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Abstract
Background: Drosophila neuroblasts (NBs) are neural stem cells whose maintenance relies on Notch activity. NBs
proliferate throughout larval stages to generate a large number of adult neurons. Their proliferation is protected
under conditions of nutrition restriction but the mechanisms responsible are not fully understood. As amino acid
transporters (Solute Carrier transporters, SLCs), such as SLC36, have important roles in coupling nutrition inputs to
growth pathways, they may have a role in this process. For example, an SLC36 family transporter Pathetic (Path)
that supports body size and neural dendrite growth in Drosophila, was identified as a putative Notch target in
genome-wide studies. However, its role in sustaining stem cell proliferation and maintenance has not been
investigated. This study aimed to investigate the function of Path in the larval NBs and to determine whether it is
involved in protecting them from nutrient deprivation.
Methods: The expression and regulation of Path in the Drosophila larval brain was analysed using a GFP knock-in
allele and reporter genes containing putative Notch regulated enhancers. Path function in NB proliferation and
overall brain growth was investigated under different nutrition conditions by depleting it from specific cell types in
the CNS, using mitotic recombination to generate mutant clones or by directed RNA-interference.
Results: Path is expressed in both NBs and glial cells in the Drosophila CNS. In NBs, path is directly targeted by
Notch signalling via Su(H) binding at an intronic enhancer, PathNRE. This enhancer is responsive to Notch
regulation both in cell lines and in vivo. Loss of path in neural stem cells delayed proliferation, consistent with it
having a role in NB maintenance. Expression from pathNRE was compromised in conditions of amino acid
deprivation although other Notch regulated enhancers are unaffected. However, NB-expressed Path was not
required for brain sparing under amino acid deprivation. Instead, it appears that Path is important in glial cells to
help protect brain growth under conditions of nutrient restriction.
Conclusions: We identify a novel Notch target gene path that is required in NBs for neural stem cell proliferation,
while in glia it protects brain growth under nutrition restriction.
Keywords: Amino acid transporter, SLC36, Pathetic, Neural stem cells, Neuroblasts, Notch signalling, Nutrition
restriction
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Background
The Drosophila Neuroblasts (NBs) are neural stem cells
that divide to give progeny, which differentiate into
neurons and glia that later constitute the adult brain.
NBs arise from neuroectoderm during embryonic development and enter quiescence at the end of the embryonic stage, until they are reactivated upon feeding
during larval stages [1, 2]. After reactivation, around 350
NBs reside on the surface of the brain and constitute the
stem cell pool, undergoing multiple rounds of asymmetric cell divisions [3]. During division, each NB generates
one larger daughter cell that retains stem cell identity
and one smaller daughter cell that divides further to
generate progeny that differentiate into certain types of
neurons and glia [4]. At the time of metamorphosis, the
central nervous system (CNS) contains about 30,000
neurons and 10,000 glial cells. The glial cells fulfil supporting and nurturing function to neurons [5]. Importantly they also ensure NBs receive the correct growth
signal at the correct times. For example, signals from glia
are necessary for NBs to exit quiescence upon feeding
[1, 2], and to remain proliferative during nutrition
deprivation once the larva passes the critical weight
time-point [6].
Notch signalling is one of the key regulators in maintaining NSCs and performs a similar function in both
Drosophila and vertebrate NSCs. Notch depletion causes
loss of NB lineages while Notch over-activation inhibits
NBs from differentiating and induces brain tumours [7].
In the canonical Notch signalling model, upon Notch
ligand binding to the receptor, the Notch intracellular
domain (NICD) is cleaved and released into the nucleus.
The nuclear NICD interacts with the DNA-binding protein known as Suppressor of Hairless (Su(H)) in flies, to
activate the expression of target genes. The functions of
Notch are very context-dependent [8], making it important to identify the Notch regulated genes in different
processes including stem cell maintenance.
The brain, like other organs, needs to translate changing nutrition inputs into cell growth decisions. An
emerging role of amino acid transporters, especially the
SLC family, in coupling the nutrition signalling and
growth pathways has been revealed in recent years.
SLC38A9 acts as an amino acid sensor in the process of
mTORC-activation in mammalian cell lines [9, 10].
Similarly, SLC36A4 helps to promote proliferation in
colorectal cancer cells through its interaction with
mTORC1 [11]. A requirement for SLC36A4 in mice
retinal pigmented epithelial cells also involved mTORCactivation [12]. However, where and how might these
transporters function in other cases of nutrient sensing,
such as the Drosophila NBs, remains unknown. Also, it
is unclear whether the growth-promoting role of these
amino acid transporters would be adaptive to starvation.
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For example, the sparing mechanism in nutrient
deprived NBs somehow bypasses the Tor pathway [6].
Pathetic (Path) is the Drosophila orthologue of
SLC36A4, having the characteristics of a broad specificity transporter with multiple transmembrane domains.
It interacts with Tor (Target of apamycin) pathway components in regulating eye growth and body growth of
Drosophila and promotes dendritic growth in C4da neurons [13]. path also exhibited the hall marks of a Notch
regulated gene in a genome-wide study of genes upregulated during Notch-induced NB hyperplasia [14]. Here,
we have followed up on this observation by analysing
the role and regulation of Path in NBs under normal
and abnormal nutrition conditions. We demonstrate that
path is indeed a novel direct Notch target in NBs and
that it is required for NB proliferation. Further we characterised its role in brain sparing and found that it is required to fully protect the CNS from nutrient
restriction. However, our evidence indicates that glialexpressed Path is important for protecting brain growth
under nutrient restriction, rather than its activity in the
NBs themselves.

