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DEVELOPMENTAL NEUROSCIENCE

Trappc9 deficiency in mice impairs learning
and memory by causing imbalance of dopamine

D1 and D2 neurons

Yuting Ke'?, Meigian Weng3, Gaurav Chhetri', Muhammad Usman', Yan Li’, Qing Yu?,
Yingzhuo Ding’, Zejian Wang’, Xiaolong Wang', Pinky Sultana', Marian DiFiglia’, Xueyi Li

Genetic mutations in the gene encoding transport protein particle complex 9 (trappc9), a subunit of TRAPP that

Copyright © 2020

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution

1,24

NonCommercial
License 4.0 (CC BY-NC).

acts as a guanine nucleotide exchange factor for rab proteins, cause intellectual disability with brain structural
malformations by elusive mechanisms. Here, we report that trappc9-deficient mice exhibit a broad range of
behavioral deficits and postnatal delay in growth of the brain. Contrary to volume decline of various brain struc-
tures, the striatum of trappc9 null mice was enlarged. An imbalance existed between dopamine D1 and D2 recep-
tor containing neurons in the brain of trappc9-deficient mice; pharmacological manipulation of dopamine
receptors improved performances of trappc9 null mice to levels of wild-type mice on cognitive tasks. Loss of
trappc9 compromised the activation of rab11 in the brain and resulted in retardation of endocytic receptor recy-
cling in neurons. Our study elicits a pathogenic mechanism and a potential treatment for trappc9-linked disorders

including intellectual disability.

INTRODUCTION

Intellectual disability (ID) is a common neurodevelopmental disor-
der that impairs the ability of affected persons to understand, learn,
and apply daily social and practical skills. ID is often associated with
other neurodevelopmental conditions, e.g., autism spectrum dis-
order (ASD) (1). Genetic mutations resulting in a loss of transport
protein particle (TRAPP) complex 9 (trappc9) occur in families of
different ethnic backgrounds and cause moderate to severe ID,
delayed speech, delayed walking despite normal motor development,
postnatal microcephaly, and variable stereotypic movements, seizure,
and obesity (2-9). Pathologies in the brain of patients with ID with
trappc9 mutations include white matter hypoplasia, corpus callo-
sum thinning, and variable atrophy of the cerebellum and certain
cerebral cortical areas. Rare inherited as well as de novo mutations
in trappc9 are detected in ASD probands (10, 11); trappc9 muta-
tions are actually identified as the cause of ASD in some patients
(3,9). Simons Foundation Autism Research Initiative categorizes trappc9
as a strong candidate risk gene for ASD (https://gene.sfari.org/database/
human-gene/TRAPPCY9#reports-tab). Trappc9 variants are also
implicated in schizophrenia and attention deficit/hyperactivity dis-
order (12, 13). How the deficiency of trappc9 impairs brain devel-
opment and function remains to be defined.

Trappc9 is a subunit of TRAPP, a guanine nucleotide exchange
factor (GEF) for rab proteins (14). Knowledge about TRAPP has
been gained mainly from studies using fungal cells. Four fungal (f)
TRAPP complexes are described with fTRAPP-I as the core on
which additional subunits join in to form fTRAPP-II, fTRAPP-III,
and fTRAPP-IV (14). All four fTRAPPs display GEF activities onto
yptl (rabl) in vitro; fTRAPP-II is also a GEF for ypt31/32 (rabl1l)
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(14). Two metazoan (m) TRAPP complexes termed mTRAPP-II
and mTRAPP-III, which are specified by trappc9/10 and trap-
pc8/11/12/13, respectively, are proposed and play opposing roles in
regulating intracellular ricin transport (15). Hence, mnTRAPP-II
and mTRAPP-III are likely to activate two different rabs so that oppos-
ing roles can be achieved. However, these rabs are not completely
defined. mTRAPP-II is suggested to be a GEF for rabl and rab18
(16), but its role in activating rab18 is disputed (17). Studies using
an in vitro assay containing no biomembranes show that mTRAPP-II
has no GEF activity on rabl1 (18). The presence of biomembranes
was demonstrated in later studies to be crucial for fTRAPP-II to
display robust GEF activities onto ypt31/32 (19). Therefore, further
studies are needed to determine whether mTRAPP-II is a bona fide
GEF for rab11. The function of mTRAPP in mammals is largely
unknown, but genetic mutations disabling several mnTRAPP subunits
have been linked to ID with brain malformations similar to trappc9-
linked ID (20-25). The lack of genetically modified mammals defi-
cient for mTRAPP subunit(s) restricts us from exploring pathogenic
mechanisms and therapeutic strategies for these diseases.

