Brn3* cells in both domains. (N) Quantification of RGC nucleus area in the DT and VN
quadrants of control and Lhx2-Cre:Rptor”* mice. Mutant mice have a significant decrease in nucleus area in the DT region. (O,P) Quantitative analyses of the
Voronoi domain (O) and nearest neighbour distances (P) demonstrate that RGCs within the DT and VN regions of Lhx2-Cre:Rptor” mice exhibit significantly
larger domain areas and nearest neighbour distances compared to control littermates. The corresponding Voronoi domain and nearest neighbour distance
histogram plots are presented in Fig. S12. (Q) Schematic diagram detailing the retinal quadrants imaged for the Voronoi domain and nearest neighbour
analyses. All data represents the meanzts.e.m. Statistical differences were calculated using unpaired two-tailed Student’s t-tests. P-values are denoted as
follows: *P<0.05, **P<0.01 and ****P<0.0001. Scale bar: (A-D) 100 ym; (E—-H) 50 um. Abbreviations: D, dorsal; DT, dorsotemporal; GCL, ganglion cell layer;
INL, inner nuclear layer; IPL, inner plexiform layer; IS, inner segments; N, nasal; ONL, outer nuclear layer; OPL, outer plexiform layer; OS, outer segments;
RPE, retinal pigment epithelium; T, temporal; V, ventral; VN, ventronasal.

central beam and inspected the cliff before retreating to the ground  side without hesitation (Movie 2). Accordingly, mutant mice spent
region of the testing arena (Movie 1). In contrast, Lhx2-Cre:Rptor”’  significantly more time on the cliff side (Fig. 7A) which suggested
mice frequently crossed over the dividing beam and onto the cliff that Lhx2-Cre:Rptor” animals do not exhibit a preference for the
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Contralateral ) Fig. 6. Aberrant RGC mosaics induce loss of

Ipsilateral Contralateral Ipsilateral retinogeniculate termination topographies in adult
mice. Binocular projection patterns in the dLGN of control
(n=8) and Lhx2-Cre:Rptor" (n=8) mice were visualised by
intraocular injections of fluorescently labelled CTB at
6 weeks of age. (A-l) Representative coronal sections
through the dLGN of control animals to visualise the
termination topographies in rostral (A—C), central (D—F) and
caudal (G-I) positions. Binocular projections (A,D,G) were
well segregated into distinct contralateral (B,E,H) and
ipsilateral inputs (C,F,l). (J-R) Representative coronal
sections through the dLGN of mutant animals to show the
retinogeniculate topographies in the rostral (J-L), central
(M-0) and caudal (P-R) positions. The total dLGN area
was reduced (J,M,P) and large unoccupied contralateral
territories (K,N,Q) were observed. In addition, the
termination area of the ipsilateral projection was also
reduced in size and presented as clusters of distinct arbors
(L,O,R). The contralateral and ipsilateral panels are
presented as binarised images to allow for better
visualisation of the termination topographies. Dashed lines
define the border of the dLGN in all images. Dotted lines
define the division between the shell and core domains in
the central dLGN images (S). Quantitative area analysis
demonstrated that the total dLGN and contributing
contralateral and ipsilateral termination areas were
significantly reduced in Lhx2-Cre:Rptor” mice when
compared to control animals. (T) Quantitative occupation
analysis demonstrated that the percentage of dLGN area
occupied by the contralateral and ipsilateral projections
was significantly reduced in Lhx2-Cre:Rptor” mice. All data
represents the meants.e.m. Statistical differences were
determined using unpaired two-tailed Student’s t-tests.
P-values are denoted as follows: **P<0.01 and
****P<0.0001. Scale bar: 100 um. Abbreviations: D, dorsal;
dLGN, dorsal lateral geniculate nucleus; L, lateral;
M, medial; T, temporal; V, ventral.
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Fig. 7. The cumulative effects of Rptor-ablation lead to visual behaviour deficits. Visual cliff analyses of control (n=20) and Lhx2-Cre:Rptor’ (n=13)
mice between 6 and 10 weeks of age. (A) Visual cliff data analysed for total time spent on either the ground or cliff side of the testing arena. Lhx2-Cre:Rptor”
mice spend significantly less time on the ground and consequently more time on the cliff side. (B) Visual cliff data analysed for total number of (i) approaches
to the central beam, (i) retreats to the ground side following an approach and (iii) crosses to the cliff side following an approach. Both groups made a
comparable number of approaches towards the central beam but Lhx2-Cre:Rptor” mice made significantly more crosses onto the cliff side of the testing
arena with a consequent reduction in the number of retreats. All data represents the meanzts.e.m. Statistical differences were calculated using unpaired two-
tailed Student’s t-tests. P-values are denoted as follows: **P<0.01, ***P<0.001 and ****P<0.0001.

ground side of the testing arena. In addition, we also observed that
although both groups made a comparable number of exploratory
approaches towards the central dividing beam, the mutant mice
made significantly more crosses onto the cliff side of the testing
arena (Fig. 7B). In combination these results demonstrated that the
aberrant RGC mosaics and associated loss of retinogeniculate
topography observed in Lhx2-Cre:Rptor”’ mice induced visually
mediated behaviour deficits

DISCUSSION

This manuscript identifies mTORC1 as a critical regulator of
various aspects of visual pathway development and function.
Lhx2-Cre mediated Rptor deletion within RPCs led to (i) aberrant
RGC neurogenesis, (ii) abnormal RGC mosaics, (iii) retinogeniculate
topography defects and (iv) associated visual deficits. This study
therefore contributes to the current knowledge regarding the role of
mTORC 1-signalling during the development of diverse organs and
tissues (Bentzinger et al., 2008; Cloetta et al., 2013; Daikoku et al.,
2013; Fitter et al., 2017; Ni et al., 2017).

Deletion of Rptor in RPCs led to changes in cell cycle
progression that resulted in a reduction of total retina size that
was already discernible within embryonic Lhx2-Cre:Rptor”
mice. These observations agree with previous reports where
either mTOR or Rptor-ablation led to proliferation deficits and
tissue volume decreases within various CNS domains (Cloetta
etal.,2013; Kaetal., 2014). Our data is therefore consistent with
the evolutionary conserved role of mTORCI during cell cycle
progression (Fingar and Blenis, 2004). Interestingly, a recent
publication demonstrated that Chx/0-Cre mediated Rptor-
ablation in RPCs similarly led to an inhibition of cell cycle
progression during retinal development (Choi et al., 2018). Such
deficits induced extensive apoptosis of Raptor-null cells during
embryonic development and led to the production of a smaller
retina in postnatal animals that was composed predominantly of
wild-type neurons (Choi et al., 2018). While we also noted
similar proliferation deficits upon Rptor ablation, the selective
removal of mutant cells was not observed. Instead, the adult
retina of Lhx2-Cre:Rptor” mice was populated with Raptor-
deficient RGCs particularly within the DT region. Differences in
the temporal and spatial kinetics of LoxP recombination
mediated by the Chx/0-Cre transgene must therefore underlie
the contrasting phenotypic outcomes observed following Rptor-
ablation in this recent study (Choi et al., 2018; Rowan and
Cepko, 2004).