Methods
Drosophila genetics

Drosophila stocks were obtained from the Bloomington
Stock Center unless otherwise stated. For RNAi mediated
knock down, UAS-NotchRNAi (Bloomington 7078) [15] or
UAS-PathRNAi (Bloomington v100519) were crossed to
insc-Gal4;tubGal80ts (NBs, Bloomington 8751) [16] or
repo-Gal4 (Glial cells) [17]. Notch loss/gain of function in
NBs were generated by crossing insc-Gal4;tubGal80ts to
Notch-RNAi or NΔECD/CyO,GFP [14]. path mutant
clones were generated by crossing path[KG06640]
FRT80B/TM6B (DGRC111613) [18]) to hs-FLP,tub-Gal4UAS-GFP/FM6;;tubGal80FRT80B/TM6B and inducing
FLP mediated recombination by exposing larvae to 37C
for 1 h [13, 14]. FRT80B was used to generate control
clones. PathGFP has a GFP insertion immediately upstream
of the stop codon in the last coding exon [19].
Luciferase and NRE reporters

Genomic fragments encompassing Su(H) bound regions
in path were amplified from Drosophila genomic DNA
using primers with restriction site ends (FWD: TAGGGT
ACCTAAATGCACAGCAACGAAGG; REV: TAGCTCG
AGCGATCAAAAGTTCGTTGACC) and subcloned into
pGL3min for Luciferase reporters [20] and into pGreenRabbit for in vivo reporter assays [34]. Site-directed mutagenesis was carried out using Pfu Turbo DNA polymerase
Kit (Alignment) to mutate high-affinity Su(H) binding
sites [21]. For luciferase assays, plasmids were transfected
into Drosophila S2 cells and assays carried out as described previously [20].
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Immunofluorescence

Flies were raised at 25oC and dissected when they
reached the 3rd larval instar, unless otherwise stated.
Dissection was performed in pre-chilled PBS and
carcasses were then immediately fixed in 4% paraformaldehyde (PFA) for 20 mins, washed 3 times with PBT
(PBS with 0.1% Triton X-100), and blocked with PBT
with 0.1% BSA for 1 h. Samples were incubated in
primary antibody overnight at 4 °C then washed 3 times
with PBT and incubated in secondary antibody at room
temperature (RT) for 1.5 h. Samples were then washed
3–4 times with PBT and equilibrated in PBS with 70%
glycerol overnight before mounting. Brains were
mounted in mounting media (Citiflour AF1) for imaging.
The following primary antibodies were used: rabbit αGFP (1:10,000, Sigma), rabbit α-Grh (1:2000, gift of
Christos Samakovlis), and rabbit α-Asense (1:2000, courtesy of Y.N.Jan) [22], mouse α-Pros (1:100, Developmental Studies Hybridoma Bank (DSHB)), mouse α-repo (1:
500, DSHB), and mouse α-Mira (1:100) [23], guinea-pig
α-Dpn (1:5000, gift form C. Delidakis [24];) and α-Path
(1:50, [15]), rat α-Elav (1:20 DHSB) Secondary antibodies
for mouse, rabbit, guinea pig or rat were conjugated to
Alexa 488, 555, 568, 633 or 647 (Molecular Probes) or
to FITC, Cy3 or Cy5 (Jackson ImmunoResearch).
EdU labelling

