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A B S T R A C T   

Mutations of the human TRAFFICKING PROTEIN PARTICLE COMPLEX SUBUNIT 9 (TRAPPC9) cause a neuro-
developmental disorder characterised by microcephaly and intellectual disability. Trappc9 constitutes a subunit 
specific to the intracellular membrane-associated TrappII complex. The TrappII complex interacts with Rab11 
and Rab18, the latter being specifically associated with lipid droplets (LDs). Here we used non-invasive imaging 
to characterise Trappc9 knock-out (KO) mice as a model of the human hereditary disorder. KOs developed 
postnatal microcephaly with many grey and white matter regions being affected. In vivo magnetic resonance 
imaging (MRI) identified a disproportionately stronger volume reduction in the hippocampus, which was 
associated with a significant loss of Sox2-positive neural stem and progenitor cells. Diffusion tensor imaging 
indicated a reduced organisation or integrity of white matter areas. Trappc9 KOs displayed behavioural abnor-
malities in several tests related to exploration, learning and memory. Trappc9-deficient primary hippocampal 
neurons accumulated a larger LD volume per cell following Oleic Acid stimulation, and the coating of LDs by 
Perilipin-2 was much reduced. Additionally, Trappc9 KOs developed obesity, which was significantly more severe 
in females than in males. Our findings indicate that, beyond previously reported Rab11-related vesicle transport 
defects, dysfunctions in LD homeostasis might contribute to the neurobiological symptoms of Trappc9 deficiency.   

1. Introduction 

Intellectual disability and microcephaly are frequent symptoms of 
autosomal recessive neurodevelopmental disorders (Khan et al., 2016). 
Genetic screening of patients with such rare disorders has implicated an 
increasing number of genes with a variety of cellular functions (Khan 
et al., 2016). Mutations in TRAFFICKING PROTEIN PARTICLE COMPLEX 
SUBUNIT 9 (TRAPPC9) were identified in patients with microcephaly, 
intellectual disability, inability to learn to speak and developmental 
delay (Koifman et al., 2010; Mir et al., 2009; Mochida et al., 2009; 
Philippe et al., 2009). Microcephaly in these patients was detectable by 

MRI within the first year of life and included grey matter atrophies as 
well as white matter reductions (e.g. corpus callosum) (Amin et al., 
2022; Aslanger et al., 2022; Ben Ayed et al., 2021; Bolat et al., 2022; 
Hnoonual et al., 2019; Koifman et al., 2010; Penon-Portmann et al., 
2023; Radenkovic et al., 2022). Other disease symptoms occur more 
variably with obesity, dysmorphic facial features and hand-flapping 
movements being described in approximately half the patients 
(Aslanger et al., 2022; Bolat et al., 2022; Kramer et al., 2020). 

Trappc9 forms a subunit of the metazoan TrappII multi-protein 
complex, which regulates vesicle trafficking, endosome recycling and 
lipid droplet homeostasis (Galindo and Munro, 2023; Li et al., 2017). 

Abbreviations: CC, corpus callosum; DTI, diffusion tensor imaging; FA, fractional anisotropy; GAP, GTPase-activating protein; GEF, guanine nucleotide exchange 
factor; IQR, interquartile range; KO, knock-out; LD, lipid droplet; MD, mean diffusivity; MRI, magnetic resonance imaging; NSPC, neural stem and progenitor cell; 
OA, Oleic Acid; sem, standard error of the mean; TrappII, Trafficking protein particle complex II; WT, wild-type. 
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TrappII and the related TrappIII complex share seven core subunits, but 
are distinguished by the association of specific subunits, i.e. Trappc9 and 
Trappc10 in TrappII and Trappc8, c11, c12 and c13 in TrappIII (Galindo 
and Munro, 2023). Recent structural analyses of the TrappII complex 
revealed a triangular shape with the large c9 and c10 subunits forming 
two sides of the triangle (Galindo and Munro, 2023; Jenkins et al., 
2020). The complexes attach to intracellular membranes via binding to 
specific membrane-anchored Rab proteins, for which they have an 
activating guanine nucleotide exchange factor (GEF) function. The 
TrappII complex preferentially interacts with Rab11, Rab18, Rab19 and 
Rab43, but has also GEF activity for Rab1, which is however regarded as 
the main substrate for TrappIII (Galindo and Munro, 2023; Jenkins et al., 
2020; Ke et al., 2020; Kiss et al., 2023; Li et al., 2017). Rab11 regulates 
endosome recycling and Trappc9-deficient neurons show a delay in 
recycling of the transferrin receptor (Ke et al., 2020). Rab18 is specif-
ically associated with LDs and Rab18- as well as Trappc9-deficient cell 
lines and patients’ fibroblasts display enlarged LDs (Bekbulat et al., 
2020; Carpanini et al., 2014; Deng et al., 2021; Li et al., 2017; Usman 
et al., 2022; Xu et al., 2018). Mutations in both, RAB11B and RAB18, 
cause neurodevelopmental disorders and intellectual disability with 
symptoms overlapping those of TRAPPC9 deficiency (Bem et al., 2011; 
Carpanini et al., 2014; Cheng et al., 2015; Lamers et al., 2017). 
Furthermore, mutations in the various subunits of the Trapp complexes 
result in a number of distinct genetic disorders with partially over-
lapping phenotypes, termed ‘TRAPPopathies’, which hints at subunit- 
specific functions in addition to the functions of the full complexes 
(Sacher et al., 2019). For example, mutations in TRAPPC10, the other 
TrappII-specific subunit, cause symptoms similar to TRAPPC9 defi-
ciency, including microcephaly, corpus callosum thinning and intellec-
tual disability, but obesity is absent in TRAPPC10 patients (Rawlins 
et al., 2022). 

The roles of Trappc9 and Rab18 in the cellular regulation of LDs has 
not been investigated in detail so far for its potential relevance to the 
neurobiological symptoms of the disorders. On the other hand, recent 
work has revealed the importance of LDs in neural cells. LDs are 
generated at specialised sites of the endoplasmic reticulum, contain 
neutral lipids and cholesterol esters, are surrounded by a phospholipid 
monolayer and associated with various coat proteins (Olzmann and 
Carvalho, 2019; Sztalryd and Brasaemle, 2017). Neural stem and pro-
genitor cells (NSPCs) of the subventricular zone and the dentate gyrus 
contain substantial numbers of LDs, and lipid metabolism as well as the 
amount of lipids stored influence their proliferative capability as well as 
differentiation tendencies (Ramosaj et al., 2021). Furthermore, Oleic 
Acid (OA) was recently identified as an important factor that stimulates 
NSPC proliferation through binding as an endogenous ligand to the 
nuclear receptor TLX/NR2E1 (Kandel et al., 2022). The activated re-
ceptor stimulates the expression of a range of cell cycle and neurogenesis 
genes in NSPCs (Kandel et al., 2022). Neurons generally contain fewer 
LDs, have a low capacity for fatty acid metabolism and are prone to 
lipotoxicity due to activity-induced fatty acid peroxidation (Ioannou 
et al., 2019a; Ramosaj et al., 2021). However, the importance of regu-
lation of lipid metabolism and LDs in neurons is demonstrated by two 
forms of hereditary spastic paraplegia. Mutations in the triglyceride 
hydrolase DDHD2 are the cause for subtype SPG54 and mice deficient for 
Ddhd2 show LD accumulations in the brain, specifically in neurons but 
not glial cells (Inloes et al., 2014; Inloes et al., 2018). Furthermore, 
mutations in the Troyer syndrome gene SPARTIN lead to impaired 
autophagy of LDs and increased LD numbers in neurons (Chung et al., 
2023). Despite these observations, our current mechanistic under-
standing of the pathogenic role of LD accumulations in neurons remains 
limited. 