An over-production of RGCs was observed in embryonic LAx2-
Cre:Rptor”/ mice with the greatest number of cells being observed
within the DT retina which itself exhibited a complete absence of
mTORC]1-signalling. Such observations suggest that mTORCI
mediates control over cell-fate decisions and corroborates previous
studies in both Drosophila and mouse (Bateman and McNeill,
2004; Jones et al, 2015). These authors demonstrated that
precocious mTORCI1 activation led to an over-production of
distinct neuronal classes within the developing eye. Taken
together, we can conclude that balanced mTORCI1 activity is
required to coordinate the timing of cell-fate decisions and that any
anomalous fluctuations leads to aberrant neurogenesis. How
mTORCI influences the behaviour of temporal identity factors
therefore provide intriguing avenues for future investigation since
these molecules are involved in regulating the ordered progression
of RPC differentiation during mouse eye development (Mattar and
Cayouette, 2015). Of particular interest to our study would be the
effects of Rptor-ablation upon the temporal expression of Castor
since conditional deletion of CasZ! within mouse RPCs leads to an
over-production of early born neuronal subtypes including RGCs
(Mattar et al., 2015).

Rptor-deletion influenced the mosaic arrangement of RGCs and
highlights that this pathway mediates integral cell positioning roles
during early postnatal development of the mouse retina. The
reduced level of apoptosis detected in the DT retina of LAx2-Cre:
Rptor” animals was presumably the primary driving mechanism
behind this compact mosaic arrangement. This was reminiscent of
Bax-null and Bcl2 transgenic mice where defects in programmed
cell death also lead to increased numbers of RGCs and their
consequent aberrant tangential distribution (Keeley et al., 2012;
Strettoi and Volpini, 2002). Taken together, it can be concluded that
one consequence of reduced RGC apoptosis during postnatal retinal
development is the loss of tangential symmetry. Future studies will
therefore be aimed at assessing the mosaic distribution of other
neuronal classes within the DT and VN retina of mutant animals. Of
particular interest to this current study are starburst amacrine cell
mosaics since these cholinergic neurons are critical for RGC
function in addition to being the source of stage Il nAChR2-driven
retinal waves that are critical for dLGN axonal refinement (Feller
et al., 1997; Stacy and Wong, 2003).

Notable differences were observed in the retinogeniculate
topography within Lhx2-Cre:Rptor’” mice. Firstly, elevated
apoptosis and consequent RGC mosaic disarray observed within
the VN and DT retina of adult mice led to the production of large
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unoccupied contralateral territories within the rostral and caudal
dLGN, respectively (Cang and Feldheim, 2013). Interestingly, the
majority of these unoccupied domains were always observed within
the ventromedial core of the dLGN and suggests the possibility that
RGC subtypes that project to this deeper sublamina are more
susceptible to Rptor deletion in comparison to those classes that
project to the superficial shell region (Huberman et al., 2009; Kim
et al., 2010). Another difference was that the topography of the
ipsilateral ~ projection within  Lhx2-Cre:Rptor”” mice was
consistently altered and ectopic termination arbors were routinely
positioned throughout the central and caudal dLGN. This aberrant
topography was reminiscent to that previously reported for mouse
models where precocious mTORCI1-signalling led to disrupted
dLGN termination patterns and illustrates that this pathway is
critical for development of the retinogeniculate projection (Jones
et al., 2015; Nie et al., 2010).

Several possible mechanisms could account for the ectopic
ipsilateral phenotype observed in Lhx2-Cre:Rptor” mice. A
previous publication reported that mTORCI signalling cooperated
with the ephrin-Eph receptor system to control projection
topography within the dLGN (Nie et al., 2010). Similar axon
guidance defects could therefore be operating within Lhx2-Cre:
Rptor” mice and function under RGC-autonomous mechanisms
since the Lhx2-Cre transgene is not expressed within the dLGN
(Jones et al., 2015). Alternatively, Lhx2-Cre:Rptor’” mice might
have axonal refinement defects within the dLGN as this process is
driven by coordinated waves of neural activity that spread across the
entire surface of the retina prior to the onset of vision (Feller et al.,
1997). Of particular interest to this study are stage II nAChRf2-
driven waves that occur during the first week of postnatal
development and overlap with the RGC mosaic formation and
associated dLGN projection refinement (Bansal et al., 2000; Reese
and Keeley, 2015). Moreover, that nAChRB2-null mice exhibit
ipsilateral retinogeniculate topography deficits that phenocopy
those observed in Lhx2-Cre:Rptor” animals (Cang et al., 2005;
Grubb et al., 2003; Rossi et al., 2001; Young, 1984) highlights the
possibility that aberrant retinal activity during postnatal RGC
mosaic formation might also contribute to the dLGN topography
documented in this study. However, we also cannot exclude the
possibility that the surviving RGCs undergo adaptive reorganisation
and sprout ectopic axon terminals as a direct response to the
elevated apoptosis observed in adult Lhx2-Cre:Rptor”/ mice.

Whatever the mechanism, the observed aberrant retinogeniculate
termination patterns profoundly influenced visually mediated
behaviour in Lhx2-Cre:Rptor”/ mice. This observation corroborates
previous studies where RGC projection mismatch led to deficits when
assessing the functionality of the ventral visual field (de Lima et al.,
2012; Leamey et al., 2007). Taken together, these studies demonstrate
the importance of the DT retina and retinogeniculate pathway for
stereoscopic depth perception within binocular animals (Seabrook
et al.,, 2017). However, we concede that the aberrant lamination
morphology within the DT retina of adult Lhx2-Cre: Rptor”’ mice also
presumably contributes to the impaired visual behaviour observed in
this study. Future studies will therefore be aimed at assessing the
cohesiveness of the visual field sampled by the VN retina and to
correlate this functionality to the severity of the aberrant RGC
mosaics observed within this region relative to that observed in the
DT retina of Lhx2-Cre:Rptor” animals.

All previous publications involving the Lhx2-Cre transgene
resulted in target gene recombination patterns that mirrored that of
the ROSA26R reporter allele (Hagglund et al., 2013, 2011, 2017,
Jones et al., 2015). In contrast, a distinct pattern of Rptor-ablation

was reproducibly generated in the retina of Lhx2-Cre:Rptor”/ mice
where the DT region consistently exhibited the greatest level of
allelic recombination. Moreover, this pattern of incomplete Rptor
deletion did not correlate with the global ablation pattern of the
ROSA26R reporter allele. Such an observation therefore
demonstrates the importance of defining the extent of target gene
deletion in place of relying on the spatial activity of a surrogate
reporter to predict Cre-mediated recombination patterns (Kinare
et al., 2019). The mechanism underlying the selective resistance of
the Rptor allele to Lhx2-Cre-mediated recombination remain
unclear but it occurred during a developmental window (E8.25 to
E12.5) that coincided with optic vesicle to optic cup transition
(Graw, 2010; Hagglund et al., 2011). It can therefore be concluded
that the progenitor pool that forms the DT retina (i) originates from a
specific cohort of neighbouring cells within the optic pit and (ii) is
more susceptible to Cre-mediated recombination of the Rptor allele
compared to the remaining eye-committed progenitor cells.
Moreover, our current observations confirm that the various
developmental processes that underlie the formation of the
rudimentary eye structure are independent of mTORCI1 function
(Jones et al., 2015).