Brain culturing medium (BCM) was prepared from 10
ml of BCM base solution, consisting of 80% Schneider’s
medium, 20% FBS and 10 μl of 10 mg/ml insulin, to
which a larval extract (prepared by homogenizing 10
third instar larvae in 200 μl Schneider’s medium and taking the supernatant after centrifugation) was added. Fly
brains were dissected in Schneider’s medium and incubated in BCM containing 50 μM of EdU for 4 h at RT.
Following EdU incubation, brains were rinsed twice in
Schneider’s medium and fixed in 4% PFA for 25 mins at
RT. The brains were then rinsed twice in 0.3% PBST,
followed by 2 X 20 mins washes in 0.3% PBST. Blocking
was carried out by incubating the brains in blocking buffer (0.3% BSA in PBST) for 1 h at RT. After the blocking,
the Click-iT reaction was carried out following the instructions in the manual. Brains were rinsed twice in
0.3% PBST and nuclear stain DAPI was included in the
penultimate wash. Samples were subsequently mounted
in VECTASHIELD anti-fade mounting medium and imaged using point scanning confocal microscopy. For
antibody co-staining, this was carried out after the
Click-iT reaction and the wash steps, according to the
manual.
Nutrition restriction

In order to test the response of larval brain growth to
nutrition restriction, larvae were transferred to a
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sucrose-only diet regime, 24 h after larval hatching
(ALH), with 100–150 larvae per plate. Yeast was added
to control plates established in parallel. 96 h–120 h ALH,
the brains were dissected from larvae kept under control
and sucrose-only conditions.
Imaging and analysis

Images were taken using Leica SP2 and SP8 confocal microscopes (CAIC, University of Cambridge). Images were
processed and labelled in Fiji (ImageJ). Cell counting
was performed using the Cell Counter plugin in ImageJ
and a cell counting program Counting3D developed by
Leila Muresan was used for counting cells in multiplelayer Z-stacks in clonal analysis [14]. Statistics were
conducted with Prism6. For pair-wise samples, a t-test
was used if the samples fitted a Gaussian distribution, or
Kolmogorov-Smirnov test if the samples did not fit
Gaussian distribution. For multiple comparison, a oneway ANOVA analysis was used.

Results
Path is expressed in neuroblasts and glia

To investigate the function of Path in regulating NB
growth and proliferation, its expression in the CNS was
firstly analysed using pathGFP, a functional allele with
GFP inserted at the C-terminus of the Path coding sequence [13]. PathGFP was highly expressed in surface
and cortex glia (Fig. 1A & A’), and also, at a much lower
level in NBs and their progeny (Fig. 1B & B’ and insets).
A similar high level of Path expression in the surface
glial cells was also detected with a Path antibody
(Additional Fig. S1 [13]), confirming that the protein is
present at high levels in these cells. Because this enrichment of Path protein in the surface glia potentially
masked expression in the underlying NBs and neurons,
we used the glial cell expressing repo-Gal4, to downregulate path in glia with RNAi so that we could determine whether Path was expressed in less superficial cells.
When the glial expression was suppressed in this way, it
was evident that the protein is also present at significant
levels in the NB lineages (Fig. 1C & C’). Furthermore,
Path expression was enriched in NBs compared to the
neuronal progeny (Fig. 1D & D’), in agreement with
transcriptomic analysis showing that path RNA was
enriched in FACS sorted NBs compared to neurons [25].
Together, these data show that Path is expressed in NBs
and in glial cells.
Path is a direct notch target in neural stem cells

path was identified in a genome-wide study as a likely
Notch regulated gene in Drosophila larval brains, based
on its characteristics in conditions where constitutive
Notch activity was supplied to NBs causing hyperplasia
[14]. path expression levels were upregulated in
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Fig. 1 Path is expressed in both glia and neural stem cells. (A-B) Path expression pattern revealed by GFP knock-in allele pathGFP (green in A&B,
grey in A’&B′) in the dorsal brain lobe (A), NBs are marked with Dpn (red), and neuronal progeny with Pros (blue). (C-D) NB expression of Path
(anti-Path, green in C&D, grey in C′&D’) is visible when glial-expressed Path is depleted by path-RNAi. Ase (red) marks NBs and Repo (blue) marks
glial cells. Scale bar in A&C, 50 μm; scale bar in B&D, 10 μm