To investigate the neurodevelopmental disease mechanisms caused 
by Trappc9 deficiency, we utilised a KO mouse line. Trappc9 is located 
within the Peg13-Kcnk9 cluster of imprinted genes on mouse chromo-
some 15 and human chromosome 8 (Ruf et al., 2007; Smith et al., 2003). 
Genomic imprinting is defined as parent-of-origin specific gene 

expression caused by epigenetic modifications that are inherited 
through either the maternal or paternal germline and maintained in 
somatic cells of the offspring (Ferguson-Smith, 2011; Tucci et al., 2019). 
Although genomic imprinting of Peg13 and Kcnk9 is conserved between 
mouse and human, this is not the case for the three neighbouring genes 
Trappc9, Chrac1 and Ago2 (Court et al., 2014), which are imprinted in 
murine brain tissue only where they show a ~ 70% expression bias from 
the maternal allele (Claxton et al., 2022; Liang et al., 2020; Perez et al., 
2015). To focus on the strongest phenotypes, we have limited our 
analysis in this study to homozygous mutant mice, while a recent report 
reported that heterozygotes with a maternally inherited mutation (m− / 
p+) display symptoms almost as severe as homozygote KOs, while 
paternal heterozygotes (m+/p− ) resemble wild-type mice (Liang et al., 
2020). We show by in vivo MRI that the microcephaly develops post-
natally and affects grey as well as white matter regions. We find that all 
analysed brain sub-regions are significantly smaller with the hippo-
campus being disproportionately more severely reduced relative to total 
brain volume. Trappc9 is prominently expressed in hippocampal neurons 
as well as in adult NSPCs of the dentate gyrus with KO mice displaying 
reduced numbers of Sox2-positive NSPCs in this hippocampal sub- 
region. White matter in the corpus callosum (CC) shows less integrity 
as indicated by diffusion tensor imaging (DTI). The microcephaly is 
accompanied by behavioural deficits related to cognition and learning in 
several test paradigms. On a cellular level, we provide further evidence 
for a role of Trappc9 in LD regulation as primary hippocampal KO 
neurons accumulate larger LD volumes in culture with reduced LD 
surface coating by Perilipin-2 (Plin2). Increased LDs are also present in 
adipose tissues of KOs, which display sex-specific differences in obesity. 

2. Results 

2.1. Trappc9-deficient mice develop microcephaly postnatally and show a 
disproportionate reduction in hippocampus volume 

To investigate the mechanisms of disease caused by TRAPPC9 mu-
tations, we utilised the knock-out first model (Skarnes et al., 2011) of the 
International Mouse Phenotyping Consortium, which has a gene trap 
cassette located in intron 5. We confirmed a lack of Trappc9 protein by 
Western blot of brain tissue from homozygous KO mice (Supplementary 
Fig. 1A). However, the tm1a LacZ-gene trap cassette of the targeted 
mutation did not result in any detectable β-Galactosidase expression 
from the Trappc9 locus, which might be due to a cryptic splice donor site 
within the Engrailed2 component of the gene trap cassette, which we 
identified in RT-PCR products from KO brain and which resulted in 
splicing in and out of the Engrailed2 part and further onto Trappc9 exon 
6, thus disrupting the open reading frame (Supplementary Fig. 1B). 

To determine the Trappc9 expression pattern in the adult mouse 
brain we used RNAscope in situ hybridisation probes and found wide-
spread expression in many brain areas (Fig. 1). The highest levels were 
detected in neuronal cell layers, i.e. the cornu ammonis and granule cell 
layers of the hippocampus and dentate gyrus, Purkinje cell layer of the 
cerebellum as well as the hypothalamic paraventricular and arcuate 
nuclei. These findings are in line with the Allen Brain Map single-cell 
RNA expression data, which indicate highest levels of Trappc9 in 
various types of cortical and hippocampal neurons while much lower 
levels have been detected in astrocytes and oligodendrocytes (htt 
ps://portal.brain-map.org/atlases-and-data/rnaseq) (Yao et al., 2021). 

One of the most consistent symptoms of patients with TRAPPC9 
mutations is microcephaly, which has been detected in children as early 
as one year of age and includes reduced white matter (e.g. corpus cal-
losum), cerebral and cerebellar atrophies (Amin et al., 2022; Aslanger 
et al., 2022; Ben Ayed et al., 2021; Bolat et al., 2022; Hnoonual et al., 
2019; Koifman et al., 2010; Penon-Portmann et al., 2023; Radenkovic 
et al., 2022). To investigate microcephaly in homozygous Trappc9 
mutant mice, we determined brain volumes via MRI as well as tissue 
weights at birth, weaning and adult stages. We found no difference in 
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brain volumes or weights on the day of birth (Fig. 2A and B, Supple-
mentary Tables 1 and 2). However, we observed significantly smaller 
brain volumes in KO mice at weaning age, which was in line with tissue 
weight differences (Fig. 2A and B; Supplementary Tables 1 and 2). These 
data indicate a postnatally developing microcephaly of 6–7% by 
weaning age. To assess the microcephaly phenotype longitudinally 
across age, we acquired in vivo MRI scans in a cohort of mice at young 
(14–18 weeks) and mature adult stages (40–42 weeks). Genotype, but 
not age, had a significant effect on brain volume at both time points 
(Fig. 2A and Supplementary Table 1). Brain weight data confirmed an 
8–10% reduction in adult KO mice of both sexes (Fig. 2B and Supple-
mentary Table 2). 

To determine to what extent specific brain sub-regions are affected, 
we acquired T2-weighted in vivo MRI scans from 4-months old mice 
(Supplementary Fig. 2A). We found significant volume reductions in 
grey and white matter regions, e.g. in the corpus callosum (− 10.2%), 
cerebellar grey matter (− 7.7%), cerebellar white matter (arbor vitae, 
− 9%), hippocampus (− 10.7%), hypothalamus (− 4.9%), striatum 
(− 6.9%), pons (− 9.5%), medulla (− 7.3%) and cerebral cortex (− 8.3%) 
of Trappc9 KO mice (Fig. 3A and Supplementary Table 3). When ana-
lysed for disproportionately affected brain sub-regions, the hippocam-
pus showed a small, but highly significant decrease in proportional 
contribution to total brain volume (Fig. 3B; wild-type (WT): 4.51 ±
0.199%; KO: 4.39 ± 0.168%, p < 0.01), indicating that this brain region 

is reduced above-average. 
Using DTI, we determined Fractional Anisotropy (FA) and Mean 

Diffusivity (MD), which are regarded as measures for white matter 
integrity and diffusivity, respectively. We found a significantly lower FA 
in the medial genu and in the medial splenium region of the corpus 
callosum (Fig. 3C; medial genu: WT: 0.69 ± 0.11 (n = 19), KO: 0.60 ±
0.10 (n = 24), p = 0.01; medial splenium: WT: 0.65 ± 0.06 (n = 19), KO: 
0.56 ± 0.08 (n = 24), p = 0.0002, two-way ANOVA with Šídák’s mul-
tiple comparison test). Correspondingly, there was also a significantly 
higher MD in the medial genu region of the KO corpus callosum (Fig. 3C; 
WT: 0.55 ± 0.11 (n = 19), KO: 0.65 ± 0.13 (n = 24), p = 0.005). The 
changes in FA and MD indicate a more isotropic water diffusion that is 
less restricted in dimensions by axonal membranes, which allows the 
conclusion of less white matter organisation or reduced white matter 
integrity in the KO corpus callosum. We did not detect any differences in 
FA or MD in the cerebellar white matter. 

To follow up on the specific finding of an above-average reduction in 
hippocampus volumes of Trappc9 KOs, we investigated the neurogenic 
niche of the dentate gyrus, which retains NSPCs into adulthood. Using 
RNAscope in situ hybridisation on brain sections of 3-months old mice 
we found Trappc9 to be co-expressed with the NSPC marker Sox2 in cells 
of the neurogenic subgranular zone, in addition to the very prominent 
Trappc9 expression in the neuronal granule cell layer (Fig. 4A). Using 
immunohistochemistry, we quantified Sox2-positive NSPCs within the 

Fig. 1. Trappc9 expression pattern in the adult WT mouse brain. In situ hybridisation on coronal sections using RNAscope® probes indicates expression in many brain 
areas, including the cortex, hippocampus with dentate gyrus (DG), cerebellum with Purkinje cell layer (PCL) and hypothalamus with paraventricular nucleus (PVH) 
and arcuate nucleus (Arc). Scale bar: 100 μm. 
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dentate gyri of 3-months old mice and found a 13% reduction in their 
population in Trappc9 KO samples, especially in the anterior regions of 
the dentate gyrus (WT: 207.7 ± 7.8 cells per DG area; KO: 182.0 ± 7.7 
cells per DG area; p < 0.05) (Fig. 4B). The lower number of NSPCs might, 
therefore, be a contributing factor for the disproportionately smaller 
hippocampus volume of KOs. 

2.2. Behavioural abnormalities in Trappc9-deficient mice include deficits 
in learning and memory 

Since human TRAPPC9 mutations are associated with severe intel-
lectual disability and to explore whether the microcephaly in KO mice is 
associated with behavioural deficits, we undertook a series of behav-
ioural tests using the same cohort of mice (at age 4–6 months) that 
underwent in vivo MRI. We used the Open Field test to investigate 
locomotion and anxiety-related behaviour. Trappc9 KO mice entered the 
brightly illuminated centre of the open field less often than their WT 
littermates, and their latency to initially enter the centre was increased 
(Fig. 5A and Supplementary Table 4). KO mice also spent less time in the 
centre of the open field. Furthermore, the total distance travelled over 
the 10 min test time was reduced in the KO mice (Fig. 5A and Supple-
mentary Table 4). The two-way ANOVA indicated that there was no 
significant interaction between the effects of sex and genotype on any of 
these data. Simple main effects analysis showed that genotype, but not 
sex, had a significant effect on the measured parameters. Overall, these 
data are indicative of increased anxiety and reduced locomotion in the 
open field context. 