In conclusion, this manuscript establishes a critical cell-autonomous
role for mTORC signalling during RGC development and function.
Such observations establish a foundation for future studies concerning
the developmental roles of mTORC1 within other retinal neurons.
Such systematic approaches will help build a unified understanding
into how mTORCI contributes to the establishment of a functional
visual pathway in vertebrate species. Furthermore, that RGC mosaics
also function as a guidance scaffold for retinal vascularisation
(O’Sullivan et al., 2017) highlights that Lhx2-Cre:Rptor” mice are
also an ideal model to investigate cell non-autonomous mechanisms
driven by mTORC1-signalling during eye development.

MATERIALS AND METHODS

Animals

All animal experiments were approved by the Animal Review Board at the
Court of Appeal of Northern Norrland (A49-13 and A36-2018). The
derivation and genotyping of Tg(Lhx2-Cre)lLcar transgenic mice (written
as Lhx2-Cre) (Hagglund et al., 2011), Rptor™!- /P75 floxed mice (written as
Rptor™ or Rptor’’) (Sengupta et al., 2010) and G#(ROSA)26Sor™ s
reporter mice (written as ROSA26R) (Soriano, 1999) have been previously
described. The genotype of all animals was determined by PCR analysis of
genomic DNA extracted from ear punch biopsies (Sambrook and Russell,
2001). Breeding Lhx2-Cre:Rptor*/ and Rptor”/ mice or Lhx2-Cre:Rptor™
and Rptor”:ROSA26R mice generated all experimental animals. The
morning of the vaginal plug was considered as E0.5. Littermates lacking
the Lhx2-Cre transgene were used as controls for all experiments apart from
the lineage tracing analyses where Lhx2-Cre:Rptor*/:ROSA26R mice were
employed as controls. All analyses were carried out on /29/Sv:CBA:C57BL/6
and 129/Sv:CBA:C57BL/6:NMRI mixed genetic backgrounds. No
phenotypic penetrance variability was observed between the different
strains. Both males and females were used for experimental analyses.

Histology

Enucleated eyes were fixed in 2% (w/v) glutaraldehyde in PBS overnight at
4°C. Eyes were immersed in 70% (v/v) ethanol and paraffin embedded.
Paraffin sections (10 um) were cleared by 2x5 min incubation in xylenes
before rehydration though a graded series of ethanol [99.5%, 95%, 90% and
80% (v/v) in PBS]. Haematoxylin and Eosin staining was performed as
previously described (Hagglund et al., 2011).

Immunoblotting

The retina was removed from enucleated eyes and snap frozen in liquid
nitrogen. Soluble protein extraction and immunoblotting was performed as

11

c
@
o

o)
>
(o)

i

§e

@



RESEARCH ARTICLE

Biology Open (2019) 8, bio044370. doi:10.1242/bio.044370

previously described (Hagglund et al., 2017). The following primary antibodies
and dilutions were used: GAPDH (1:30,000, Cell Signaling Technology,
#2118), Raptor (1:1000, Cell Signaling Technology, #2280), S6 (1:2000, Cell
Signaling Technology, #2217), pS652*%23¢ (1:1000, Cell Signaling
Technology, #4857), pS65240244 (1:2000, Cell Signaling Technology, #5364).

Quantitative PCR

A heated needle was used to burn an orientation mark at the dorsal pole of
the eye prior to enucleation. The cornea and lens were removed and a radial
incision was made from the orientation mark along the dorsal axis towards
the optic disc. The pigment epithelium, iris and ciliary body were then
peeled away and the retina was further dissected by radial incisions along the
temporal, ventral and nasal axes to yield four equal tissue quadrants.
Genomic DNA was extracted from these quadrants (Sambrook and Russell,
2001) and used as the template for qPCR using the FastStart Universal
SYBR Green Master (Rox) (Roche) and CFX Connect™ Real-Time System
(Bio-Rad). All reactions were performed in duplicate using the following
oligonucleotides designed against exon 4 (R4F 5'-GAGCCTCGACCCT-
ACTGTGG-3" and R4R 5'-GGCGCAGAGATGTGCAAAGT-3") and exon
6 (R6F 5'-CATCCAGTTGGCAGCGTGTG-3’ and R6R 5'-GGAGGTC-
AGGGATCATGGGC-3’) of the mouse Rptor gene (NCBI 74370).

Lineage tracing

For cryosection analyses, heads or enucleated eyes were fixed in 4%
(w/v) PFA in PBS for 30 min on ice. The tissues were then equilibrated
overnight at 4°C in 30% (w/v) sucrose in PBS and embedded in OCT
compound (Sakura Finetek). For flat-mount analyses, a heated needle
was first used to burn an orientation mark at the dorsal pole of the eye
prior to enucleation. Isolated eyes were then placed in separate wells of a
48-well plate and fixed in 4% (w/v) PFA in PBS for 10 min on ice.
Retinae were then dissected out and four incomplete radial incisions
were made along the dorsal, temporal, ventral and nasal axes to yield
four petals attached to one another at the central optic disc region. A
separate incision was also placed in the dorsonasal petal for orientation
purposes. The retinae were then fixed for a further 30 min in 4% (w/v)
PFA in PBS on ice. Lineage tracing analyses were performed on
cryosections (10 um) or flat-mount retina as described previously
(Hagglund et al., 2011).

Immunohistochemistry

For cryosection analyses, heads or enucleated eyes were fixed in 4% (w/v)
PFA in PBS for up to 2 h on ice. The tissues were equilibrated overnight at
4°Cin 30% (w/v) sucrose in PBS and embedded in OCT compound (Sakura
Finetek). Flat-mount dissections were done as described above for lineage
tracing. Immunohistochemistry was performed on cryosections (10 pm) or
flat-mount retina as previously described (Cantrup et al., 2012; Ma et al.,
2007). An additional blocking step involving M.O.M Blocking Reagent
(Vector Labs) was used in all experiments involving monoclonal primary
antibodies. The following primary antibodies and dilutions were used:
BrdUA®x@355 (1:20, BD Pharmingen, #560210); B3 (1:50, SCBT,
#sc6026); Casp3 (1:500, Abcam, #ab13847); NEFH, (1:1000, Covance,
#SMI31R); PH3 (1:100, Millipore, #06-570); pS6523%23¢ (1:200, Cell
Signaling Technology, #4857); pS65240244 (1:200, Cell Signaling
Technology, #5364). All immunohistochemistry antibodies have been
independently verified in our previous studies (Hagglund et al., 2017; Jones
etal., 2015).

Proliferation analyses

Pregnant dams were intraperitoneally injected with BrdU (50 mg/kg body
weight). The mice were euthanised 4 h later and the embryos collected.
Embryonic heads were fixed in 4% (w/v) PFA in PBS for 2 h on ice and then
equilibrated overnight at 4°C in 30% (w/v) sucrose in PBS prior to being
embedded in OCT compound (Sakura Finetek). Cryosections (10 um) were
washed in PBS and then denatured in 10 mM sodium citrate buffer (pH 6) for
10 min at 95°C. The antigen retrieved slides were then allowed to cool to
room temperature before being washed again in PBS. Immunohistochemistry
was performed as described above.