hyperplastic brains produced by constitutive Notch
activity in NB lineages [14] and the first intron of path
exhibited robust Su(H) binding (Fig. 2A), which corresponded to a region with a conserved high-affinity Su(H)
binding motif [27]. To find out whether the Su(H) binding of path was indicative of direct regulation by Notch,
the region encompassing the Su(H) motif, pathNRE, was
first sub-cloned upstream of a minimal promoter and
luciferase reporter (Fig. 2A, cyan). Luciferase activity
driven by the pathNRE was significantly stimulated in
response to activated Notch (Fig. 2C). This response was
clearly diminished when the high-affinity Su(H) motif
was mutated, pathNRE[Mut] (Fig. 2B,C). These results
support the hypothesis that the fragment encompasses a
Notch-responsive enhancer. Importantly, the fragment
has characteristics of a Notch-regulated enhancer
in vivo. In transgenic flies, pathNRE directed robust GFP
expression in NBs as well as part of the optic lobe (Fig.
2D & E), as indicated by the co-staining with the NB
marker Grainyhead (Grh). Mutating the Su(H) motif
(pathNRE[Mut]) strongly compromised the enhancer,
resulting in a much lower level of GFP expression in
NBs and in the optic lobe (Fig. 2G) indicative of direct
input from Notch pathway. The fact that expression
from pathNRE[Mut] in NBs was not completely eliminated, may reflect the loss of the repressive function
from Su(H) [28] and suggests that the enhancer is also
regulated by other factors.
To assess whether pathNRE responds to Notch signalling as predicted, Notch activity in NBs was depleted by
expression of Notch-RNAi, or enhanced by expression of
constitutively active Notch (extracellular domain truncated; NΔECD). Compared with pathNRE control (Fig.
2F), down-regulating Notch by RNAi (with insc-Gal4,

which directs expression in NBs and optic lobe) caused
substantial loss of pathNRE-GFP expression from most
NBs (Fig. 2H) and also reduced levels of Path detectable
by antibody (Additional Fig. S2). Conversely, higher
levels of pathNRE-GFP expression were observed when
excessive Notch was generated by expressing NΔECD in
a similar manner (Fig. 2I). In contrast, there was no increase in pathNRE[Mut] expression when it was exposed
to similar conditions (Fig. 2J), in agreement with it having lost the ability to respond to Notch. Altogether the
above results support the hypothesis that path has direct
input from Notch signalling, via pathNRE.
Path is required for NSC proliferation

Given the role of Notch in maintaining NBs and the
evidence that path is directly regulated by Notch, it was
plausible that Path could play an important role in
implementing Notch function in NBs. As Notch is
important for survival and proliferation of NBs, the role
of path in NB proliferation was examined, using the
MARCM system to generate random clones of WT and
path mutant cell lineages marked with GFP (Fig. 3A).
Analysing cell number revealed that, when path was removed, the NB clones contained less progeny, i.e. fewer
cells were present per clone (Fig. 3B & C; mean cell
number in control clones = 3.88 ± 3.34, n = 26; mean in
path mutant clones = 30.33 ± 1.89, n = 42). At the same
time, the mutant stem cells were larger than control
ones (Fig. 3B & D, mean size of control NB = 8.91 ±
0.07 μm, n = 253; mean size of path mutant NB = 9.43 ±
0.11 μm, n = 120). The increase in NB size was also
observed when path was depleted specifically in NBs, by
driving path RNAi with insc-Gal4 (Additional Fig. S3AE, mean size of control NB = 8.71 ± 0.067, n = 303; mean
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Fig. 2 A Notch responsive element (NRE) in path directs expression in neural stem cells. (A) A genomic overview of the path gene region with
the Su(H) binding profile from Nact (NΔECD)-expressing brains. Graph depicts Su(H) bound regions (enrichment relative to input AvgM, scale log2
0–4) in NΔECD brains (green). Blue bars indicate Su(H) binding motifs identified using Patser, height of bar represents Patser score, scale 5–9.79
[26]. Gene models are depicted in blue and cloned pathNRE region in cyan. (B) Strategy for mutating high-affinity Su(H) binding motif in pathNRE.
(C) The response of pathNRE to transient activation of Notch in S2 cells. (NRE): positive control, E(spl)m3NRE, a known Notch target enhancer;
(NME): negative control, Notch mutated enhancer (NME). Error bars represent the SD of three biological replicas; *p < 0.05. (D&E) Dorsal (D) and
ventral (E) expression from pathNRE-GFP reporter detected with anti-GFP in L3 larval brains. Scale bar, 100 μm. (F-J) Reporter expression from the
indicated genotypes detected with anti-GFP (green and grey panel). Scale bar, 50 μm