As a measure of motor coordination and learning, we undertook the 
accelerating rotarod test. We gave the animals 3 trials / day for 3 days 
with the trial 9 on day 3 acting as the final indicative test. Although fall 
latency was not different in the first trial on day 1, KO mice fell from the 
beam earlier than WTs in the final test trial 9 (Fig. 5B and Supplemen-
tary Table 4). To calculate improvement in the balancing task, we 
averaged the first day’s trials 1–3 as a baseline and the percentage 
change from this in the final trial 9. The overall improvement from the 
baseline score was lower in the KOs than in WT littermates (Fig. 5B and 
Supplementary Table 4). A two-way ANOVA revealed that there was no 
significant interaction between the effects of sex and genotype on 

rotarod fall latency or improvement. Simple main effects analysis 
showed that genotype had a statistically significant effect on both pa-
rameters while sex did not. Overall, the data from the rotarod tests show 
no basic motor coordination fault in Trappc9 KO mice, but a reduced 
capacity in learning to improve motor coordination. 

As a test for cognitive problem solving and memory, we carried out 
the Plug Puzzle test (O’Connor et al., 2014), which consists of a brightly 
lit open field and a dark escape box separated by a doorway, which is 
plugged with increasingly difficult obstacles that the mouse must 
remove. KO mice took longer to escape in the final probe trial of the Plug 
Puzzle test than their WT littermates (Fig. 5C and Supplementary 
Table 4). While WT mice showed a learning effect over the foam plug 
trials 10–12, KO littermates failed to improve over the three repeats 
(Fig. 5C; WT trial 10: 138.3 ± 18.01 s, trial 12: 95.97 ± 17.07 s, p =
0.011; KO trial 10: 178.7 ± 16.54 s, trial 12: 181.8 ± 14.72 s, p = 0.82 n. 
s.; mean ± sem; paired t.test). A two-way ANOVA revealed that there 
was no significant interaction between the effects of sex and genotype in 
the final trial of the Plug Puzzle. Simple main effects analysis showed 
that genotype did have a significant effect on escape latency (Supple-
mentary Table 4), but sex did not. Considering all trials, KO mice were 
also three times more likely to fail a trial (Fig. 5C and Supplementary 
Table 4). Thus, the results of the Plug Puzzle test indicate reduced 
cognitive problem-solving capability and memory in Trappc9 KO mice. 

To examine non-spatial memory and exploratory behaviour, we 
carried out the Novel Object Recognition test (Leger et al., 2013), which 
is based on the assumption that a mouse that memorises a familiar object 
will explore a novel object more. After initial habituation and object 
familiarisation stages, we presented the mice with a novel object 
alongside the familiar one during the test trial. KO mice took longer than 
WTs to reach 20 s of total object exploration (Fig. 5D and Supplementary 
Table 4). Out of the 20 s total object exploration, KOs spent less time 
interacting with the novel object (Fig. 5D and Supplementary Table 4). A 
two-way ANOVA revealed that there was no significant interaction be-
tween the effects of sex and genotype in the time taken for exploration or 
in time spent with the novel object. Simple main effects analysis showed 
that genotype did have a significant effect on time taken and on time 
spent with the novel object while sex did not (Supplementary Table 4). 
These data show that Trappc9-deficient mice performed worse in object 

Fig. 2. Trappc9 deficient mice develop postnatal microcephaly. A) Whole brain volumes measured by MRI. Data for males and females of the same genotype were 
pooled, since no difference was found between sexes. Data for newborn and 1-month old mice are based on ex vivo T1-weighted imaging of whole skulls to avoid 
brain dissection artefacts (independent t.test, p: * < 0.05). Data for 4- and 10-months old mice are based on in vivo longitudinal T2-weighted imaging of the same 
cohort of mice (two-way repeated measures ANOVA with Šídák’s multiple comparison test, p: **** < 0.0001). Supplementary Table 1. B) Brain tissue weights of 
Trappc9 WT and KO males and females at various ages (independent t.test, p: * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001). Data presented as mean ± sem. 
Supplementary Table 2. 
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Fig. 3. Brain subregion volumes and corpus callosum DTI data. A) AIDAmri analysis for brain subregion volumes from T2-weighted in vivo MRI scans at age 4 
months. Example images for the analysed brain areas are included with each graph, respectively. Supplementary Table 3. B) Hippocampus volume as a proportion of 
the total brain volume. C) Diffusion tensor imaging (DTI) data for corpus callosum sub-regions. Means ± sem; two-way ANOVA with Šídák’s multiple comparison 
test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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recognition memory indicating a lack of curiosity (Leger et al., 2013). 

2.3. Lipid droplet homeostasis is perturbed in primary Trappc9-deficient 
neuron cultures 

Trappc9 deficiency in immortalised cell lines and patient fibroblasts 
results in a disturbed LD homeostasis and impaired lipolysis, which is 
due to disruption of TrappII-mediated guanine nucleotide exchange and 
activation of the LD-specific protein Rab18 (Li et al., 2017). To inves-
tigate whether these cellular phenotypes can be observed in disease- 
relevant neuronal cells, we analysed LDs in cultured hippocampal 

neurons from Trappc9 KO mice after 6 and 12 h incubation with OA. 
Although the total LD volume per cell was not different between geno-
types after 6 h of OA (WT: 61.76 μm3 ± 8.70, KO: 83.19 μm3 ± 11.74, p 
= 0.14, independent t.test), it became significantly larger in KO neurons 
at 12 h (WT: 77.78 μm3 ± 8.53, KO: 129.7 μm3 ± 12.52, p = 0.001, 
independent t.test), due to a strong increase between the two time points 
(p = 0.009) (Fig. 6A and B). Analysis of the sizes of individual LDs 
indicated that LD volumes were larger in KO than in WT neurons at 6 h 
(WT: median 1.67 μm3, IQR 0.62–3.8; KO: median 2.68 μm3, IQR 
1.04–6.06; p < 0.0001, Mann-Whitney U test) (Fig. 6C). At the 12 h time 
point this difference was lost, although a trend to increased individual 

Fig. 4. Reduction of Sox2-positive NSPCs in Trappc9 KO dentate gyrus at age 3 months. A) In situ hybridisation for Trappc9 and Sox2, which shows co-localisation 
(arrows) in the subgranular zone (SGZ) of the dentate gyrus. GL: granular layer. B) Immunohistochemistry for Sox2 in the hippocampal dentate gyrus of WT and KO. 
The area included in the quantification of positive cells has been delineated by a red dashed line. Means ± sem. n = 3 WTs and 3 KOs (13 brain sections per genotype; 
left and right DG sides of each section were averaged); independent t.test, p: * < 0.05. All scale bars: 100 μm. 
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Fig. 5. Behavioural tests. A) Open Field test. Panels show example tracks and scatterplots for entries into the centre, latency to enter centre, time in centre and total 
distance moved. B) Rotarod test. Panels show fall latency as average performances across all trials, fall latency in the final test trial 9 and improvement from baseline 
in the test trial 9. C) Plug puzzle test. Escape latencies across all trials for WT and KO mice are shown. Differences are indicated for performance between genotypes in 
final trial 12 and for learning effects within genotypes between trial 10 and 12. The escape / failure rate is shown on the right as a percentage of all trials (Fisher’s 
Exact test). D) Novel object recognition test. The panels show time taken to reach 20 s of active object exploration (both objects combined) and time spent with the 
novel object (out of the 20 s total object exploration time). Means ± sem. Data points for males and females are indicated in the dot plots for clarity. Two-way ANOVA 
with Šídák’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Supplementary Table 4. 
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LD sizes remained in the KO neurons (WT: median 2.82 μm3, IQR 
1.07–5.80; KO: median 2.99 μm3, IQR 0.92–7.47; p = 0.21, Mann- 
Whitney U test). The volumes of individual LDs expanded significantly 
from 6 to 12 h in WT neurons (p < 0.0001) (Fig. 6C), while in KO 
neurons only a trend towards a size increase could be observed between 
these two time points. These results indicate that individual LDs grow 
more quickly in the KO hippocampal neurons compared to WT, even-
tually resulting in a larger total LD volume per cell after 12 h of OA 
exposure. 