The striatum integrates information coming from nearly the en-
tire cerebral cortex and various subcortical brain structures to coor-
dinate multiple aspects of cognition and contributes to numerous
neuropsychiatric disorders (26-30). Most neurons in the striatum
are medium spiny neurons (MSNs) and are divided into two main
subtypes based on their expression of dopamine receptors and pro-
jection via the direct or indirect pathway. Striatal MSNs in the direct
pathway express D1-like dopamine receptors (D1R) and promote
motor activity, whereas MSNs in the indirect pathway express D2-
like receptors (D2R) and inhibit motor activity. A balance between
D1R and D2R MSNs is needed for normal functions of the striatum;
disruption of the balance underlies cognitive and motor disturbances
in diverse neuropsychiatric disorders including Parkinson’s and
Huntington’s disease, attention deficit/hyperactivity disorder,
obsessive-compulsive disorder, ASD, and schizophrenia (26, 27, 30).
Volume change of the striatum is also suggested to be a pathogenic
contributor of ASD and schizophrenia, as enlargement of the stria-
tum is noted in medication-free ASD and schizophrenia (26, 31).
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In this study, we generated trappc9 null mice and examined
them to determine whether they developed phenotypes resembling
those discerned in patients with ID bearing trappc9 mutations.
Trappc9 null mice exhibited a broad range of behavioral deficits
and postnatal delay in size accrual of the brain as well as decreased
volume of various brain structures relative to wild-type (WT) mice.
Trappc9 null mice manifested enlargement of the striatum, in which
the ratio of D1R and D2R neurons was altered. We demonstrate
that behavioral deficits in trappc9 null mice can be mitigated with
pharmaceutics that modulate activities of dopamine receptors. In
addition, we found that abrogation of trappc9 reduced the activa-
tion of rab11 with little effect on rab1 activation. Our study not only
provides a new murine model but also elicits a pathogenic mecha-
nism and a potential treatment for trappc9-linked ID and other
associated disorders.

RESULTS

Trappc9-deficient mice exhibit a wide range of

behavioral deficits

To learn how the deficiency of trappc9 disrupts brain development
and function, we generated a line of trappc9 null [KO (knockout)]
mice (fig. S1). Consistent with the finding of failed division of spermato-
cytes when Drosophila trappc9 is inactivated (32), male trappc9 KO
mice might be sterile because pregnancy of WT or heterozygous (HZ)
females was never achieved when male trappc9 KO mice were used
as breeding mates. Female trappc9 KO mice showed a decline in re-
production relative to WT female mice (fig. S1E). Trappc9 KO mice
were normal in gaining body weight during the preweaning period,
but gained significantly more weight than WT mice after weaning
(fig. S1F). Female trappc9 KO mice appeared overweight earlier
than male trappc9 KO mice (fig. S1F). The life span of trappc9 KO
mice was normal (fig. S1G).