size of path mutant NBs = 9.58 ± 0.068, n = 340). Despite
these changes, the path mutant NBs retained expression
of Deadpan (Dpn) and Miranda (Mira), which are characteristic of these stem cells (Fig. 3B, Additional Fig.
S3A-D).
The reduction in cell numbers within NB clonal lineages in the absence of Path suggests either that NBs
underwent fewer cell divisions or that more cell death
occurred in the progeny. Considering that larger stem
cell size can also result from a delay in the cell cycle,
changes in proliferation seemed the more likely explanation. Incorporation of EdU (5-ethynyl-2′-deoxyuridine),
a thymidine analogue, was therefore measured to estimate the number of cells undergoing DNA replication
in WT and path-mutated NBs, during a 4 h period (Fig.
3A & E). Under these conditions, path mutant clones
had fewer cells marked by EdU than control clones (Fig.
3E & F, mean of control EdU+ cells, 6.0 ± 0.22, n = 61;
mean of EdU+ cells in path clones, 4.5 ± 0.25, n = 51).
This result suggests that the path mutant cells divide
more slowly. The estimated division rate for control NBs

is 85 min and for path mutant NBs is 111 min. Furthermore, there was no decrease in the number of GMCs, as
might be expected if there was significant cell death (Fig.
3G). In summary, these results suggest a requirement
for path in maintaining the normal rate of NB proliferation, although an increase in the death of neuronal progeny cannot be ruled out. It remains to be established
whether Path plays a similar role in maintaining proliferation in Notch induced tumours where the path
transcript is up-regulated.
Path is required for protecting brain growth under
nutrition restriction

After larvae reach a critical weight, which occurs approximately 60 h after larval hatching (ALH)), nutrition
levels no longer restrain their ability to pupate [29]. As a
result, starvation after this stage results in a smaller animal with generally smaller organs, except that the brain
achieves a similar size to control counterparts, so-called
brain sparing [6]. The Alk/Jeb pathway appears to coordinate brain sparing, bypassing Tor and taking the
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Fig. 3 Depletion of Path causes an increase in NSC cell size and a reduction in proliferation. (A) Scheme for mosaic clone induction. Clones were
induced (heat-shock treatment) 48 h after larval hatching (ALH) and larvae dissected 72 h after clone induction (ACI). (B) Mosaic clones from
control and path mutants. NBs are marked with nuclear Dpn (red) and membrane associated Mira (blue & grey). GFP-marked NB lineages are
outlined with yellow dotted lines. (C) Number of progeny per labelled lineage, n = 26, 42. (D) Quantification of NB sizes, measured using Mira,
from controls and path mutants; n = 253, 120. (E) EdU labelling of control and path mutant NB clones 3 days ACI. Cells undergoing DNA synthesis
during 4 h of EdU incubation are labelled (red and grey panels); Nuclei are marked by Hoechst (blue) staining. GFP-marked NB lineages are
outlined with yellow dotted lines. (F) Quantification of EdU-positive (EdU+) cells in marked NB lineages; n = 61, 51. (G) Quantification of GMCs
(Asense +ve) in marked NB lineages. **p < 0.01, ***p < 0.001, ****p < 0.0001. Scale bar, 50 μm

place of Insulin Receptor to activate the PI3K pathway
[6]. Sensing of amino acid levels is likely to rely on
mechanisms for transporting amino acids into the NB
and glial cells and, as Path has characteristics of an
amino acid transporter, it could thus play a role in the
brain sparing mechanism.
To investigate, we examined whether path is required for
brain growth under nutrition restriction (NR). Larvae were
transferred to a sucrose-only NR diet at early L3 (72 h ALH),
after the critical weight time point. Under these NR conditions, the brains of wild-type exhibited a similar growth trajectory to those of fed larvae (Fig. 4C & G). Strikingly, in
animals with reduced path, namely those homozygous for a
hypomorphic allele, path[dg50] [13], NR resulted in a greatly
reduced brain size (Fig. 4F & G). These data suggest therefore that path is involved in the brain-sparing mechanism.