To further investigate LD homeostasis, we analysed the association of 
Plin2/Adrp with LD surfaces, since Plin2 is involved in the regulation of 

lipolysis and lipophagy (Sztalryd and Brasaemle, 2017) and has been 
found to co-localise with Trappc9 at LD surfaces (Li et al., 2017). Both, 
Plin2 and Trappc9, also interact with Rab18 (Deng et al., 2021). 
Furthermore, Plin2 is the most highly expressed perilipin in NSPCs of the 
dentate gyrus and subventricular zone (Inloes et al., 2018; Ramosaj 
et al., 2021). In WT hippocampal neurons, we found a prominent 
localisation of Plin2 around LDs, especially at the earlier time point of 6 
h after OA supplementation, while this association was much reduced in 
Trappc9 KO neurons at both time points (Fig. 7A). Quantification 
showed that the vast majority of LDs were Plin2-positive at 6 h of OA in 
WT and KO neurons, with a trend towards a larger percentage in KOs 

Fig. 6. Abnormal LD accumulation in KO hippocampal neurons. A) Representative images of neurons (Tuj1) after 6 and 12 h of OA incubation (LDs stained with 
LipidTOX). Scale bar: 10 μm. B) Quantification of total LD volume per cell. Each dot represents a single cell; means ± sem; total n = 120 cells from 3 animals (~10 
cells / animal / group), independent t.test. C) Quantification of individual LD volumes. Each dot represents a single LD; median ± IQ range; Mann-Whitney U test 
(total n = 2376 LDs). **p < 0.01; ****p < 0.0001. 
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(WT: 77.0%; KO: 81.6%; p = 0.05, Chi-square test) (Fig. 7B). 
At 12 h of OA, the percentage of Plin2-positive LDs decreased 

slightly, but significantly, in WT neurons while a much stronger 
reduction was observed in KO neurons, which resulted in a significant 
difference between genotypes (WT: 70.5%; KO: 62.0%; p < 0.001, Chi- 
square test) (Fig. 7B). To characterise the Plin2 phenotype in more 
detail, we determined the proportion of the LD surface area associated 
with Plin2 staining in the Plin2-positive LD groups. The portion of LD 
surface area coated by Plin2 varied considerably in all groups analysed, 
and Plin2 localisation around LDs decreased significantly between 6 and 
12 h of OA in both WT and KO neurons (Fig. 7C). However, compared to 
WT, Trappc9 KO neurons showed overall significantly less association of 
Plin2 with LD surfaces at both time points of OA supplementation 
(Fig. 7C). Plin2, as well as Rab18, are expressed in the hippocampus of 1- 
month old mice and expression levels of the two proteins are not 
significantly different between WT and KO mice (Supplementary Fig. 3). 

Our data of increased lipid storage and reduced Plin2-coating of LDs 
in Trappc9 KO neurons indicate that the regulation of LDs is impaired, 
which might impact on lipid and/or fatty acid metabolism and lip-
otoxicity in neural cells (Ioannou et al., 2019a; Kandel et al., 2022; 

Ralhan et al., 2021; Ramosaj et al., 2021). 

2.4. Trappc9-deficient mice develop an obesity phenotype that is more 
severe in females than in males 

Obesity is one of the symptoms frequently reported in TRAPPC9- 
deficient human patients (Aslanger et al., 2022; Bolat et al., 2022; 
Kramer et al., 2020). To assess this phenotype in mice, we monitored 
their body weight across age. Trappc9 KO mice showed no difference in 
body weight on the day of birth or at one month of age (Fig. 8A and B). A 
significantly higher body weight was first observed in female KOs at two 
months, and this difference increased steadily during adult stages 
(Fig. 8C). By contrast, overweight in male KOs became apparent at seven 
months only (Fig. 8D). The body weight increase was significantly 
higher in female (+29%) than in male (+ 9%) KO mice when normalised 
to the average of their same-sex WT littermates at nine months of age 
(Fig. 8E). While there was no difference in blood glucose levels of ad 
libitum fed mice (Fig. 8F), plasma Leptin was elevated in female KOs 
(Fig. 8G). Furthermore, histological sections of white and brown adipose 
tissues showed increased adipocyte and lipid droplet sizes in KO mice of 

Fig. 7. Reduced association of Plin2 with LDs in Trappc9 KO hippocampal neurons. A) Representative images of co-staining with neutral lipid dye LipidTOX and lipid 
droplet protein Plin2 after 6 and 12 h of Oleic Acid supplementation. Scale bar: 10 μm. B) Percentage of Plin2-positive and negative LDs (Chi-square test). C) 
Quantification of the portion of LD surface area coated by Plin2 (only Plin2-positive LDs were analysed). Each dot represents a single LD (total n = 1718 LDs). Median 
± IQR; Mann-Whitney U test. *p < 0.05; **p < 0.01; ****p < 0.0001. 
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both sexes (Supplementary Fig. 4). Taken together, these results indicate 
an obesity phenotype in Trappc9-deficient mice, which is significantly 
more pronounced in females and develops after the onset of 
microcephaly. 

3. Discussion 

In this study, we demonstrate by using MRI that the microcephaly of 
Trappc9 KO mice has a postnatal onset and is clearly established at 
weaning age. These findings are in line with TRAPPC9 patient data, 

which show microcephaly within the first year of life (Amin et al., 2022; 
Aslanger et al., 2022; Ben Ayed et al., 2021; Bolat et al., 2022; Hnoonual 
et al., 2019; Koifman et al., 2010; Penon-Portmann et al., 2023; 
Radenkovic et al., 2022) as well as data from other recently published 
Trappc9 KO mouse studies, which reported differences at postnatal days 
7, 15 and 20, but not at birth (Hu et al., 2023; Ke et al., 2020). Mono-
genic disorders causing postnatal-onset microcephaly are less common 
than those causing primary microcephaly, which are mostly due to cell 
proliferation defects during embryogenesis. However, it has been noted 
that postnatal microcephaly, white matter defects and intellectual 

Fig. 8. Obesity phenotype is more severe in Trappc9 KO females. A) and B) Body weights of newborn and one month-old mice. C) and D) Body weights of male and 
female mice at adult stages. E) Overweight is significantly higher in female KOs than in male KOs. Data are normalised to the average of same-sex WT littermates. F) 
Plasma blood glucose and G) Plasma Leptin levels of 9-months old mice. Female KOs have increased Leptin levels. Means ± sem. Independent t-test. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. 
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disability often occur when genes related to Golgi apparatus functions 
are mutated, for which the term ‘Golgipathies’ was proposed (Rasika 
et al., 2018). This category includes many small Rab GTPases as well as 
their GEFs and GTPase-activating proteins (GAPs), which are involved in 
the regulation of intracellular membrane compartments and trafficking 
processes that become especially important during postnatal neuronal 
differentiation and maturation (Rasika et al., 2018). Since the Trappc9- 
containing TrappII complex acts as a GEF for the endosome-recycling 
and Golgi-associated Rab11 (Jenkins et al., 2020; Ke et al., 2020), 
Trappc9-related postnatal microcephaly can be considered a ‘Golgi-
pathy’. This suggestion is further supported by findings of endoplasmic 
reticulum to Golgi transport defects and Golgi fragmentation in cells 
deficient for the TrappII-specific subunit TRAPPC10 or the core subunits 
TRAPPC6B, TRAPPC4 and TRAPPC2L, which all lead to disruption of a 
normal TrappII complex and similar neurodevelopmental disorders (Al- 
Deri et al., 2021; Almousa et al., 2024; Rawlins et al., 2022; Van Bergen 
et al., 2020). These neurodevelopmental disorders constitute a subset 
within the spectrum of ‘Trappopathies’ caused by mutations in genes for 
Trapp subunits (Sacher et al., 2019). 

Our detailed analysis for volume differences in specific brain sub- 
regions at the adult stage via in vivo MRI showed a similar reduction 
in most grey and white matter regions, apart from the hippocampus, 
which was disproportionately more severely affected. These findings 
differ partly from histology-based brain morphometry data, which 
describe decreases in only a limited set of Trappc9 KO brain regions (Ke 
et al., 2020; Liang et al., 2020). While the corpus callosum was consis-
tently found to be reduced in all Trappc9 mouse studies (Hu et al., 2023; 
Ke et al., 2020; Liang et al., 2020), our data contrast with the volume 
increase described for the striatum by Ke et al. (2020) (Ke et al., 2020). 
The discrepancies in the analysis of brain sub-regions remain to be 
resolved, but can most likely be attributed to differences in methodology 
and sample size. Our in vivo MRI analysis of the unperturbed brain 
allowed us to process a large number of samples without tissue 
sectioning and histological processing. The corpus callosum is not the 
only white matter fibre tract affected, as we found the arbor vitae of the 
cerebellum to be reduced as well, which is in line with findings of 
smaller nerve bundles in the striatum and reduced white matter in the 
spinal cord described by Hu et al. (2023) (Hu et al., 2023). Our in situ 
hybridisation analysis indicates that Trappc9 is mainly expressed in 
neuronal cell areas, and the single cell analysis of the Allen Brain Cell 
Atlas (https://portal.brain-map.org/atlases-and-data/rnaseq) (Yao 
et al., 2021) shows highest expression levels of Trappc9 in in a wide 
range of cortical and hippocampal neurons with much lower levels 
found in glial cells and oligodendrocytes. This is consistent with 
immunohistochemistry data by Ke et al. (2020) (Ke et al., 2020) and 
indicates that the white matter reductions are primarily due to axonal 
deficiencies with decreases in myelin being a secondary effect (Hu et al., 
2023). Furthermore, a single cell analysis of newborn Trappc9 KO ce-
rebral cortex did not detect any major changes in neural cell type 
composition, but did identify gene expression changes in pathways of 
neuritogenesis, synaptogenesis, vesicle trafficking and intracellular 
membrane compartments (Hu et al., 2023). In this context, our white 
matter corpus callosum DTI data of reduced fractional anisotropy and 
increased mean diffusivity might be due to decreased axonal organisa-
tion or alignment, although we cannot currently rule out reduced 
myelination as a contributing factor. 