Having obtained trappc9 KO mice, we then conducted a battery
of behavioral tests to examine effects of trappc9 deficiency on brain
functions. Compared with WT mice, trappc9 KO mice were hypo-
active and less likely to explore in open areas of an open field arena
or in open arms of an elevated plus maze (Fig. 1, A and B). While
trappc9 KO mice were able to recognize or memorize a familiar ob-
ject or cognate (fig. S2, A and B), female trappc9 KO mice showed
less interest in interacting with a novel object or an unfamiliar cog-
nate relative to female WT animals (Fig. 1, C and D). Despite having
a normal grip strength and no restriction in body movements (fig.
S2, C and D), trappc9 KO mice fell off an accelerated rotarod more
frequently than WT mice; performance was normalized with addi-
tional training (fig. S2E), suggesting that the poor performance of
trappc9 KO mice on an accelerated rotarod arises from a deficit in
motor skill learning and memory instead of impaired motor coordi-
nation. Trappc9 null mice were similar to WT mice in vision and
swimming ability (fig. S2F) but were significantly slower to learn to
find the submerged platform than WT mice in acquisition trials
(Fig. 1E, acquisition trial). When the hidden platform was removed
(probe trial), trappc9 KO mice crossed the original locus of the hid-
den platform less frequently and swam for significantly less time in
the target quadrant than WT animals, although trappc9 KO mice
swam as fast as in the first trial of the test (Fig. 1E, probe trial). Male
trappc9 KO mice were comparable to WT mice in other behavioral
tests (Fig. 1, B and C, and fig. S2), but were very aggressive after be-
havioral tests (data not shown). These observations suggest that

Ke et al., Sci. Adv. 2020; 6 : eabb7781 18 November 2020

trappc9 deficiency in mice causes defects in multiple aspects of brain
function including learning and memory.

Trappc9 deficiency in mice causes brain malformations

As trappc9 KO mice display a broad range of behavioral deficits
reflecting global delay of intellectual development seen in patients
with trappc9 mutations, we wanted to know if trappc9 KO mice had
brain structural malformations characteristic of patients with ID.
Consistent with the observation of postnatal microcephaly in pa-
tients with trappc9 mutations, the brain size of trappc9 KO mice
was normal at birth, but became significantly smaller than WT at
postnatal day 7 (p7) and all later ages examined (Fig. 2A). Other
organs of trappc9 KO mice were of similar size or enlarged relative
to those of WT mice (fig. S3).

The trappc9 protein was detected throughout the brain and present
in neurons and astrocytes (fig. S4). Trappc9 KO mice expressed
comparable levels of neuronal nuclear protein (NeuN) to WT mice,
but had a significant elevation and decline in levels of glial fibrillary
acidic protein (GFAP) and oligodendrocyte lineage transcription
factor Oligo-2, respectively (fig. S5, A and B). Counting of NeuN-
positive cells in brain sections with stereological methods revealed
similar densities of neurons in the brain of trappc9 KO and WT
mice (fig. S5, C and D), suggesting that behavioral deficits observed
in trappc9 KO mice do not arise from loss of neurons in the brain.

To determine whether trappc9 KO mice had atrophy of brain
structures similar to patients with ID, cross-sectional areas of brain
structures were measured in sagittal brain sections of WT and trap-
pc9 KO mice. The corpus callosum of trappc9 KO mice was signifi-
cantly thinner than that of WT mice (Fig. 2B). Besides, trappc9 KO
mice manifested a significant volume decline in the hippocampus,
the cerebellum, and the pons and medulla oblongata (Fig. 2B). These
data suggest that atrophy of brain structures in trappc9 KO mice re-
sembles brain pathologies in patients with ID with trappc9 mutations.