In situ hybridisation

Embryonic heads were fixed in 4% (w/v) PFA in PBS for 2 h on ice and
equilibrated in 30% (w/v) sucrose in PBS overnight at 4°C. Tissues were
then embedded in OCT compound (Sakura Finetek). /n situ hybridization
on cryosections (10 um) was performed as previously described (Schaeren-
Wiemers and Gerfin-Moser, 1993). The following IMAGE clone (Source
Bioscience) was used for riboprobe generation: Math5 (Clone 6824509).

Intraocular anterograde labelling

Mice were anesthetised by an intraperitoneal injection of Hypnorm (0.079 mg/
ml fentanyl citrate and 2.5 mg/ml fluanisone) and Midazolam (1.25 mg/ml) at
10 pl/g. Fluorescently labelled cholera toxin subunit-B (CTB) was diluted in
PBS (1 mg/ml) and anesthetised mice subsequently received intraocular
injections of CTBAI*488 (left eye) and CTBAI®%4 (right eye) (3 pl per eye).
Injections were performed using pulled glass needles coupled to Hamilton
syringes. Operated mice were returned to their home cage and allowed to
recover on heated pads. The mice were transcardially perfused 72 h later with
4% (w/v) PFA in PBS. The brain was removed and further fixed overnight at
4°C in 4% (w/v) PFA in PBS prior to being embedded in 4% (w/v) agarose in
PBS. Coronal vibratome sections (100 um) were counterstained with DAPI
and mounted with Aqua Polymount (Polysciences Inc.).

Visual cliff test

Mice were anesthetised by an intraperitoneal injection of Hypnorm
(0.079 mg/ml fentanyl citrate and 2.5 mg/ml fluanisone) and Midazolam
(1.25 mg/ml) at 10 pl/g. Once sedated their vibrissae were removed by an
electric hair trimmer. Mice were subsequently returned to their home cage
and allowed to recover on a heated pad and subjected to behavioural testing
24 h later. An open field apparatus (60x60x20-cm) comprising of white
walls and a clear acrylic base was used as the testing arena. A high-contrast
checkerboard pattern was attached to the underside of one half of the base
and white wooden beam (60x5x1-cm) was placed inside the apparatus so as
to divide the testing arena into two halves designated the ground (high-
contrast floor) and cliff (clear floor) side. The apparatus was then placed
such that the cliff protruded from the laboratory bench revealing a drop of
approximately 80 cm. To begin the test the mice were placed on the central
beam and their behaviour was monitored for 5 min using a digital video
camera suspended above the testing arena. An approach was defined as
moving from the ground side towards the cliff and placing both front limbs
on the central beam. Retreating was defined as contacting the ground side of
the testing arena with all four limbs following an approach. Crossing was
defined as the animal completely passing over the midline beam and placing
all four limbs on the cliff side following an approach.

Image analyses

Images were captured using either a LSM 710 confocal microscope (Zeiss)
or an Eclipse E800 microscope (Nikon). Images were compiled and
analysed using Fiji (Schindelin et al., 2012), CellProfiler (Carpenter et al.,
2006; Kamentsky et al., 2011), Adobe Photoshop and Adobe Illustrator. Cell
count quantifications were performed using customised pipelines written in
CellProfiler. Voronoi domain, nearest neighbour and retinogeniculate
topography analyses were performed using customised macros written in
Fiji. All imaging scripts used in this manuscript are available from the
corresponding author upon request.

Statistical analyses

Statistical analyses were performed using Prism7 (GraphPad Software).
Quantification analyses were performed blind to genotype. Unpaired two-
tailed Student’s #-tests were used to determine statistical significances. Error
bars in all figures represent the standard error of the mean (s.e.m.). The
number of animals analysed (n) for each statistical test are given in the
respective figure legend. P-values are indicated as follows: *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001.

Competing interests
The authors declare no competing or financial interests.

12

Biology Open



RESEARCH ARTICLE

Biology Open (2019) 8, bio044370. doi:10.1242/bio.044370

Author contributions

Conceptualization: I.J., A.-C.H., L.C.; Methodology: I.J., A.-C.H., L.C.; Formal analysis:
1.J., A.-C.H.; Investigation: 1.J., A.-C.H.; Writing - original draft: I.J.; Writing - review &
editing: I.J., A.-C.H., L.C.; Visualization: I.J., A.-C.H.; Supervision: L.C.; Project
administration: L.C.; Funding acquisition: L.C.

Funding
This work was supported by Ogonfonden and the Medicinska fakulteten, Umea
Universitet.

Supplementary information
Supplementary information available online at
http:/bio.biologists.org/lookup/doi/10.1242/bio.044370.supplemental

References

Agathocleous, M. and Harris, W. A. (2009). From progenitors to differentiated cells
in the vertebrate retina. Annu. Rev. Cell Dev. Biol. 25, 45-69. doi:10.1146/
annurev.cellbio.042308.113259

Amini, R., Rocha-Martins, M. and Norden, C. (2017). Neuronal migration and
lamination in the vertebrate retina. Front. Neurosci. 11, 742. doi:10.3389/fnins.
2017.00742

Bansal, A,, Singer, J. H., Hwang, B. J., Xu, W., Beaudet, A. and Feller, M. B.
(2000). Mice lacking specific nicotinic acetylcholine receptor subunits exhibit
dramatically altered spontaneous activity patterns and reveal a limited role for
retinal waves in forming ON and OFF circuits in the inner retina. J. Neurosci. 20,
7672-7681. doi:10.1523/JNEUROSCI.20-20-07672.2000

Bassett, E. A. and Wallace, V. A. (2012). Cell fate determination in the vertebrate
retina. Trends Neurosci. 35, 565-573. doi:10.1016/j.tins.2012.05.004

Bateman, J. M. and McNeill, H. (2004). Temporal control of differentiation by the
insulin receptor/tor pathway in Drosophila. Cell 119, 87-96. doi:10.1016/j.cell.
2004.08.028

Bentzinger, C. F., Romanino, K., Cloétta, D., Lin, S., Mascarenhas, J. B., Oliveri,
F., Xia, J., Casanova, E., Costa, C. F., Brink, M. et al. (2008). Skeletal muscle-
specific ablation of raptor, but not of rictor, causes metabolic changes and results
in muscle dystrophy. Cell Metab. 8, 411-424. doi:10.1016/j.cmet.2008.10.002

Bercury, K. K., Dai, J., Sachs, H. H., Ahrendsen, J. T., Wood, T. L. and Macklin,
W. B. (2014). Conditional ablation of raptor or rictor has differential impact on
oligodendrocyte differentiation and CNS myelination. J. Neurosci. 34, 4466-4480.
doi:10.1523/JNEUROSCI.4314-13.2014

Beros, J., Rodger, J. and Harvey, A. R. (2018). Developmental retinal ganglion cell
death and retinotopicity of the murine retinocollicular projection. Dev. Neurobiol.
78, 51-60. doi:10.1002/dneu.22559

Blundell, J., Kouser, M. and Powell, C. M. (2008). Systemic inhibition of
mammalian target of rapamycin inhibits fear memory reconsolidation.
Neurobiol. Learn. Mem. 90, 28-35. doi:10.1016/j.nlm.2007.12.004

Cang, J. and Feldheim, D. A. (2013). Developmental mechanisms of topographic
map formation and alignment. Annu. Rev. Neurosci. 36, 51-77. doi:10.1146/
annurev-neuro-062012-170341