We found the hippocampus to be the only region that showed a 
disproportionately greater volume reduction relative to the whole KO 
brain. Furthermore, we show that Trappc9 is highly expressed not only 
in granule neurons of the hippocampus, but also in adult NSPCs of the 
sub-granular zone of the dentate gyrus, and that the number of Sox2- 
positive NSPCs in this region is reduced in 3-months old KOs. Since 
the hippocampus is one of only two brain regions containing adult 
NSPCs (Denoth-Lippuner and Jessberger, 2021; Goncalves et al., 2016), 
its disproportionate volume reduction might be due to a deficiency in 
adult NSPC proliferation, survival or differentiation in addition to 

defects in mature neurons that also occur in other KO brain regions. 
Although these findings require further investigation, they are sup-
ported by similar observations of reduced NSPCs in 3-week old Trappc9- 
null mice (Usman et al., 2022). 

In addition to Rab11, Rab18 was shown to be another substrate for 
GEF activity by the TrappII complex in the context of LD regulation, 
whereby Trappc9-deficient patient fibroblasts as well as cell lines lack-
ing either Trappc9, Trappc10 or both displayed increased LDs sizes (Li 
et al., 2017). We investigated this phenotype in disease-relevant primary 
hippocampal KO neurons, since neurons are sensitive to lipotoxicity and 
normally do not contain significant amounts of LDs, but on the other 
hand require lipids for membrane formation during periods of neurite 
outgrowth and can form LDs when lipid metabolism is disturbed (Chung 
et al., 2023; Inloes et al., 2014; Ioannou et al., 2019a; Ralhan et al., 
2021). Our data support a role of Trappc9 in LD regulation, as KO 
neurons accumulated a larger total LD volume per cell and individual 
LDs were larger during early stages of OA exposure, indicating a quicker 
LD growth. Furthermore, we found that the portion of LD surface areas 
coated by Plin2/Adrp, one of the major LD-associated proteins (Sztalryd 
and Brasaemle, 2017), was much reduced in Trappc9 KO neurons while 
the percentage of LDs that lacked Plin2 completely, was increased. 
Trappc9 co-localises with Plin2/Adrp during early stages of LD forma-
tion and both the TrappII complex and Plin2, bind to Rab18 and facil-
itate its recruitment onto LDs (Deng et al., 2021; Li et al., 2017). These 
findings suggest an interaction between the three proteins on LD sur-
faces, which might be of functional importance in the regulation of lipid 
homeostasis in neurons. It is noteworthy in this context that mutations in 
RAB18 lead to Warburg Micro syndrome, a neurodevelopmental disor-
der with some similarities to TRAPPC9 deficiency, including postnatal 
microcephaly, intellectual disability and enlarged LDs (Bekbulat et al., 
2020; Bem et al., 2011; Carpanini et al., 2014; Xu et al., 2018). Neuronal 
LD phenotypes similar to those described here for Trappc9 deficiency 
have also been identified in two other neurobiological disorders, Troyer 
syndrome and SPG54, which are regarded as specific sub-forms of he-
reditary spastic paraplegia (Chung et al., 2023; Inloes et al., 2014). The 
associated genes SPARTIN and DDHD2 function in autophagy of LDs and 
triglyceride hydrolysis, respectively, while the precise molecular phys-
iology of Trappc9 and the TrappII complex in LD formation and/or 
degradation remains to be elucidated. Apart from neurons, LDs also have 
an important role in NSPCs. LD abundance influences their states of 
quiescence, proliferation or differentiation, and NSPCs of the sub- 
ventricular and hippocampal sub-granular zones express Plin2 (Ramo-
saj et al., 2021). Furthermore, NSPCs express the nuclear receptor TLX/ 
NR2E1, which specifically binds Oleic Acid and regulates a set of cell 
cycle and neurogenesis genes (Kandel et al., 2022). OA application into 
the dentate gyrus stimulates NSPC proliferation and neurogenesis 
(Kandel et al., 2022). It is therefore possible that impaired LD homeo-
stasis in Trappc9 KO mice also affects NSPCs and in this way contributes 
to the lower number of Sox2-positive NSPCs and disproportionately 
stronger reduction in hippocampus volume discussed above. 

We show that the brain abnormalities identified in Trappc9 KO mice 
also result in behavioural deficits related to anxiety, cognition, learning 
and memory, which might reflect some of the intellectual disability 
symptoms in human patients (Amin et al., 2022; Aslanger et al., 2022; 
Ben Ayed et al., 2021; Bolat et al., 2022; Hnoonual et al., 2019; Koifman 
et al., 2010; Kramer et al., 2020; Mir et al., 2009; Mochida et al., 2009; 
Penon-Portmann et al., 2023; Philippe et al., 2009; Radenkovic et al., 
2022). Our open field test data demonstrate an overall reduced loco-
motor activity of Trappc9 KO mice, which is consistent with recent 
findings in both sexes of other Trappc9 mouse lines (Hu et al., 2023; Ke 
et al., 2020; Liang et al., 2020). Furthermore, the KO mice showed 
increased anxiety to explore the centre of the open field, which was also 
observed by Ke et al. (2020) (Ke et al., 2020), but not by Liang et al. 
(2020) (Liang et al., 2020). This discrepancy cannot be attributed to the 
different types of mutations that were generated in the different mouse 
lines, since a loss of Trappc9 protein was demonstrated for each line. It is 
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more likely that such variable outcomes are due to experimental design, 
since we, as well as Ke et al., undertook all behavioural tests during the 
wakeful active period of the mice (dark phase of the day), while Liang 
et al. tested during the restive light phase. The rotarod test indicated no 
difference in fall latency in the first trials. But in contrast to WTs, KO 
mice only showed a minor improvement in their motor coordination 
over repeated trials, resulting in increasing performance gaps between 
the genotypes. While basic initial motor coordination appears to be 
normal, these data can be interpreted as a limited capacity of the KO 
mice to learn how to improve their motor coordination. A normal motor 
coordination ability in the rotarod task was also reported by Ke et al. (Ke 
et al., 2020), although they observed similar balancing improvements 
over time in both genotypes. These discrepancies in reported rotarod 
learning outcomes remain to be resolved. The novel object recognition 
test (Leger et al., 2013) indicated that Trappc9-deficient mice took 
longer to reach a specified object exploration time and spent less time 
with the novel object. Similar observations were made in other Trappc9 
mouse lines, although Ke et al. reported that only female KOs were 
affected (Hu et al., 2023; Ke et al., 2020). Overall, these findings confirm 
a reduced exploratory activity and impaired object memory in the 
mutant mice. The plug puzzle test, which investigates problem solving 
and memory abilities (O’Connor et al., 2014), also showed a perfor-
mance deficit of the KO mice, which took longer to remove the plug and 
more often failed the task completely at the most difficult stage. In 
contrast to WTs, they also did not learn over the final three test trials. 
Taking into account additional behavioural tests undertaken with other 
Trappc9 lines, including the Morris water maze, the Barnes maze and 
social learning tests (Hu et al., 2023; Ke et al., 2020; Liang et al., 2020), 
it can be concluded that lack of Trappc9 in mice leads to cognitive, 
memory and learning impairments. 