Trappc9 deficiency disturbs the ratio of dopamine D1 and D2
neurons in the brain

Contrary to whole brain shrinkage and atrophy of various brain
structures described above, the striatum of trappc9 KO mice was
enlarged (Fig. 2B). Considering that striatal enlargement and trap-
pc9 variants are associated with ASD and schizophrenia (26, 31), we
reasoned that striatal enlargement might be a pivotal contributor to
brain dysfunction in trappc9 null mice. MSNs constitute 90 to 95%
of total neurons in the striatum and are enriched in adenosine
3’'5’-monophosphate-regulated phospho-protein molecular weight
32 kDa (DARPP32) (33). We wondered whether trappc9 deficiency
influenced the development of DARPP32-positive neurons. Con-
sistent with striatal enlargement, levels of DARPP32 in brain lysates
of trappc9 KO mice were significantly elevated relative to those in
brain lysates of WT mice (Fig. 2C). However, the density of DARPP32-
positive neurons in the striatum of WT and trappc9 KO mice was
comparable (Fig. 2C), suggesting that the content of neurons and
not neuronal density in the striatum increases proportionally to the
volume change.

Striatal MSNs are classically divided into DI1R and D2R sub-
populations. Imbalance between these two populations of neurons
is associated with various disease conditions including ASD and
schizophrenia (26, 27, 30). To determine whether the balance be-
tween D1R and D2R neurons was altered in the brain of trappc9 KO
mice, we compared expression levels of DIR and D2R proteins in
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Fig. 1. Abrogation of trappc9 causes a wide range of behavioral deficits. Trappc9 KO and WT mice from 8 weeks of age (n =30 per genotype) were subjected to be-
havioral tests. (A) Trappc9 KO mice displayed a significant decrease in both total distance traversed in the open arena and time spent in central areas of the arena.
(B) Trappc9 KO female mice entered less frequently into open arms and spent less time in open arms relative to WT mice. Trappc9 KO female mice did not show a prefer-
ence to a novel object (C) or to a stranger mouse (D) as did WT mice. Compared with WT mice, trappc9 KO mice spent a longer time to locate the submerged platform
[(E) acquisition trial, two-way repeated-measures analysis of variance (ANOVA), female: Fig953,=1.621, P=0.047; male: Fi9532=1.791, P=0.021] and, in the probe trial,
swam for significantly less time in the target quadrant and crossed the target locus less frequently than WT mice despite having a comparable swimming speed relative
to WT mice or to the first day of the trial. Representative trajectories are shown above the scatterplots with bar in (A), (B), and (D) or left to the plots in (E, probe trial).
Schematic diagrams shown above the scatterplots with bar in (C) are testing procedures. Arrowheads beside trajectory graphs in (E, probe trial) point to the locus where
tested animals were placed. In all scatterplots with bar, each symbol represents one animal. Data are means + SD. Statistical significance in (A) to (D) and (E, probe trial)

was determined by two-tailed unpaired Student’s t test, except two-tailed paired Student’s t test being used for comparison of swimming speed between days 1 and 6in
(E, probe trial). All graphs, *P < 0.05; **P < 0.01; ***P < 0.001; n.s., no significance.