Cang, J., Renteria, R. C., Kaneko, M., Liu, X., Copenhagen, D. R. and Stryker,
M. P. (2005). Development of precise maps in visual cortex requires patterned
spontaneous activity in the retina. Neuron 48, 797-809. doi:10.1016/j.neuron.
2005.09.015

Cantrup, R., Dixit, R., Palmesino, E., Bonfield, S., Shaker, T., Tachibana, N.,
Zinyk, D., Dalesman, S., Yamakawa, K., Stell, W. K. et al. (2012). Cell-type
specific roles for PTEN in establishing a functional retinal architecture. PLoS ONE
7, €32795. doi:10.1371/journal.pone.0032795

Carpenter, A. E., Jones, T. R., Lamprecht, M. R,, Clarke, C., Kang, I. H., Friman,
0., Guertin, D. A., Chang, J. H,, Lindquist, R. A., Moffat, J. et al. (2006).
CellProfiler: image analysis software for identifying and quantifying cell
phenotypes. Genome Biol. 7, R100. doi:10.1186/gb-2006-7-10-r100

Chen, L.-L., Wu, M.-L., Zhu, F., Kai, J.-J., Dong, J.-Y., Wu, X.-M. and Zeng, L.-H.
(2016). Neural progenitor cells rptor ablation impairs development but benefits to
seizure-induced behavioral abnormalities. CNS Neurosci. Ther. 22, 1000-1008.
doi:10.1111/cns.12607

Choi, J.-H., Jo, H. S,, Lim, S., Kim, H.-T., Lee, K. W., Moon, K. H., Ha, T., Kwak,
S.S., Kim, Y., Lee, E. J. et al. (2018). mTORC1 accelerates retinal development
via the immunoproteasome. Nat. Commun. 9, 2502. doi:10.1038/s41467-018-
04774-9

Cloetta, D., Thomanetz, V., Baranek, C., Lustenberger, R. M., Lin, S., Oliveri, F.,
Atanasoski, S. and Ruegg, M. A. (2013). Inactivation of mTORC1 in the
developing brain causes microcephaly and affects gliogenesis. J. Neurosci. 33,
7799-7810. doi:10.1523/JNEUROSCI.3294-12.2013

Daikoku, T., Yoshie, M., Xie, H., Sun, X,, Cha, J., Ellenson, L. H. and Dey, S. K.
(2013). Conditional deletion of Tsc1 in the female reproductive tract impedes
normal oviductal and uterine function by enhancing mTORC1 signaling in mice.
Mol. Hum. Reprod. 19, 463-472. doi:10.1093/molehr/gat016

de Lima, S., Koriyama, Y., Kurimoto, T., Oliveira, J. T., Yin, Y., Li, Y., Gilbert,
H. Y., Fagiolini, M., Martinez, A. M. and Benowitz, L. (2012). Full-length axon

regeneration in the adult mouse optic nerve and partial recovery of simple visual
behaviors. Proc. Natl. Acad. Sci. USA 109, 9149-9154. doi:10.1073/pnas.
1119449109

Feller, M. B., Butts, D. A., Aaron, H. L., Rokhsar, D. S. and Shatz, C. J. (1997).
Dynamic processes shape spatiotemporal properties of retinal waves. Neuron 19,
293-306. doi:10.1016/S0896-6273(00)80940-X

Fingar, D. C. and Blenis, J. (2004). Target of rapamycin (TOR): an integrator of
nutrient and growth factor signals and coordinator of cell growth and cell cycle
progression. Oncogene 23, 3151-3171. doi:10.1038/sj.onc.1207542

Fitter, S., Matthews, M. P., Martin, S. K., Xie, J., Ooi, S. S., Walkley, C. R,,
Codrington, J. D., Ruegg, M. A, Hall, M. N., Proud, C. G. et al. (2017). nTORCA1
plays an important role in skeletal development by controlling preosteoblast
differentiation. Mol. Cell. Biol. 37, e00668. doi:10.1128/MCB.00668-16

Fox, M. W. (1965). The visual cliff test for the study of visual depth perception in the
mouse. Anim. Behav. 13, 232-233. doi:10.1016/0003-3472(65)90040-0

Galli-Resta, L., Resta, G., Tan, S.-S. and Reese, B. E. (1997). Mosaics of islet-1-
expressing amacrine cells assembled by short-range cellular interactions.
J. Neurosci. 17, 7831-7838. doi:10.1523/JNEUROSCI.17-20-07831.1997

Go6tz, M. and Huttner, W. B. (2005). The cell biology of neurogenesis. Nat. Rev. Mol.
Cell Biol. 6, 777-788. doi:10.1038/nrm1739

Graw, J. (2010). Eye development. Curr. Top. Dev. Biol. 90, 343-386. doi:10.1016/
S0070-2153(10)90010-0

Grubb, M. S., Rossi, F. M., Changeux, J.-P. and Thompson, I. D. (2003).
Abnormal functional organization in the dorsal lateral geniculate nucleus of mice
lacking the beta 2 subunit of the nicotinic acetylcholine receptor. Neuron 40,
1161-1172. doi:10.1016/S0896-6273(03)00789-X

Hagglund, A.-C., Dahl, L. and Carlsson, L. (2011). Lhx2 is required for patterning
and expansion of a distinct progenitor cell population committed to eye
development. PLoS ONE 6, e23387. doi:10.1371/journal.pone.0023387

Hagglund, A.-C., Berghard, A. and Carlsson, L. (2013). Canonical Wnt/beta-
catenin signalling is essential for optic cup formation. PLoS ONE 8, €81158.
doi:10.1371/journal.pone.0081158

Hagglund, A.-C., Jones, |. and Carlsson, L. (2017). A novel mouse model of
anterior segment dysgenesis (ASD): conditional deletion of Tsc1 disrupts ciliary
body and iris development. Dis. Model. Mech. 10, 245-257. doi:10.1242/dmm.
028605

Holz, M. K., Ballif, B. A., Gygi, S. P. and Blenis, J. (2005). mTOR and S6K1
mediate assembly of the translation preinitiation complex through dynamic protein
interchange and ordered phosphorylation events. Cell 123, 569-580. doi:10.1016/
j.cell.2005.10.024

Huberman, A. D., Wei, W., Elstrott, J., Stafford, B. K., Feller, M. B. and Barres,
B. A. (2009). Genetic identification of an On-Off direction-selective retinal
ganglion cell subtype reveals a layer-specific subcortical map of posterior motion.
Neuron 62, 327-334. doi:10.1016/j.neuron.2009.04.014

Jones, |., Hagglund, A.-C., Tornqvist, G., Nord, C., Ahigren, U. and Carlsson, L.
(2015). A novel mouse model of tuberous sclerosis complex (TSC): eye-specific
Tsc1-ablation disrupts visual-pathway development. Dis. Model. Mech. 8,
1517-1529. doi:10.1242/dmm.021972

Ka, M., Condorelli, G., Woodgett, J. R. and Kim, W.-Y. (2014). mTOR regulates
brain morphogenesis by mediating GSK3 signaling. Development 141,
4076-4086. doi:10.1242/dev.108282