Apart from neurobiological phenotypes, Trappc9 KO mice develop 
obesity, which is significantly more severe in females than in males. 
Increased body weight becomes evident after weaning and is noticeable 
earlier in females then in males. These findings are consistent between 
different Trappc9 mouse lines (Ke et al., 2020; Liang et al., 2020). Adi-
pocytes in brown and white adipose tissue show an increased size and 
larger lipid droplets, but Leptin levels are significantly increased only in 
female KOs. Similar sex-dependent differences in obesity phenotype 
were described for Trappc10 KO mice (Rawlins et al., 2022), which 
suggests that a dysfunction of the TrappII complex through mutation of 
either of its two specific subunits, c9 or c10, underlies such shared 
phenotypes. A more detailed analysis of metabolism in the Trappc9 KO 
mice identified hyperinsulinemia, glucose intolerance and increased 
plasma lipid levels (Liang et al., 2020). It remains unclear whether the 
obesity phenotype is due to an adipose tissue autonomous function of 
Trappc9 (Usman et al., 2022), possibly related to LD regulation, or 
whether impaired brain control of food intake and energy expenditure 
play a role as well. The latter view is supported by our finding of 
prominent Trappc9 expression in hypothalamic paraventricular and 
arcuate nuclei, which are major centres for the central regulation of 
energy homeostasis (Bruning and Fenselau, 2023). Furthermore, 
Trappc9 is genomically imprinted specifically in the murine brain with a 
preferential expression bias (~70%) from the maternally inherited allele 
(Claxton et al., 2022; Liang et al., 2020). Accordingly, it has been shown 
that the phenotypes of Trappc9 heterozygotes differ depending on the 
parental inheritance of the mutation. Heterozygotes carrying the mu-
tation on the maternal allele (m− /p+) are almost as severely affected as 
homozygous KOs, while m+/p- mice are not significantly different from 
WT in most aspects, including obesity (Liang et al., 2020). Since Trappc9 
shows equal biallelic expression in peripheral tissues and m+/p- mice 
are not overweight, the obesity phenotype of m− /p+ mice suggests that 
it is at least partly due to a loss of function in the brain. Our data as well 
as Ke et al. (2020) (Ke et al., 2020) also indicate that the brain pheno-
type (microcephaly) develops earlier than the body weight increase, 
which might therefore be a consequence of the former. Interestingly, the 
rare metabolic analysis of a human TRAPPC9 patient indicated 

hyperphagia as the underlying cause of obesity (Liang et al., 2020). 
Conditional, tissue-specific Trappc9 deletions will be required to clarify 
this phenotype. 

Apart from mammalian-specific Trappc9 KO phenotypes, there are 
some similarities to mutants in other species. Deletion of the Drosophila 
ortholog brunelleschi (bru) causes failures in male meiotic cytokinesis 
due to defects in cleavage furrow ingression in spermatocytes, a process 
that involves Rab11 (Riedel et al., 2018; Robinett et al., 2009). Male 
infertility has also been observed in homozygous Trappc9 KO mice (Hu 
et al., 2023; Ke et al., 2020). Cytokinesis defects during mitotic cell di-
vision have been described for ortholog mutants in the fission yeast 
Schizosaccharomyces pombe and in Arabidopsis thaliana, whereby the 
transport and deposition of cargo materials at the newly forming cell 
membranes or cell plates, respectively, is impaired (Rybak et al., 2014; 
Wang et al., 2016). Disruption of the Saccharomyces cerevisiae ortholog 
Trs120 leads to endosome recycling defects (Cai et al., 2005), which has 
been confirmed in Trappc9-deficient neurons (Ke et al., 2020). Taken 
together, these findings indicate that Trappc9 and the TrappII complex 
are involved in multiple functions related to intracellular membrane 
compartments, some of which are essential and non-redundant in a cell 
type-specific way. It seems likely that the diverse functions depend on 
interactions with different Rab and/or other membrane-associated 
proteins, which remain to be explored. 

4. Materials and methods 

4.1. Animals 

The Trappc9tm1a(EUCOMM)Wtsi knock-out first mouse line (Skarnes 
et al., 2011) was generated by the International Mouse Phenotyping 
Consortium (www.mousephenotype.org) and imported from the Well-
come Trust Sanger Institute, Cambridge, UK. We maintained the mice at 
the University of Liverpool Biomedical Services Unit and housed them as 
same-sex littermate groups in individually ventilated cages with 
Lignocel Select as the substrate and Z-Nest as the paper-based nesting 
material. On rare occasions, when no same-sex littermate was available, 
we housed mice singly. All mice are provided with a balcony, dome 
home and handling tunnel as enrichment. They were kept under a 12 h 
light / 12 h dark cycle with ad libitum access to standard chow diet 
(irradiated PicoLab Rodent Diet 20–5053 or SDS CRMp). We have 
maintained the line on a C57BL/6J background for more than twenty 
generations. We use the terminology KO for homozygous mutant mice. 
We have bred the animals and performed experimental work under 
licence (PP0116966) issued by the Home Office (UK) in accordance with 
the Animal (Scientific Procedures) Act 1986 and approved by the Ani-
mal Welfare and Ethical Review Body of the University of Liverpool. We 
are reporting our animal data in line with the ARRIVE guidelines (Percie 
du Sert et al., 2020). 

4.2. Western blot and antibodies 

We lysed tissues in RIPA lysis buffer (Merck Life Sciences) supple-
mented with protease inhibitor cocktail (Merck Life Sciences). We 
determined protein concentration with Bradford reagent (Merck Life 
Sciences). We treated lysate samples (20 μg) with NuPAGE LDS sample 
buffer and reducing agent (Thermo Fisher Scientific), loaded them onto 
NuPAGE Bis-Tris polyacrylamide 4–12% gradient gels (Thermo Fisher 
Scientific) and run them in NuPAGE MOPS running buffer supplemented 
with NuPAGE antioxidant. We transferred proteins onto Immobilion IF 
PDVF membrane (Merck Life Sciences) with NuPAGE transfer buffer 
(Thermo Fisher Scientific) supplemented with 10% methanol and anti-
oxidant. We incubated membranes with diluted primary antibodies in 
Odyssey blocking buffer (LI-COR), washed in PBS-Tween (0.1%) and 
incubated them with IRDye 680 and 800 secondary antibodies (LI-COR) 
in PBS-Tween-SDS (0.1% and 0.01%) followed by scanning blots in an 
Odyssey Imaging System (LI-COR). A rabbit polyclonal antibody for 
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Trappc9 was custom produced against the peptide ‘RVESRPTNPSEGS’ 
and affinity-purified by Dundee Cell Products (Dundee, UK). Alterna-
tively, a Trappc9 rabbit polyclonal antibody from GeneTex was used. 
The β-Actin antibody was from Abcam and the Rab18 rabbit polyclonal 
antibody was from Sigma. 

4.3. RNA extraction and RT-PCR 

We extracted total RNA from tissues or cells using RNeasy kits 
(Qiagen) or TRIzol reagent (Thermo Fisher Scientific). We generated 
cDNA with random hexamer primers and ProtoScript II Reverse Tran-
scriptase (New England Biolabs) or SuperScript III Reverse Transcriptase 
(Thermo Fisher Scientific). We performed PCR with GoTaq Hot Start 
Polymerase (Promega) or Q5 Hot Start High-Fidelity DNA Polymerase 
(New England Biolabs). 

4.4. Histology, immunohistochemistry and in situ hybridisation 

We dissected tissues for histological analyses from perfusion-fixed 
mice followed by additional fixation in 4% PFA/PBS overnight. We 
dehydrated brain tissues in 30% sucrose/PBS and prepared 12 μm 
cryostat sections. For immunohistochemistry with Sox2 antibody (R&D 
Systems) we incubated sections in 10 mM Na-citrate buffer at 65◦C for 5 
min for antigen retrieval, quenched endogenous peroxidase activity in 
methanol / 0.3% H2O2, washed in PBS, blocked in PBS / 10% serum / 
0.25% Triton-X100, incubated with primary antibody at 4◦C over night, 
followed by Vectastain Elite ABC kit (Vector Laboratories) HRP signal 
detection, dehydration and embedding in Eukitt mounting medium 
(Merck Life Sciences). WT and KO brain sections were first matched to 
the appropriate mouse brain atlas histological plates 45–49 (Paxinos and 
Franklin, 2001), which cover the anterior dentate gyrus. Sox2-positive 
cells were counted within the demarcated area of the dentate gyrus of 
such matched WT and KO sections (Fig. 4B). Three WT (13 sections) and 
three KO brains (13 section) were used, and the left and right DG cell 
counts were averaged for each section. We stained for Trappc9 RNA 
expression on normal WT (C57BL/6J) brain cryo-sections using the 
RNAscope 2.5 HD Reagent Kit - RED or RNAscope 2.5 HD Duplex Re-
agent kit (Advanced Cell Diagnostics) following the manufacturer’s in-
structions for temperature and incubation times. Prior to staining, we 
blocked the activity of endogenous peroxidases using RNAscope 
Hydrogen Peroxide solution for 10 min at room temperature, followed 
by antigen retrieval via boiling sections in RNAscope Target Retrieval 
solution for 5 min, washing with distilled water and 100% ethanol and 
air-drying. We treated sections with RNAscope Protease Plus solution 
before incubating them with RNAscope probes Mm-Trappc9-E1E2, Mm- 
Sox2-C2 and RNAscope negative control probe (Advanced Cell Di-
agnostics). We washed sections with RNAscope Wash Buffer and incu-
bated them with Hybridize AMP reagents according to the kit protocol. 
We counterstained the sections with haematoxylin or directly mounted 
them with Ecomount (Biocare Medical) after air-drying and dipping in 
Histo-Clear II (National Diagnostics). For adipose tissue histology, we 
embedded fixed inguinal white and interscapular brown adipose tissues 
in paraffin, sectioned them at 7 μm thickness, stained with 
haematoxylin-eosin (H&E) and embedded them in Eukitt. 