the brain of trappc9 KO and WT mice. Our results showed that mouse brain lysates (Fig. 2, D and E), a sign of disruption of the bal-
levels of D1R were elevated whereas levels of D2R were diminished — ance between D1R and D2R neurons. We then conducted immuno-
in brain lysates of trappc9 KO mice relative to their levels in WT  histochemistry studies to examine whether the content of DIR and
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Fig. 2. Trappc9 deficiency alters the proportion of dopamine receptive neurons in the striatum and nucleus accumbens. (A) Postnatal delay in growth of the brain
in trappc9 KO mice. Brains with scales shown above the bar graph are from p0, p7, and 10-week-old trappc9 KO mice and their corresponding WT littermates. Photo
credit: Yuting Ke, Muhammad Usman and Pinky Sultana, Shanghai Jiao Tong University. (B) Luxol fast blue-stained brain sections used for measuring volumes of brain
structures. Quantitative data from three consecutive sections per mouse are graphed (n = 3 mice per genotype). Scale bars, 1 mm. Str, striatum; CCx, cerebral cortex; cc,
corpus callosum; Hip, hippocampus; Thal, thalamus; Cb, cerebellum; PoMO, pons and medulla oblongata. (C) Brain sections for stereology quantification of DARPP32-
positive cells in the striatum (Str) and nucleus accumbens (NAc). Insets are the enlarged boxed regions. Panels below brain sections: Left bar graph shows stereology
quantification data from three consecutive sections of each mouse (n =3 mice per genotype), middle panel shows a blot analysis of DARPP32in brain lysates of WT and
trappc9 KO mice, and right bar graph summarizes densitometry data from three mice of each genotype. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a loading
control. Stereology quantification of D1R-positive (D) and D2R-positive (E) neurons in the Strand NAc, and Western blot analysis followed by densitometry quantification
of levels of D1R (D) and D2R (E) in brain lysates are conducted as in (C). Brain sections and brain lysates used for analyses in (C) to (E) are from the same mice. Arrowheads
in insets in (D) and (E) indicate neurons positive for D1R and D2R, respectively. Scale bars in (C) to (E), 300 um. Data are means + SD. In all scatterplots with bar, each symbol
represents one animal. Two-tailed Student’s t test: *P < 0.05; **P < 0.01; ***P < 0.001.
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D2R containing neurons was changed in the brain of trappc9 KO
mice. Neuronal counts using stereology methods revealed that densi-
ties of D1R- and D2R-positive neurons in the striatum and nucleus
accumbens of trappc9 KO mice were increased and decreased, re-
spectively, when compared with their corresponding densities in
WT mice (Fig. 2, D and E). Collectively, these data indicate that
trappc9 deficiency alters the proportion of dopamine DI1R and D2R
neurons in the striatum and nucleus accumbens.

There are also dense networks of dopaminergic innervation in
the hippocampus and the prefrontal cortex, where the dopamine
signaling system modulates novelty processing, decision-making,
attention, and spatial learning and memory (34, 35). Hence, we
asked whether the balance of dopamine receptive neurons in these
brain regions of trappc9 null mice was altered as well. We harvested
brain tissues from a group of 2- to 3-month-old WT and trappc9
KO mice for side-by-side comparison of expression levels of D1IR
and D2R in the hippocampus, striatum, and cerebral cortex. We
observed similar changes in expression levels of DIR and D2R in
the striatum of a different cohort of trappc9 KO mice to those shown
above (fig. S6, A to C, and Fig. 2). While levels of DARPP32 in the
cerebral cortex of trappc9 KO mice were significantly increased
relative to those in WT mice (fig. S6A), there was no significant
difference in levels of D1R or D2R in cerebral cortices between trap-
pc9 KO and WT mice (fig. S6, B and C), suggesting that the balance
between D1R and D2R neurons in the cerebral cortex of trappc9
KO mice is still maintained. Levels of DARPP32, D1R, and D2R
were all significantly reduced in the hippocampus of trappc9 KO
mice compared with their levels in WT mice (fig. S6, A to C). Con-
trary to an increase in the striatum, the ratio of D1R to D2R neurons
in the hippocampus of trappc9 KO mice was decreased (n =3 WT
and 3 KO mice; means + SD; WT versus KO: 0.232 + 0.0222 versus
0.122 + 0.0155; two-tailed Student’s ¢ test: P < 0.01).

We then asked when the ratio of dopamine-receptive neurons in
the brain of trappc9 null mice was changed. We collected brain tissues
of mice aged at p0 (day of birth), p7, p15, and p30 for examining
levels of D1R and D2R. Similar levels of DARPP32 in the brain of
trappc9 KO and WT mice occurred at all ages examined (fig. S6D).
However, a change in levels of D1R and D2R neurons was detected
in the brain of trappc9 null mice at p30, but not in mice p15 or
younger (fig. S6, E and F), suggesting that imbalance between DIR
and D2R neurons takes place at a stage when exploratory activities
of mice vastly increase. Our observation of similar levels of
DARPP32 in the brain of WT and trappc9 KO mice at p30 or
younger suggests that enlargement of the striatum in 12-week-old
trappc9 KO mice may be a compensatory effect for the dysfunction
or decreased density of D2R neurons in the striatum.