Kamentsky, L., Jones, T. R, Fraser, A., Bray, M.-A,, Logan, D. J., Madden, K. L.,
Ljosa, V., Rueden, C., Eliceiri, K. W. and Carpenter, A. E. (2011). Improved
structure, function and compatibility for CellProfiler: modular high-throughput
image analysis software. Bioinformatics 27, 1179-1180. doi:10.1093/
bioinformatics/btr095

Keeley, P. W, Sliff, B. J., Lee, S. C. S, Fuerst, P. G., Burgess, R. W, Eglen, S. J.
and Reese, B. E. (2012). Neuronal clustering and fasciculation phenotype in
Dscam- and Bax-deficient mouse retinas. J. Comp. Neurol. 520, 1349-1364.
doi:10.1002/cne.23033

Kim, I.-J., Zhang, Y., Meister, M. and Sanes, J. R. (2010). Laminar restriction of
retinal ganglion cell dendrites and axons: subtype-specific developmental
patterns revealed with transgenic markers. J. Neurosci. 30, 1452-1462. doi:10.
1523/JNEUROSCI.4779-09.2010

Kinare, V., Pal, S. and Tole, S. (2019). LDB1 is required for the early development of
the dorsal telencephalon and the thalamus. eNeuro 6. doi:10.1523/ENEURO.
0356-18.2019

Knight, Z. A., Tan, K., Birsoy, K., Schmidt, S., Garrison, J. L., Wysocki, R. W.,
Emiliano, A., Ekstrand, M. I. and Friedman, J. M. (2012). Molecular profiling of
activated neurons by phosphorylated ribosome capture. Cell 151, 1126-1137.
doi:10.1016/j.cell.2012.10.039

Leamey, C. A., Merlin, S., Lattouf, P., Sawatari, A., Zhou, X., Demel, N.,
Glendining, K. A., Oohashi, T., Sur, M. and Fassler, R. (2007). Ten_m3
regulates eye-specific patterning in the mammalian visual pathway and is required
for binocular vision. PLoS Biol. 5, e241. doi:10.1371/journal.pbio.0050241

LiCausi, F. and Hartman, N. W. (2018). Role of mTOR complexes in neurogenesis.
Int. J. Mol. Sci. 19, E1544. doi:10.3390/ijms 19051544

Ma, L., Cantrup, R., Varrault, A., Colak, D., Klenin, N., G6tz, M., McFarlane, S.,
Journot, L. and Schuurmans, C. (2007). Zac1 functions through TGFbetall to

13

c
@
o

o)
>
(o)

i

§e

@



http://bio.biologists.org/lookup/doi/10.1242/bio.044370.supplemental
http://bio.biologists.org/lookup/doi/10.1242/bio.044370.supplemental
https://doi.org/10.1146/annurev.cellbio.042308.113259
https://doi.org/10.1146/annurev.cellbio.042308.113259
https://doi.org/10.1146/annurev.cellbio.042308.113259
https://doi.org/10.3389/fnins.2017.00742
https://doi.org/10.3389/fnins.2017.00742
https://doi.org/10.3389/fnins.2017.00742
https://doi.org/10.1523/JNEUROSCI.20-20-07672.2000
https://doi.org/10.1523/JNEUROSCI.20-20-07672.2000
https://doi.org/10.1523/JNEUROSCI.20-20-07672.2000
https://doi.org/10.1523/JNEUROSCI.20-20-07672.2000
https://doi.org/10.1523/JNEUROSCI.20-20-07672.2000
https://doi.org/10.1016/j.tins.2012.05.004
https://doi.org/10.1016/j.tins.2012.05.004
https://doi.org/10.1016/j.cell.2004.08.028
https://doi.org/10.1016/j.cell.2004.08.028
https://doi.org/10.1016/j.cell.2004.08.028
https://doi.org/10.1016/j.cmet.2008.10.002
https://doi.org/10.1016/j.cmet.2008.10.002
https://doi.org/10.1016/j.cmet.2008.10.002
https://doi.org/10.1016/j.cmet.2008.10.002
https://doi.org/10.1523/JNEUROSCI.4314-13.2014
https://doi.org/10.1523/JNEUROSCI.4314-13.2014
https://doi.org/10.1523/JNEUROSCI.4314-13.2014
https://doi.org/10.1523/JNEUROSCI.4314-13.2014
https://doi.org/10.1002/dneu.22559
https://doi.org/10.1002/dneu.22559
https://doi.org/10.1002/dneu.22559
https://doi.org/10.1016/j.nlm.2007.12.004
https://doi.org/10.1016/j.nlm.2007.12.004
https://doi.org/10.1016/j.nlm.2007.12.004
https://doi.org/10.1146/annurev-neuro-062012-170341
https://doi.org/10.1146/annurev-neuro-062012-170341
https://doi.org/10.1146/annurev-neuro-062012-170341
https://doi.org/10.1016/j.neuron.2005.09.015
https://doi.org/10.1016/j.neuron.2005.09.015
https://doi.org/10.1016/j.neuron.2005.09.015
https://doi.org/10.1016/j.neuron.2005.09.015
https://doi.org/10.1371/journal.pone.0032795
https://doi.org/10.1371/journal.pone.0032795
https://doi.org/10.1371/journal.pone.0032795
https://doi.org/10.1371/journal.pone.0032795
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1111/cns.12607
https://doi.org/10.1111/cns.12607
https://doi.org/10.1111/cns.12607
https://doi.org/10.1111/cns.12607
https://doi.org/10.1038/s41467-018-04774-9
https://doi.org/10.1038/s41467-018-04774-9
https://doi.org/10.1038/s41467-018-04774-9
https://doi.org/10.1038/s41467-018-04774-9
https://doi.org/10.1523/JNEUROSCI.3294-12.2013
https://doi.org/10.1523/JNEUROSCI.3294-12.2013
https://doi.org/10.1523/JNEUROSCI.3294-12.2013
https://doi.org/10.1523/JNEUROSCI.3294-12.2013
https://doi.org/10.1093/molehr/gat016
https://doi.org/10.1093/molehr/gat016
https://doi.org/10.1093/molehr/gat016
https://doi.org/10.1093/molehr/gat016
https://doi.org/10.1073/pnas.1119449109
https://doi.org/10.1073/pnas.1119449109
https://doi.org/10.1073/pnas.1119449109
https://doi.org/10.1073/pnas.1119449109
https://doi.org/10.1073/pnas.1119449109
https://doi.org/10.1016/S0896-6273(00)80940-X
https://doi.org/10.1016/S0896-6273(00)80940-X
https://doi.org/10.1016/S0896-6273(00)80940-X
https://doi.org/10.1038/sj.onc.1207542
https://doi.org/10.1038/sj.onc.1207542
https://doi.org/10.1038/sj.onc.1207542
https://doi.org/10.1128/MCB.00668-16
https://doi.org/10.1128/MCB.00668-16
https://doi.org/10.1128/MCB.00668-16
https://doi.org/10.1128/MCB.00668-16
https://doi.org/10.1016/0003-3472(65)90040-0
https://doi.org/10.1016/0003-3472(65)90040-0
https://doi.org/10.1523/JNEUROSCI.17-20-07831.1997
https://doi.org/10.1523/JNEUROSCI.17-20-07831.1997
https://doi.org/10.1523/JNEUROSCI.17-20-07831.1997
https://doi.org/10.1038/nrm1739
https://doi.org/10.1038/nrm1739
https://doi.org/10.1016/S0070-2153(10)90010-0
https://doi.org/10.1016/S0070-2153(10)90010-0
https://doi.org/10.1016/S0896-6273(03)00789-X
https://doi.org/10.1016/S0896-6273(03)00789-X
https://doi.org/10.1016/S0896-6273(03)00789-X
https://doi.org/10.1016/S0896-6273(03)00789-X
https://doi.org/10.1371/journal.pone.0023387
https://doi.org/10.1371/journal.pone.0023387
https://doi.org/10.1371/journal.pone.0023387
https://doi.org/10.1371/journal.pone.0081158
https://doi.org/10.1371/journal.pone.0081158
https://doi.org/10.1371/journal.pone.0081158
https://doi.org/10.1242/dmm.028605
https://doi.org/10.1242/dmm.028605
https://doi.org/10.1242/dmm.028605
https://doi.org/10.1242/dmm.028605
https://doi.org/10.1016/j.cell.2005.10.024
https://doi.org/10.1016/j.cell.2005.10.024
https://doi.org/10.1016/j.cell.2005.10.024
https://doi.org/10.1016/j.cell.2005.10.024
https://doi.org/10.1016/j.neuron.2009.04.014
https://doi.org/10.1016/j.neuron.2009.04.014
https://doi.org/10.1016/j.neuron.2009.04.014
https://doi.org/10.1016/j.neuron.2009.04.014
https://doi.org/10.1242/dmm.021972
https://doi.org/10.1242/dmm.021972
https://doi.org/10.1242/dmm.021972
https://doi.org/10.1242/dmm.021972
https://doi.org/10.1242/dev.108282
https://doi.org/10.1242/dev.108282
https://doi.org/10.1242/dev.108282
https://doi.org/10.1093/bioinformatics/btr095
https://doi.org/10.1093/bioinformatics/btr095
https://doi.org/10.1093/bioinformatics/btr095
https://doi.org/10.1093/bioinformatics/btr095
https://doi.org/10.1093/bioinformatics/btr095
https://doi.org/10.1002/cne.23033
https://doi.org/10.1002/cne.23033
https://doi.org/10.1002/cne.23033
https://doi.org/10.1002/cne.23033
https://doi.org/10.1523/JNEUROSCI.4779-09.2010
https://doi.org/10.1523/JNEUROSCI.4779-09.2010
https://doi.org/10.1523/JNEUROSCI.4779-09.2010
https://doi.org/10.1523/JNEUROSCI.4779-09.2010
https://doi.org/10.1523/ENEURO.0356-18.2019
https://doi.org/10.1523/ENEURO.0356-18.2019
https://doi.org/10.1523/ENEURO.0356-18.2019
https://doi.org/10.1016/j.cell.2012.10.039
https://doi.org/10.1016/j.cell.2012.10.039
https://doi.org/10.1016/j.cell.2012.10.039
https://doi.org/10.1016/j.cell.2012.10.039
https://doi.org/10.1371/journal.pbio.0050241
https://doi.org/10.1371/journal.pbio.0050241
https://doi.org/10.1371/journal.pbio.0050241
https://doi.org/10.1371/journal.pbio.0050241
https://doi.org/10.3390/ijms19051544
https://doi.org/10.3390/ijms19051544
https://doi.org/10.1186/1749-8104-2-11
https://doi.org/10.1186/1749-8104-2-11