4.5. MRI data acquisition and processing 

We performed all MRI experiments on a Bruker 9.4 Tesla horizontal 
bore magnet (USR20) with a Bruker Paravision Console (Bruker Biospin, 
Bruker). For newborn (P0) and weaning ages (P23-P27) we performed 
MRI ex vivo on whole heads that were stored in 4% PFA/PBS. In order to 
reduce the T1 relaxation time and enhance image contrast, we immersed 
the samples in a 10 mM solution of the gadolinium-DTPA contrast agent 
Multihance (Bracco) for 24 h (newborn) or 72 h (weaning age) prior to 
imaging. We placed samples in custom-made plastic holders that were 
filled with a fluorinated oil (Fomblin, SolvaySolexis) to avoid 

background signal. We performed imaging using a 27 mm loop gap 
resonator transmit-receive coil (PulseTeq). We acquired T1-weighted 
images using a 3D Fast Low Angle Shot (FLASH) sequence with the 
parameters: TE: 8 ms, TR: 70.8 ms, Averages: 2, Flip Angle: 60◦, Field of 
View: 12 mm3, isotropic resolution: 0.05 mm3, Acquisition Time: 2 h 33 
min. 

For longitudinal in vivo MRI of mice between 4 and 10 months of age 
we used 1.5–2% isoflurane inhalation anaesthesia. We used a rectal 
probe to monitor body temperature and a respiratory pillow to measure 
respiration rate, which we maintained at 50–60 breathes/min by 
adjusting the isoflurane level as needed. We placed the mice into a 
specially designed plastic bed with a face mask fitted to maintain the 
supply of isoflurane, and ear bars applied to minimise head movement. 
We placed a heating blanket with circulating warm water over the an-
imal body to maintain body temperature between 31 and 35◦C during 
the scan. We fitted a 4-channel phased array receiver coil over the head 
of the mice and the probe, including the 4-channel receive coil, was 
inserted in a 86 mm transmit coil (Bruker). After running a localizer 
sequence to generate scout images and adjusting basic frequency, 
reference power, receiver gain and shims, we used T2-weighted Rapid 
Imaging with Refocused Echoes (RARE) sequence for anatomical scans 
covering the whole head with the scanning parameters: TE: 33 ms, TR: 
3200 ms, Averages: 8, Echo Spacing: 11 ms, Rare Factor: 8, Field of 
View: 18 mm2, Slices: 30, Slice Thickness: 0.5 mm, Acquisition Matrix: 
256 mm2, Acquisition Time: 14 min. 

DTI was performed using the same field of view and slices as the T2 
weighted images above using a spin echo, segmented echo planar im-
aging (EPI) sequence with the parameters: TE: 22 ms, TR: 3000 ms, 
Averages: 4, Segments: 6, Directions: 30, Field of View: 18 mm2, Slices: 
30, Slice Thickness: 0.5 mm, Acquisition Matrix: 96 mm2, Acquisition 
Time: 42 min. In addition, field of view saturation bands were used to 
cover the ears and areas outside of the brain to reduce inhomogeneity 
artefacts from these regions. For the DTI scans, respiratory gating was 
used with the signal from the respiratory monitor (Small Animal In-
struments). Signal acquisition was adjusted such that acquisition only 
took place during the exhale phase, reducing motion artefacts. 

For image processing and analysis, we downloaded files from the 
MRI Scanner through the ParaVision 6.0.1 software (Bruker) in Digital 
Imaging and Communication in Medicine (DICOM) format and con-
verted them into the NeuroImaging Information Technology Initiative 
(NifTI) format with the open source software MRICron. For the deter-
mination of total brain volumes, we manually segmented the contrast- 
enhanced T1-weighted images from ex vivo scans, as well as T2- 
weighted in vivo images using the Amira software (Stalling et al., 
2005). We constructed the brain segmentation masks using a combina-
tion of thresholding tools and manually drawing the masks onto the 
images using the semi-automated ‘lasso’ and fully manual paintbrush 
tools. The interpolation tool allowed the segmentation of every other 
slice and then filling in the alternate slices automatically. We corrected 
small mistakes made by the program in these slices until the whole brain 
was covered by the mask. 

For the determination of brain sub-region volumes, we used 38 WT 
and 45 KO littermates at age 4-months. We applied automated seg-
mentation with Atlas-Based Image Data Analysis for Magnetic Reso-
nance Imaging (AIDAmri) (Pallast et al., 2019), which can segment the 
mouse brain into regions based on the Allen Reference Atlas, on a virtual 
Linux VMWare Workstation 16. We re-oriented, bias field corrected and 
skull stripped the NifTI files using a combination of python scripts and 
FSL commands (Jenkinson et al., 2012). For the extraction of volumes of 
interest, we registered the images with the Allen Reference Atlas. We 
overlaid the atlas files over the brain (Supplementary Fig. 2), extracted 
T2-weighted images in ITK-SNAP (Yushkevich et al., 2006) and 
extracted regional volumes into .csv files. We then created a searchable 
database of volumes for each animal brain in Excel using the Database 
Query function. The process was automated using bash scripts. 

We constructed maps from the DTI images after conversion to Nifti. 
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We chose FSL (Jenkinson et al., 2012) to run in the same virtual machine 
that AIDA was installed on. We wrote a script in MATLAB that searched 
the Bruker methods file from the original DICOM and extracted the b 
value/vector files in a format compatible with FSL. Using these files, we 
followed the DTIFIT pipeline in FSL, which was done using the FSL GUI. 
FSL models and outputs a number of parametric maps for each image. To 
improve the reliability of segmentation, we registered the A0 images 
together by FSLs FLIRT tool. We chose one image as a reference and 
registered all other images into that space. Since the parametric maps 
were in the same space as the A0 images, we were able to apply the 
transforms from this step to all of the individual parameter maps to co- 
register with each other. We carried out the segmentation of the corpus 
callosum and the cerebellar white matter in ITK-SNAP (Yushkevich 
et al., 2006). To get a better picture of the axonal organisation across the 
corpus callosum, we segmented it into three areas: the genu, towards the 
anterior, the isthmus near the centre and the splenium at the posterior of 
the corpus callosum. While these images were aligned well enough in 
the Z-plane, manual adjustments were occasionally needed where var-
iations in neuroanatomy and slight shifts in the X-Y plane required them. 
The variation in the shape and size of the cerebellar white matter, 
despite the registration, made segmenting the full cerebellum for each 
animal unfeasible. Instead, we placed a 2x2x2 voxel in each hemisphere 
at the centre of the arbor vitae, adjacent to the parafloculus and 4th 
ventricle. Examples of the segmentation are shown in Supplementary 
Fig. 2. 

4.6. Behavioural analyses 

We performed all tests during the evening (19:00–00:00 h) in the 
dark (active) phase of the animal’s circadian rhythm using the same 
cohort of WT and KO littermates of both sexes (at age 4–6 months) that 
also underwent in vivo MRI. We tested WT and KO littermates in the 
same experimental session. We undertook the experiments in random 
consecutive sessions as littermate groups of mice passed through the test 
age. We cleaned all test equipment with 70% alcohol and thoroughly 
dried between trials of each animal. We handled animals daily for a few 
minutes each for a week before test trials began to accustom them to the 
experimenter. We performed all animal handling using a tube or by 
scooping and we never lifted mice by the tail during assays to avoid 
stress that could influence behaviour (Gouveia and Hurst, 2013; Hurst 
and West, 2010). We analysed video recordings of animal behaviour and 
processed the initial data such that they were blinded for the genotype. 

The open field apparatus consisted of an open box (92 × 92 cm) with 
a brightly illuminated (> 1000 lx) centre. We always placed the box in 
the same position within the room and recorded mouse activity via a 
camera. Before the trials, we let the mice habituate to the experimental 
room in their home cages. We always placed the mice into the same 
corner of the open field box. The mouse was free to explore the open 
field for 10 min in the absence of the experimenter. We analysed the 
video files with SMART 3.0.1 software (Panlab, Harvard Apparatus). We 
used a still of the video to calibrate the software for distance measure-
ments and definition of a 4 × 4 grid of zones. The centre four squares 
constituted the centre of the field and the remaining squares the pe-
riphery. The detection settings of the software fell in a range of Detection 
Threshold: 6–10 and Erosion: 8–16 (arbitrary units). The software 
analysed the video and the experimenter ensured no errors occurred in 
the automated detection and tracking. 