Pharmacological modulation of dopamine receptors
improves behavioral performances of trappc9 null mice

In view of the observations above, we speculated that behavioral
defects in trappc9 KO mice might result from functional imbalance
between DIR and D2R neurons. If so, pharmacological manipula-
tion of D1R and/or D2R should improve performances of trappc9
KO mice on behavioral tasks. We treated trappc9 KO mice with a
bolus of D1R antagonist SCH23390 or D2R agonist quinpirole alone
and evaluated drug effects with the open field test. Motor inhibition
as indicated by animal immobility occurred as expected a few minutes
after drug administration (data not shown). While neither SCH23390
nor quinpirole could increase the travel distance, each drug alone
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triggered a gradual increase in the time spent in central areas of the
open field (fig. S7).

The beneficial effects of SCH23390 or quinpirole on motivating
trappc9 KO mice to explore in central areas of the open field led us
to speculate that a combination of SCH23390 and quinpirole might
elicit greater beneficial effects than each of them alone. We contin-
ued to employ the open field test to evaluate drug effects at different
times following drug administration (fig. S8A). Upon treatment
with both SCH23390 and quinpirole, exploratory activities of trap-
pc9 KO mice temporarily declined and were recovered back to levels
of vehicle-treated trappc9 KO mice 3 hours after administrating
both drugs (fig. S8B). Notably, treatment with both compounds for
24 hours elevated exploratory activities in both travel distance and
time spent in central areas of trappc9 KO mice to levels of WT mice
(Fig. 3A). The beneficial effects waned 48 hours after drugs were
administrated (fig. S8B).

We next determined whether a combination of SCH23390 and
quinpirole could improve performances of trappc9 KO mice on other
cognitive tasks. Treatment with both compounds did not change
the ability of trappc9 KO mice to randomly explore two identical
objects or empty chambers, nor did it affect their preference to in-
teract with a familiar cognate to an object (fig. S8C, Fig. 3B). However,
administration of a single dose of each of SCH23390 and quinpirole
significantly escalated the interest of trappc9 KO mice in interacting
with a novel object and with an unfamiliar cognate (Fig. 3, B and C).
In the Morris water maze test, SCH23390 and quinpirole treatment
significantly accelerated trappc9 KO mice to find the submerged
platform in all acquisition trials and elevated the swimming speed
of trappc9 KO mice as well as the frequency that trappc9 KO mice
crossed the original locus of the hidden platform to levels of WT
mice in the probe trial (Fig. 3D). Collectively, these data support the
idea that disrupted balance between D1R and D2R neurons under-
scores behavioral deficits in trappc9 KO mice and suggest that drugs
acting on dopamine receptors may be beneficial for patients with ID
who lose the expression of the trappc9 protein.

Trappc9 loss causes astrogliosis in the hippocampus

and the corpus callosum

The above biochemical studies revealed that there was a significant
increase in levels of GFAP in the brain of trappc9 KO mice (fig.
S5A), a sign of astrogliosis. To unveil brain area(s) in which astro-
gliosis took place, we processed a series of coronal brain sections of
WT and trappc9 KO mice for double immunofluorescence labeling
with antibodies for trappc9 and GFAP (Fig. 4A). Quantification of
fluorescence intensities of GFAP immunoreactive signals in differ-
ent brain areas showed that astrogliosis was present in the corpus
callosum and the hippocampus of trappc9 null mice (Fig. 4B).
Coincidentally, these two structures are atrophic in trappc9 KO mice.
As the hippocampus plays a crucial role in spatial learning and
memory, which is impaired in trappc9 KO mice, we carried out fur-
ther analysis and found that astrogliosis culminated at the radiatum
and lacunosum moleculare layers of the hippocampus and the poly-
morph layer of the dentate gyrus (Fig. 4C). Astrogliosis is a defen-
sive reaction of astrocytes to promote recovery of the central nervous
system from harmful stimuli, but persistent astrogliosis can be
detrimental and is frequently seen in a plethora of neuropsychiatric
diseases (36). However, it is not clear whether astrogliosis in these
brain regions occurs normally in response to harmful stimuli or is a
culprit of pathological changes in the brain of trappc9 null mice.
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Fig. 3. Pharmacological manipulation of dopamine receptors in trappc9 null mi