RESEARCH ARTICLE

Biology Open (2019) 8, bio044370. doi:10.1242/bio.044370

negatively regulate cell number in the developing retina. Neural Dev. 2, 11. doi:10.
1186/1749-8104-2-11

Mattar, P. and Cayouette, M. (2015). Mechanisms of temporal identity regulation in
mouse retinal progenitor cells. Neurogenesis 2, e1125409. doi:10.1080/
23262133.2015.1125409

Mattar, P., Ericson, J., Blackshaw, S. and Cayouette, M. (2015). A conserved
regulatory logic controls temporal identity in mouse neural progenitors. Neuron 85,
497-504. doi:10.1016/j.neuron.2014.12.052

Monavarfeshani, A., Sabbagh, U. and Fox, M. A. (2017). Not a one-trick pony:
diverse connectivity and functions of the rodent lateral geniculate complex. Vis.
Neurosci. 34, E012. doi:10.1017/S0952523817000098

Morin, L. P. and Studholme, K. M. (2014). Retinofugal projections in the mouse.
J. Comp. Neurol. 522, 3733-3753. doi:10.1002/cne.23635

Ni, Q., Gu, Y., Xie, Y., Yin, Q., Zhang, H., Nie, A., Li, W., Wang, Y., Ning, G., Wang,
W. et al. (2017). Raptor regulates functional maturation of murine beta cells. Nat.
Commun. 8, 15755. doi:10.1038/ncomms 15755

Nie, D., Di Nardo, A., Han, J. M., Baharanyi, H., Kramvis, I., Huynh, T., Dabora,
S., Codeluppi, S., Pandolfi, P. P., Pasquale, E. B. et al. (2010). Tsc2-Rheb
signaling regulates EphA-mediated axon guidance. Nat. Neurosci. 13, 163-172.
doi:10.1038/nn.2477

Nojima, H., Tokunaga, C., Eguchi, S., Oshiro, N., Hidayat, S., Yoshino, K., Hara,
K., Tanaka, N., Avruch, J. and Yonezawa, K. (2003). The mammalian target of
rapamycin (mTOR) partner, raptor, binds the mTOR substrates p70 S6 kinase and
4E-BP1 through their TOR signaling (TOS) motif. J. Biol. Chem. 278,
15461-15464. doi:10.1074/jbc.C200665200

O’Sullivan, M. L., Punal, V. M., Kerstein, P. C., Brzezinski, J. A. T., Glaser, T.,
Wright, K. M. and Kay, J. N. (2017). Astrocytes follow ganglion cell axons to
establish an angiogenic template during retinal development. Glia 65, 1697-1716.
doi:10.1002/glia.23189

Pan, L., Yang, Z., Feng, L. and Gan, L. (2005). Functional equivalence of Brn3
POU-domain transcription factors in mouse retinal neurogenesis. Development
132, 703-712. doi:10.1242/dev.01646

Reese, B. E. (2011). Development of the retina and optic pathway. Vision Res. 51,
613-632. doi:10.1016/j.visres.2010.07.010

Reese, B. E. and Keeley, P. W. (2015). Design principles and developmental
mechanisms underlying retinal mosaics. Biol. Rev. Camb. Philos. Soc. 90,
854-876. doi:10.1111/brv.12139

Rossi, F. M., Pizzorusso, T., Porciatti, V., Marubio, L. M., Maffei, L. and
Changeux, J.-P. (2001). Requirement of the nicotinic acetylcholine receptor beta
2 subunit for the anatomical and functional development of the visual system.
Proc. Natl. Acad. Sci. USA 98, 6453-6458. doi:10.1073/pnas.101120998

Rowan, S. and Cepko, C. L. (2004). Genetic analysis of the homeodomain
transcription factor Chx10 in the retina using a novel multifunctional BAC
transgenic mouse reporter. Dev. Biol. 271, 388-402. doi:10.1016/j.ydbio.2004.03.
039

Sambrook, J. and Russell, D. W. (2001). Molecular Cloning: a Laboratory Manual,
3rd edn. Cold Spring Harbor, N.Y: Cold Spring Harbor Laboratory Press.