For the accelerating rotarod test we used a Harvard Apparatus 
Panlab Rota-rod R8 instrument, which automatically recorded the time 
and speed of rotation for each fall. We carried out the rotarod tests under 
artificial light (lux range 600–700). We gave mice three training trials 
per day for 2 days, followed by a third day with two training trials and 
one test trial (trial 9) (Mann and Chesselet, 2015). We allowed the mice 
to adjust to the testing room in their home cages for 5 min before placing 
them on the bar facing against the direction of rotation. We set the 
rotarod to reach a maximal speed of 44 rpm in a 5 min window. We 

allowed mice 10–30 s at the start of every trial to get their balance on the 
bar at its lowest rotation speed before acceleration started, depending on 
the order, in which mice were placed on the bar. We did not count falls 
in this time window as part of the trial unless a mouse fell over 3 times, 
in which case the trial was over and a score of 10 s was given for time 
and 4 rpm for acceleration speed. If a mouse had >3 of these cases in the 
first two days (6 trials), we marked them as refusing the task and 
removed them (1 WT and 1 KO male) from the study. After falling from 
the bar, we rested mice for at least 2 min before beginning the next trial. 
We tested mice from the same home cage only in parallel on different 
positions of the bar to prevent distraction by unfamiliar scents. We 
tested a maximum of three mice at a time. 

The Plug Puzzle is regarded as a test for cognitive problem solving 
and memory. We made the plug puzzle box according to previously 
described dimensions (O’Connor et al., 2014) with walls 25 cm high, an 
open area of 60 × 28 cm, separated from a dark goal box of 28 × 15 cm 
by a wall with a 4 × 4 cm doorway cut into it. We constructed a U- 
shaped tunnel of 12 cm length and a wall height of 3.5 cm, which we 
placed in front of the doorway to the dark box. We blocked the doorway 
or tunnel escape with different plug materials that offered various de-
grees of resistance for the mice to overcome without being impossible to 
remove when trying to escape into the dark box (O’Connor et al., 2014). 
The first type of blocking material was standard cage bedding, which we 
used to fill the tunnel. For the second type of blocking material, we used 
laboratory blue roll tissue plugs, which we formed into a tight ball in a 
standardised and consistent way. As a third material, we used foam 
plugs made from closed-cell polyethylene foam designed to protect 
fragile items in packaging. This foam was durable, moisture resistant 
and created plugs that did not catch on the doorway and could be 
removed by continual pushing/pulling on one spot. We gave the mice 3 
trials / day for four days with the 5th day featuring as a final test trial 
(O’Connor et al., 2014). On day 1, we gave the mice a habituation trial 
(trial 0) with no obstacle blocking the doorway. Then, trials 1–3 
required the mouse to enter the small tunnel to escape, which was then 
filled with bedding material for trials 4–6. Trial 7–9 required the mouse 
to remove the tissue plug from the doorway, followed by trials 10–12, 
which required the mouse to remove the foam plug from the doorway to 
escape. 

The Novel Object Recognition test took place in the above- 
mentioned open field box under dim light with camera recording. 
Based on protocols described previously (Leger et al., 2013), we chose 
the following objects: a 8 × 3 × 4 cm stack of bricks similar to the well- 
known ‘Lego’ Brand and cell culture flasks filled half-full with sand, both 
of an appropriate size for exploration by mice and well balanced to 
ensure the objects did not fall over during test periods. We prepared 
these in duplicates to be used in both, the familiarity sessions and the 
test trials. We allowed the mice to freely explore the empty field for 2 
min during a short habituation period, since they had already been 
exposed to the test room and open field box previously. For the famil-
iarisation session on the following day, we chose the type of object 
(brick stacks or flasks) randomly and placed two identical copies of the 
object into the field, each 16 cm away from the two opposing walls. We 
placed the mouse half-way along a perpendicular wall facing the objects. 
Getting close to the object and sniffing, touching with whiskers and 
touching with paws counted as active exploration. Climbing on and 
sitting on the objects did not count as active exploration unless 
accompanied by sniffing / whisker touches. The probe trial followed a 
similar structure to the familiarisation trial, but we now replaced one of 
the familiar objects with a novel object. We randomised the position of 
the novel object in relation to the mouse (on the left or right) in each 
trial to avoid any biases. Due to the subjective nature of “active explo-
ration”, which cannot be inferred from proximity to the object alone, we 
found the captured video files were not suitable for automated analysis 
as the Open Field test was. Instead, we manually analysed the videos 
with instances of exploration first watched and noted at full speed, and 
then the timings of each instance of exploration measured to the nearest 
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frame. During the familiarisation session and probe trial each mouse was 
given 10 min in the test field. We recorded the time spent actively 
exploring each object. In the probe trial, we analysed for the time taken 
to reach 20 s of overall object exploration (both objects), as well as how 
much of the 20 s exploration time was spent with the novel object. 

4.7. Blood plasma analysis for glucose and leptin 

We collected blood from ad-libitum fed 9 months-old mice through 
cardiac puncture and centrifugation at 2000 g for 5 min at 4C◦ in hep-
arinised tubes (Microvette CB 300; Sarstedt) for plasma collection. We 
measured plasma glucose via a clinical glucose meter (Bayer Contour XT, 
Bayer Health Care). We measured Leptin levels using mouse Leptin 
ELISA kit (Merck Life Sciences) according to manufacturer’s 
instructions. 

4.8. Primary neuron culture 

We cultured primary hippocampal neurons as described previously 
(Beaudoin 3rd et al., 2012; Ioannou et al., 2019b), since Trappc9 is 
highly expressed in this brain region. We dissected hippocampi from 
newborn mouse brain in ice-cold dissection media (HBSS (Merck Life 
Sciences) supplemented with 0.1% w/v glucose, 10 mM Hepes pH 7.4, 
and 1 mM Na-pyruvate) and dissociated them by adding an equal vol-
ume of 2 x Papain stock solution (Worthington Biochemical Corpora-
tion) at 37◦C for 20 min. We removed the supernatant carefully and 
gently rinsed the tissue with plating medium (MEM (Thermo Fisher 
Scientific) supplemented with 0.45% glucose, 10% FBS, 1 mM Na- 
pyruvate, 2 mM Glutamine, 100 U/ml penicillin, and 0.1 mg/ml strep-
tomycin) before triturating it in fresh plating medium. We filtered the 
dissociated tissue through a Corning 70 μm cell strainer and collected 
the cells by centrifugation (200 g, 5 min). We resuspended the cells in 
neuronal medium (Neurobasal medium (Thermo Fisher Scientific) sup-
plemented with 2 mM glutamine, 100 U/ml penicillin, 0.1 mg/ml 
streptomycin, 1 x B27 (Thermo Fisher Scientific)) and plated them at a 
density of 60,000 cells / cm2 on KOH-treated, Poly-L-Lysine (Merck Life 
Sciences) coated coverslips as described (Ioannou et al., 2019b). We 
replenished the medium the next day and started selection against 
replicating non-neuronal cells on day two using neuronal medium 
containing 2 μM Cytosine β-D-arabinofuranoside (AraC) (Merck Life 
Sciences). We gradually diluted AraC out by replacing half of the me-
dium with fresh neuronal medium every other day. We used the neurons 
for experiments from day seven onwards. 

4.9. Lipid droplet assay and immunofluorescence imaging 

We treated hippocampal neurons with 200 μM Oleic Acid / 0.5% (w/ 
v) Bovine Serum Albumin (BSA) (HyClone) (premix molar ratio = 2.67/ 
1). We fixed the cells with 4% Paraformaldehyde (PFA) after 6 and 12 h 
of adding OA and incubated with primary and secondary antibodies in 
PBS, 10% donkey serum, 0.1% Saponin followed by staining with Lip-
idTOX (1:1000) (Thermo Fisher Scientific) for 30 min and mounting 
with Vectashield antifade mounting medium (Vector Laboratories). We 
used a Zeiss LSM800 confocal microscope and acquired images using a 
Z-stack with 0.5 μm interval. We processed the images with Imaris 
software (version 9.9) to perform 3D structure analysis. We only ana-
lysed lipid droplets located within the cell bodies of neurons to avoid 
ambiguities in attributing LDs that were located in entangled neurites to 
specific neurons. For Plin2 analysis, we processed images first to 
decrease the signal/noise ratio using baseline subtraction. We used the 
surface generation wizard to generate a surface object for lipid droplets 
and Plin2 with the parameters provided in the supplementary methods. 
Details of Imaris software settings are provided in the additional mate-
rials and methods of Supplementary File 1. 

4.10. Statistics 

We analysed categorical data using Fisher’s Exact or Chi-Square 
tests. For numerical data we used Student’s paired or independent 
two-tailed t.test, two-way or repeated-measures ANOVA with Šídák’s 
multiple comparison test or, if data distribution was skewed, Mann- 
Whitney U test. Details of statistical tests used for specific datasets are 
provided in the figure legends, supplementary tables or main text. We 
analysed data with GraphPad Prism software (version 9.3). We consid-
ered a p-value <0.05 as significant. 

Key resources 

Further details of key resources are provided in Supplementary File 
1. 
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