ce attenuates behavioral deficits. A cohort of trappc9 KO mice (n= 12 per gender)

from 8 weeks of age are given either a dose of SCH23390 and quinpirole or the same volume of physiological saline (vehicle) 24 hours before evaluating spontaneous ex-
ploratory activities in an open arena (A), sociability with a novel object (B) or with a strange cognate (C), and spatial learning and memory (D). Age- and gender-matched

WT mice (n =6 per gender) were evaluated as normal controls. Treatment with SCH2

3390 and quinpirole significantly improves trappc9 KO mice to explore in open areas

[(A) distance, female: F;,15=9.284, P < 0.01; male: F;,15=30.67, P <0.0001; time in central areas, female: F;,15=7.606, P < 0.01; male: F;15=8.788, P < 0.01], to interact with a
novel object [(B) female: F;,15=7.466, P <0.01; male: 15 = 1.827, P=0.195] or with a stranger mouse [(C) female: F;,15=4.732, P < 0.05; male: F,,15=0.762, P=0.484], to learn
to find the submerged platform [(D) acquisition trials, two-way repeated-measures ANOVA, female: F3g 85 = 0.971, P=0.522; male: F35 585 = 1.169, P= 0.238], and to recall the
locus where the hidden platform was originally placed [(D) probe trial, crossing frequency, female: F, 15 =4.845, P=0.024; male: F,15=6.356, P=0.01; time in target quad-
rant, female: F;,15=4.426, P=0.031; male: F,15 = 3.869, P = 0.044]. Representative trajectories of a mouse from each group are shown on scatterplots with bar in (A), (C), and

(D, probe trial). Data are means = SD. In all scatterplots with bar, each symbol represe
by Tukey’s multiple comparison tests. WT versus vehicle-treated KO, *P < 0.05; **P < 0.

Loss of trappc9 disturbs the function of rab11

Having unveiled macrostructures and cell populations likely respon-
sible for impaired brain functions in trappc9 KO mice, we then made
efforts to elucidate molecular pathway(s) affected by the deficiency
of trappc9. As skin fibroblasts of patients with trappc9 mutations
present a sign of defective activation of nuclear factor kB (NF-xB)
(7), we looked for evidence of deficient activation of NF-xB in the

Ke et al., Sci. Adv. 2020; 6 : eabb7781 18 November 2020

nts a mouse. Unless indicated, comparisons are done with one-way ANOVA followed
.01; ***P < 0.001; vehicle versus drug-treated KO, #P < 0.05; ##P < 0.01; ###P < 0.001.

brain of trappc9 KO mice. We analyzed levels of NF-xB components
and related posttranslational modifications on them. Our results showed
no evidence of deficient activation of NF-«B in the brain of trappc9 KO
mice (fig. S9). Hence, NF-xB is unlikely to be a main contributor to the
impairment of brain development and function in trappc9 KO mice.