To investigate whether the regulation of path during
brain sparing occurs via pathNRE, brains were dissected
from nutrient restricted conditions and pathNRE expression compared with that of fed larval brains of an
equivalent age (Fig. 5A). In normal conditions, pathNRE
expression became detectable following NB reactivation
(Additional Fig. S4) so that it was expressed in all NBs
by late L2 (Fig. 5B) and then achieved high levels by 120
h ALH (Fig. 5C & E). Notably, pathNRE expression was
significantly reduced upon starvation (Fig. 5C, D & E),
although the brain size was similar to that of fed larvae,
indicating that brain sparing was occurring.
To clarify whether the decrease in pathNRE expression
was because of alterations in Notch activity, expression
of E(spl)mγ-GFP, a widely used Notch activity indicator
[30, 31], was also examined under NR conditions. Unlike
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Fig. 4 Path is required for brain sparing. (A-F) Control (A-C) and path[dg50]−/− (D-F) brains from larvae reared under the indicated conditions: 72
h ALH fed (A&D), 120 h ALH fed (B&E) and NR from 72 h to 120 h ALH (C&F). NBs are marked by Dpn (red), NBs and GMCs are marked by Ase
(green) whereas neurons are marked by Pros (blue (G) Quantification of brain lobe diameters in each of the above conditions.). n = 6–10 brains.
****p < 0.0001, ns, not significant (p > 0.05). Scale bar, 100 μm

pathNRE, E(spl)mγ-GFP expression levels under NR
were similar to fed larvae at 120 h ALH (Fig. 5F-I). This
suggests that Notch activity per se is not changed by NR
in larval NBs so that the reduction of pathNRE
expression in NR conditions is specific. This reduction
may indicate that NB expression of Path is not required
during starvation. Alternatively, a separate enhancer
could operate under these conditions to confer path NB
expression. Certainly there was not a widespread
decrease in path expression after NR, as the expression
of path[GFP] remained high in glia (Additional Fig. S5AF).

Glia-expressed path is required for protecting brain
growth under nutrition restriction

To elucidate in which cell type Path is required for brain
sparing, path was first knocked down specifically in NBs
that were subject to NR from 72 h ALH onwards. The
brain size following NR was comparable with that from
fed larvae (Fig. 6A & B), suggesting that path expression
in NBs was not required for brain sparing during NR.
Second, path was specifically silenced in glial cells, using
repo-Gal4. Path depletion alone did not affect brain size
under normal conditions, as the fed pathRNAi brains
had a comparable size to those from fed control larvae
(Fig. 6C & D). However, when pathRNAi larvae were
subject to NR from 72 h ALH, the brains did not grow
to the same extent as those from fed larvae, and were
more comparable in size to those from much younger
larvae (Fig. 6C & D). This suggests that the brain growth
is no longer spared when Path is absent from glial cells.
Taken together, these results suggest that NB-expressed
Path does not participate in protecting brain growth

during NR, while the expression of path in glial cells is
important for brain sparing.