Saxton, R. A. and Sabatini, D. M. (2017). mTOR signaling in growth, metabolism,
and disease. Cell 168, 960-976. doi:10.1016/j.cell.2017.02.004

Schaeren-Wiemers, N. and Gerfin-Moser, A. (1993). A single protocol to detect
transcripts of various types and expression levels in neural tissue and cultured
cells: in situ hybridization using digoxigenin-labelled cRNA probes.
Histochemistry 100, 431-440. doi:10.1007/BF00267823

Schindelin, J., Arganda-Carreras, l., Frise, E., Kaynig, V., Longair, M., Pietzsch,
T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B. et al. (2012). Fiji: an
open-source platform for biological-image analysis. Nat. Methods 9, 676-682.
doi:10.1038/nmeth.2019

Seabrook, T. A., Burbridge, T. J., Crair, M. C. and Huberman, A. D. (2017).
Architecture, function, and assembly of the mouse visual system. Annu. Rev.
Neurosci. 40, 499-538. doi:10.1146/annurev-neuro-071714-033842

Sengupta, S., Peterson, T. R., Laplante, M., Oh, S. and Sabatini, D. M. (2010).
mTORC1 controls fasting-induced ketogenesis and its modulation by ageing.
Nature 468, 1100-1104. doi:10.1038/nature09584

Soriano, P. (1999). Generalized lacZ expression with the ROSA26 Cre reporter
strain. Nat. Genet. 21, 70-71. doi:10.1038/5007

Stacy, R. C. and Wong, R. O. (2003). Developmental relationship between
cholinergic amacrine cell processes and ganglion cell dendrites of the mouse
retina. J. Comp. Neurol. 456, 154-166. doi:10.1002/cne.10509

Strettoi, E. and Volpini, M. (2002). Retinal organization in the bcl-2-overexpressing
transgenic mouse. J. Comp. Neurol. 446, 1-10. doi:10.1002/cne.10177

Tischmeyer, W., Schicknick, H., Kraus, M., Seidenbecher, C. I., Staak, S.,
Scheich, H. and Gundelfinger, E. D. (2003). Rapamycin-sensitive signalling in
long-term consolidation of auditory cortex-dependent memory. Eur. J. Neurosci.
18, 942-950. doi:10.1046/j.1460-9568.2003.02820.x

Yang, Z., Ding, K., Pan, L., Deng, M. and Gan, L. (2003). Math5 determines the
competence state of retinal ganglion cell progenitors. Dev. Biol. 264, 240-254.
doi:10.1016/j.ydbio.2003.08.005

Young, R. W. (1984). Cell death during differentiation of the retina in the mouse.
J. Comp. Neurol. 229, 362-373. doi:10.1002/cne.902290307

Zhang, Y., Xu, S., Liang, K.-Y., Li, K., Zou, Z.-P., Yang, C.-L., Tan, K., Cao, X.,
Jiang, Y., Gao, T.-M. et al. (2017). Neuronal mTORC1 is required for maintaining
the nonreactive state of astrocytes. J. Biol. Chem. 292, 100-111. doi:10.1074/jbc.
M116.744482

14

c
@
o

@)
>
)

i

§e

@


https://doi.org/10.1186/1749-8104-2-11
https://doi.org/10.1186/1749-8104-2-11
https://doi.org/10.1080/23262133.2015.1125409
https://doi.org/10.1080/23262133.2015.1125409
https://doi.org/10.1080/23262133.2015.1125409
https://doi.org/10.1016/j.neuron.2014.12.052
https://doi.org/10.1016/j.neuron.2014.12.052
https://doi.org/10.1016/j.neuron.2014.12.052
https://doi.org/10.1017/S0952523817000098
https://doi.org/10.1017/S0952523817000098
https://doi.org/10.1017/S0952523817000098
https://doi.org/10.1002/cne.23635
https://doi.org/10.1002/cne.23635
https://doi.org/10.1038/ncomms15755
https://doi.org/10.1038/ncomms15755
https://doi.org/10.1038/ncomms15755
https://doi.org/10.1038/nn.2477
https://doi.org/10.1038/nn.2477
https://doi.org/10.1038/nn.2477
https://doi.org/10.1038/nn.2477
https://doi.org/10.1074/jbc.C200665200
https://doi.org/10.1074/jbc.C200665200
https://doi.org/10.1074/jbc.C200665200
https://doi.org/10.1074/jbc.C200665200
https://doi.org/10.1074/jbc.C200665200
https://doi.org/10.1002/glia.23189
https://doi.org/10.1002/glia.23189
https://doi.org/10.1002/glia.23189
https://doi.org/10.1002/glia.23189
https://doi.org/10.1242/dev.01646
https://doi.org/10.1242/dev.01646
https://doi.org/10.1242/dev.01646
https://doi.org/10.1016/j.visres.2010.07.010
https://doi.org/10.1016/j.visres.2010.07.010
https://doi.org/10.1111/brv.12139
https://doi.org/10.1111/brv.12139
https://doi.org/10.1111/brv.12139
https://doi.org/10.1073/pnas.101120998
https://doi.org/10.1073/pnas.101120998
https://doi.org/10.1073/pnas.101120998
https://doi.org/10.1073/pnas.101120998
https://doi.org/10.1016/j.ydbio.2004.03.039
https://doi.org/10.1016/j.ydbio.2004.03.039
https://doi.org/10.1016/j.ydbio.2004.03.039
https://doi.org/10.1016/j.ydbio.2004.03.039
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1007/BF00267823
https://doi.org/10.1007/BF00267823
https://doi.org/10.1007/BF00267823
https://doi.org/10.1007/BF00267823
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1146/annurev-neuro-071714-033842
https://doi.org/10.1146/annurev-neuro-071714-033842
https://doi.org/10.1146/annurev-neuro-071714-033842
https://doi.org/10.1038/nature09584
https://doi.org/10.1038/nature09584
https://doi.org/10.1038/nature09584
https://doi.org/10.1038/5007
https://doi.org/10.1038/5007
https://doi.org/10.1002/cne.10509
https://doi.org/10.1002/cne.10509
https://doi.org/10.1002/cne.10509
https://doi.org/10.1002/cne.10177
https://doi.org/10.1002/cne.10177
https://doi.org/10.1046/j.1460-9568.2003.02820.x
https://doi.org/10.1046/j.1460-9568.2003.02820.x
https://doi.org/10.1046/j.1460-9568.2003.02820.x
https://doi.org/10.1046/j.1460-9568.2003.02820.x
https://doi.org/10.1016/j.ydbio.2003.08.005
https://doi.org/10.1016/j.ydbio.2003.08.005
https://doi.org/10.1016/j.ydbio.2003.08.005
https://doi.org/10.1002/cne.902290307
https://doi.org/10.1002/cne.902290307
https://doi.org/10.1074/jbc.M116.744482
https://doi.org/10.1074/jbc.M116.744482
https://doi.org/10.1074/jbc.M116.744482
https://doi.org/10.1074/jbc.M116.744482

