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Reduced mTORC1-signalling in retinal progenitor cells leads to
visual pathway dysfunction
Iwan Jones*, Anna-Carin Ha �gglund* 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 mTORC1-signalling in retinal
progenitor cells by conditional ablation ofRptor 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.

KEY WORDS: Raptor, mTORC1, Retina, RGCs, dLGN, Visual cliff test

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 (Götz and Huttner, 2005). Neurogenesis is driven
by both intracellular and extracellular molecules that signal through
the mammalian target of rapamycin complex 1 (mTORC1) to
coordinate cell growth, nutritional metabolism and protein
translation in response to these inductive cues (LiCausi and
Hartman, 2018). mTORC1 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 mTORC1 substrates
through binding to their TOR signalling motifs (Nojima et al.,
2003). One downstream effector is p70S6K whose phosphorylation

of the 40S ribosomal protein S6 (pS6) routinely acts as a readout
marker of mTORC1 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 Rptor in NPCs during embryonic
development leads to microcephaly and aberrant oligodendrocyte
differentiation whileRptor 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 mTORC1-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 Müller 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 Müller 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 ofRptor-
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 inReceived 25 April 2019; Accepted 27 June 2019
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functional deficits when performing visually mediated behavioural
tasks. Our collective observations therefore demonstrate that
mTORC1-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 floxedRptoralleles (Rptortm1.1Dmsa, referred to asRptorf/f)

(Sengupta et al., 2010) with animals harbouring anLhx2-promoter
driven Cre-recombinase transgene (Tg(Lhx2-Cre)1Lcar, referred to
as Lhx2-Cre) (Hagglund et al., 2011), which promotesLoxP
recombination in RPCs prior to the onset of neurogenesis and
mTORC1-signalling (Hagglund et al., 2011, 2017).Lhx2-Cre:
Rptorf/f 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 mTORC1 pathway
activity following Rptordeletion. While a significant reduction in
Raptor was detected inLhx2-Cre:Rptorf/f animals, the level of pS6

Fig. 1. See next page for legend.
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was comparable to control littermates (Fig. 1B,C). One possible
explanation for this apparent normal level of mTORC1-signalling
was that theRptor allele was undergoing variable recombination
efficiency within the RPC population. Retinae were therefore
harvested from control andLhx2-Cre:Rptorf/f adult mice and
dissected into four equal tissue quadrants (Fig. 1D). Genomic
DNA was prepared from these regions and the level ofRptor
recombination was determined by qPCR (Fig. 1E).Lhx2-Cre:
Rptorf/f animals exhibited a distinct spatial pattern ofRptor-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 ofRptor recombination we
predicted that the DT retina ofLhx2-Cre:Rptorf/f mice would exhibit a

lower level of mTORC1-signalling relative to the remaining
quadrants. Immunohistochemical analyses were therefore performed
on flat-mounted retinae harvested fromLhx2-Cre:Rptor+/f:ROSA26R
and Lhx2-Cre:Rptorf/f:ROSA26R animals at P1 (Fig. 1G–K).
Widespread pS6S40/244 expression was observed throughout the
retina of Lhx2-Cre:Rptor+/f:ROSA26R mice due to canonical
mTORC1-signalling mediated by the remaining wild-type allele
(Fig. 1G,H). In contrast, no pS6S240/244was detected in the DT retina
of Lhx2-Cre:Rptorf/f:ROSA26Rmice (Fig. 1I,K, red triangles) in
combination with normal pS6S240/244levels being observed within the
remaining quadrants (Fig. 1I,J, green triangles). Importantly, this
distinct spatial pattern ofRptorrecombination was not due to variable
expression of theLhx2-Cretransgene since lineage-tracing analyses
demonstrated widespread X-gal staining throughout the retina of both
Lhx2-Cre:Rptor+/f:ROSA26RandLhx2-Cre:Rptorf/f:ROSA26Rmice
(Fig. 1L–P). However, it should be noted that radial columns of X-gal
mosaicism was sometimes observed in bothLhx2-Cre:Rptor+/f:
ROSA26RandLhx2-Cre:Rptorf/f:ROSA26Rmice due to subsets of
RPCs escapingROSA26Rrecombination in the ventral retina
(Fig. 1M,O).