Discussion
Previously, Path was found to be required for overall
body growth and extreme dendrite growth, potentially
through interacting with the PI3K/Tor pathway and
protein synthesis pathways [13]. Here we identified an
autonomous role of path in maintaining NB proliferation, which is in line with previous findings that path
promotes growth. Path expression in NBs is partially
dependant on Notch, as it contains an intronic enhancer,
which is directly regulated by the pathway. Thus its
regulation and involvement in NB proliferation argues
that Path contributes to the normal function of Notch in
NBs (Fig. 7), although it remains to be established
whether it has a similar essential role in Notch induced
tumours. Furthermore, the striking reduction in
pathNRE driven expression under NR suggests that the
NBs are sensitive to changes in the internal milieu of the
animal. This argues that, while glial cells may shield NBs
from many environmental effects, the NBs are nevertheless able to detect altered nutrient levels and may
harbour addition pathways that contribute to brainsparing.
Although we find that Path is required for brain
sparing during NR, this appears to rely on its expression
in Glial cells rather than NBs, despite the fact that the
intronic pathNRE enhancer is sensitive to nutrient
deprivation. Alk/Jeb is the major pathway that has been
linked to brain growth under NR conditions, and glial
knockdown of Jeb (repo-gal4 > jebRNAi) resulted in
smaller NB-clone size as well as lineage number [6]. It is
possible that Path at the membrane of surface glial cells
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Fig. 5 Effects of nutrition restriction on pathNRE and E(spl)mγ-GFP expression. (A) Scheme for experiments with nutrition restriction (NR). Larvae
were transferred to amino acid-deprived diet at 72 h (ALH) and dissected at 120 h ALH. (B-E) pathNRE expression is reduced under NR conditions.
pathNRE-GFP (green, grey panel) expression in VNC at 72 h ALH (B), 120 h ALH fed with yeast-rich food (C) and 120 h under NR from 72 h to 120 h
ALH (D). NBs are marked with Dpn (red) and Mira (blue). (E) Quantification of pathNRE-GFP intensity in above conditions (n = 18,16,22). (F-I) Neural
stem cells retain Notch activity in response to NR. (F-H) Notch regulated E(spl)mγ-GFP (green, grey panel) expression in VNC at 72 h ALH (F), 120 h
ALH fed (G) and 120 h with NR from 72 h to 120 h ALH (H). NBs are marked with Dpn (red), neuronal progeny are marked with Pros (blue). (I)
Quantification of EE(spl)mγ-GFP intensity in above conditions (n = 15,14,20). ****p < 0.0001; ns, not significant (p > 0.05). Scale bar, 50 μm

could detect the environmental amino acid levels and in
turn regulate Alk/Jeb expression. Path is a potential
amino acid transporter with multiple transmembrane
domains, which exhibited high affinity for alanine and
glycine with low transporting capacity when expressed
in Xenopus oocytes [18]. The closest mammalian relatives, proton-assisted transporter 4 (PAT4 or hPAT4),
have a high affinity for proline and tryptophan [32].
Although it remains to be fully determined which are
the main substrates for Path in vivo, a recent study suggests that Path is required for scavenging proline to promote tumour growth in conditions of obesity enhanced

tumorigenesis in Drosophila [33]. In these conditions,
Path regulation was also involved with nutrient sensing
mechanisms albeit the levels of sugars were elevated rather than restricted. Further studies will be needed to
determine whether proline is the primary substrate for
Path in all conditions and the extent that path expression is differentially regulated by changes in nutrient
levels according to the tissue and its proliferative state.
The Tor pathway is involved in NB reactivation,
growth and proliferation [2]. However, in L3, NB growth
is regulated by the Alk/Jeb pathway which activates
downstream
PI3K/Akt
signalling,
but
appears
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Fig. 6 Glial Path expression is required for brain sparing. (A) Brains with insc-Gal4 driving path-RNAi or GFP-RNAi as indicated in NBs from 72 h
ALH fed, 120 h ALH fed and NR from 72 h to 120 h ALH. Dpn (white) marks NBs. (B) Quantification of brain lobe diameter under indicated
conditions. (C) Brains with repo-Gal4 driving path-RNAi or GFP-RNAi in glial cells from 72 h ALH fed, 120 h ALH fed and NR from 72 h to 120 h ALH.
Dpn (red) marks NBs and Elav (blue) marks neurons (D) Quantification of brain lobe diameter under indicated conditions. n = 6–10 brains. ****p <
0.0001, ns, p > 0.05. Scale bar, 100 μm

Fig. 7 Model of path function

Feng et al. Neural Development

(2020) 15:10

independent of Tor [6]. One model to explain the
current results is that Path functions as a mediator between Alk and the Tor pathway. Alk is required for and
acts through the PI3K/Akt pathway. In L3 larvae brains,
most Tor pathway components are dispensable for brain
growth and brain size is not changed significantly when
levels of Insulin-like peptides (Ilp) are manipulated [6].
In contrast, the Tor pathway is activated in younger
brains suggesting there may be a mechanism to bypass
or switch-off the Tor pathway at later stages. One hypothesis, considering pathNRE is upregulated after NB
reactivation (Fig. 4.9B&C), is that path helps to keep activity of the Tor pathway at restricted levels at later
stages. In this case, the effects of path in NBs would be
through nutrient sensing and protein synthesis, similar
to its function in C4da neurons [13].
The regulation and expression of Path in the NBs
suggests that, in this context, Path promotes cell
growth and lineage size. Further studies will be
needed to characterise what the consequences from
Path up-regulation are in different circumstances. For
example, whether Path has the same role in Notch induced NB tumours, and whether this would differ depending on nutrient status, remains to be established.
Likewise, our study has investigated its role in socalled Type I NBs. We did not obtain enough mutant
clones to distinguish whether it makes the same
contribution in Type II NBs, which produce a highly
proliferative transit amplifying intermediary, or
whether its activity there differs. Finally, it is striking
that pathNRE-GFP expression is decreased in neuroblasts under nutrient restriction, when neuroblast
proliferation becomes spared. Whether this reflects a
physiological response, whereby NB Path levels are
reduced while glial cell Path persists under NR, or
whether it reflects a regulatory feature, whereby a different enhancer becomes activated in these conditions, remains to be established. Nevertheless, these
data highlight the importance of distinguishing the
different regulatory inputs to Path, and the extent
that they are dependent on different nutrient and/or
amino acid availabilities.

Conclusion
Brain expression of Path, which encodes a broad specificity transporter, occurs in both NBs and glial cells where
its functions appear to differ. NB expression of path, is
partially dependant on Notch activity and is required for
NB lineage proliferation but not for brain sparing under
nutrient restrictions. In contrast Glial expression of Path
appears to be independent of Notch and is essential for
protecting the brain growth under nutrition restriction.
In conclusion, we demonstrate different roles of Path in
distinct parts of the brain that would together enable the
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larval brain to proliferate and grow in both normal and
NR conditions.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13064-020-00148-4.
Additional file 1 Fig. S1. Path is expressed in both glia and neural
stem cells. (A-D) Anti-Path staining (green in A&B, grey in A’&B′) is
enriched at the surface of the brain, as shown on the same surface with
glial cells marked by Repo (magenta). (E-F) Anti-Path (green in C&D, grey
in C′&D’) stains NBs when glial-expressed Path is depleted by pathRNAi.
TypeI NBs are marked with Ase (red), glia cells were marked with Repo
(blue) Scale bar, 50 μm.
Additional file 2 Fig. S2. Path depletion leads to a reduction in NB size.
(A-D) Control (A&B) and path knockdown (C&D) brains (path-RNAi driven
by NB-specific insc-Gal4), larvae were incubated at 30 °C for 5 days before
dissection. Central brain dorsal (A&C) and VNC (B&D) brain NBs are
marked with Dpn (red) and Mira (green). CB, central brain; OL, optic lobe.
(E) Quantification of NB size with GFP-RNAi and path-RNAi. n = 303, 340.
****p < 0.0001. Scale bar, 50 μm.
Additional file 3 Fig. S3. Path[GFP] persists under NR condition.
Path[GFP] expression in the indicated conditions: 72 h ALH fed (A&B),
120 h ALH fed (C&D) and NR from 72 h to 120 h ALH (E&F). (A,C,E) dorsal
surface, brain lobes (A’,C′,E’) middle-plane, brain lobes, (A”,C″,E”) ventral
surface, brain lobes. (B,D,F) ventral surface, VNC. NBs are marked with
Dpn (red), neurons are marked with Pros (blue). Scale bar, 100 μm.
Additional file 4 Fig. S4. Path[NRE} expression is detected in NBs that
have exited quiescence. Expression of Path[NRE]-GFP is only detected in
a subset of Dpn and Miranda expressing NBS at 24 h ALH. Small
quiescent and recently re-activated NBs have not yet initiated expression
(e.g. white arrowheads).
Additional file 5 Fig. S5: Path[GFP] persists under NR condition.
Path[GFP] expression in the indicated conditions: 72 h ALH fed (A&B),
120 h ALH fed (C&D) and NR from 72 h to 120 h ALH (E&F). (A,C,E) dorsal
surface, brain lobes (A’,C′,E’) middle-plane, brain lobes, (A”,C″,E”) ventral
surface, brain lobes. (B,D,F) ventral surface, VNC. NBs are marked with
Dpn (red), neurons are marked with Pros (blue). Scale bar, 100 μm.
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