To summarise, a distinct spatial pattern ofRptor-ablation was
observed inLhx2-Cre:Rptorf/f mice (Fig. S2). RPCs that generated
the DT retina exhibited high levels of deletion that consequently
resulted in the loss of mTORC1-signalling within this domain. In
contrast, progenitor cells that established the remaining retina
exhibited lower levels ofRptorrecombination that had no outward
effects on mTORC1-signalling activity. This characteristic spatial
pattern ofRptor-ablation was also fully penetrant amongst allLhx2-
Cre:Rptorf/f mice analysed (n=43) independent of sex or genetic
background (129/Sv:CBA:C57BL/6and 129/Sv:CBA:C57BL/6:
NMRI).

Domain-specific reduction in mTORC1-signalling leads to
aberrant RGC differentiation during embryonic development
The distinct spatial pattern ofRptor-ablation observed inLhx2-Cre:
Rptorf/f mice fortuitously provided an opportunity to investigate
how contrasting reductions in mTORC1-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 withinLhx2-Cre:Rptorf/f

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 thatLhx2-Cre:Rptorf/f 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 inLhx2-
Cre:Rptorf/f mice.

Widespread pS6S240/244reactivity 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).

Fig. 1. Conditional deletion of Rptor leads to domain-specific
reductions in mTORC1-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, pS6S235/236,
pS6S240/244 and S6 in retinal extracts harvested from control (n=4) and
Lhx2-Cre:Tsc1f/f (n=4) mice at P1. (C) Densitometry analyses of Raptor,
pS6S235/236 and pS6S240/244 in retinal extracts harvested from control (n=6)
and Lhx2-Cre:Rptorf/f (n=6) mice at P1. Lhx2-Cre:Rptorf/f mice exhibit a
significant 30% decrease in Raptor levels compared to littermate controls.
No significant differences in pS6S235/236 and pS6S240/244 levels were
observed. Raptor densitometry data were normalised against GAPDH while
pS6S235/236 and pS6S240/244 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 ofRptor 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) qPCR analysis of normalisedRptor
levels in retinae harvested from control (n=6) and Lhx2-Cre:Rptorf/f (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+/f:ROSA26R (G–H) and Lhx2-Cre:Rptorf/f:ROSA26R
(I–K) mice at P1. Lhx2-Cre:Rptor+/f:ROSA26R animals exhibit widespread
pS6S240/244 distribution due to canonical mTORC1-signalling mediated by
the remaining wild-type Rptor allele. In contrast, no pS6S240/244 was
observed in the DT retina (I,K, red triangles) ofLhx2-Cre:Rptorf/f:ROSA26R
mice while modest pS6S240/244 levels were observed within the remaining
regions (I,J, green triangles). (L–P) Representative lineage tracing analyses
of retinae taken from Lhx2-Cre:Rptor+/f:ROSA26R (L,M) and Lhx2-Cre:
Rptorf/f:ROSA26R (N–P) mice at P1. All mice exhibit widespread X-gal
staining throughout the retina thus confirming globalLhx2-Cre transgene
expression and subsequent Cre-mediated recombination of theROSA26R
allele. Note that radial columns of X-gal mosaicism are observed in both
Lhx2-Cre:Rptor+/f:ROSA26R and Lhx2-Cre:Rptorf/f:ROSA26R mice due to
variable ROSA26R recombination in the ventral retina (M,O). The broken
line demarcates the border of the retina in all images. All data represents the
mean±s.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 µm; (H,J,K,M,O,P) 100 µm.
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-� -D-galactopyranoside.
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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:Rptorf/f 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
nasallow to temporalhigh RGC distribution
gradients. (G–R) Representative coronal
sections through the nasal to temporal axis of
control (G–L) and Lhx2-Cre:Rptorf/f (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:Rptorf/f

animals with the DT region (O) exhibiting a
complete lack of pS6S240/244 immunoreactivity.
(S) Quantitative analysis demonstrates that
the area of the retina in Lhx2-Cre:Rptorf/f 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:Rptorf/f

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:Rptorf/f 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
number of eyes analysed at each age was as
follows: E12.5 (control, n=8; Lhx2-Cre:Rptorf/f,
n=8); E16.5 (control, n=8; Lhx2-Cre:Rptorf/f,
n=12). All data represents the mean±s.e.m.
Statistical differences were calculated using
unpaired two-tailed Student’s t-tests. P-values
are denoted as follows: **P� 0.01 and
****P� 0.0001. Scale bar: (A–F) 50 µm;
(G–R) 50 µm. Abbreviations: CM, ciliary
margin; D, dorsal; GCL, ganglion cell layer;
INBL, inner neuroblastic layer; LE, lens; NR,
neural retina; ONBL, outer neuroblastic layer;
RPE, retinal pigment epithelium; V, ventral.
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