In fungal cells, trappc9 (trs120) interacts with trappcl0 (trs130)
to switch the GEF activity of fTRAPP toward ypt31/rabl1 from
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Fig. 4. Astrogliosis in the brain of trappc9-deficient miceABC. (A) Immunofluorescence labeling of brain sections with antibodies for GFAP (green) and trappc9 (red)
to unveil the brain region(s) where astrogliosis occurs. Cells are identified by staining nuclei with Hoechst 34580 (blue). Coronal sections are cut from half brains of WT
and trappc9 KO mice. Images of different channels were collected separately from different but overlapping areas of each brain section so as to image the whole brain
section and merged using Photoshop. Individual merged images of different brain areas were realigned into one image using Adobe Illustrator. Shown are representative
realigned images of a brain section for each genotype. Scale bars, 1 mm. (B) Densitometry quantification of GFAP signals in different brain regions using realigned images
from three consecutive brain sections of each of three mice per genotype reveals astrogliosis in the corpus callosum and the hippocampus of trappc9 KO mice. In (A) and
(B), CCx, cerebral cortex; cc, corpus callosum; Hip, hippocampus; Str, striatum; st, stria terminalis; cp, cerebral peduncle; BLA, basolateral amygdala. (C) Representative images
of WT and trappc9 KO hippocampi used for densitometry quantification of GFAP signals in different areas and layers. Scale bars, 400 um. The diagrams illustrate the
boundaries for defining the areas and layers of the hippocampus. Bar graphs shown left to the diagrams are quantitative data of GFAP signals in different areas and layers
of the hippocampus from three consecutive sections of each of three mice per genotype. CA1 to CA3, hippocampal cornu ammonis 1 to 3; DG, dentate gyrus; Or, oriens
layer; Py, pyramidal cell layer; Rad, radiatum layer; LMol, lacunosum moleculare layer; MoDG, molecular layer of DG; GrDG, granule cell layer of DG; PoDG, polymorph
layer of DG. Data are means * SD. Statistical significance is determined by two-tailed Student’s t test: *P < 0.05; **P < 0.01.

mTRAPP-II enriched with trappc9 from human embryonic kidney
293T cells released [’H]GDP from rabll and rabl, but not rab5
(Fig. 5, C and D), indicating that mTRAPP-II is a bona fide GEF for
rabll in mammals.

yptl/rabl (14, 19). In studies to search for a GEF for rab11 in mammals,
we identified trappc9 and trappcl0 from proteins precipitated by
dominant negative rabl1 (dNrab11) and verified that besides trap-
pc9/10, trappc4, one of the four subunits forming a core that endows

GEF activities to TRAPP (14), was also associated with dNrabl1
(Fig. 5, A and B). Under the same conditions, trappc11, which spec-
ifies mTRAPP-III (15), was not precipitated by dNrab11 (Fig. 5B).
These data demonstrate that mTRAPP-II physically interacts with
inactive rabl1 and thus meets the prerequisite to act as a rabl 1GEF.

Ke et al., Sci. Adv. 2020; 6 : eabb7781 18 November 2020

Next, we determined whether the activation of rabl and rab11
was affected in the brain of trappc9 KO mice. Ablation of trappc9
markedly depleted trappc10 but had little effect on expression levels
of trappcl1 (fig. S10, A and B), suggesting that mTRAPP-III is as-
sembled normally and hence unlikely to contribute to changes of
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Fig. 5. Depletion of trappc9 compromises the function of rab11. (A) SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by silver stain detecting proteins
precipitated by rab11 mutants (dNrab11 and dArab11). Shown beside the gel graphs are proteins identified by mass spectrometry analysis of gel slices containing the
corresponding silver-stained protein bands. (B) Western blot analysis confirms that besides trappc9 and trappc10, trappc4 but not trappc11 is associated with dNrab11.
(C) Representative graph of silver-stained gels showing proteins enriched with S-protein resins from cellular membranes of 293T cells expressing S-tagged trappc9
(Trappc9-S) or GFP alone (mock) and used for [PH]GDP release assays (D). Plots in (D) show that proteins enriched with S-protein resins from cellular membranes of 293T cells
expressing Trappc9-S accelerated release of [PHIGDP from rab1 and rab11 but not rab5. S-protein resins incubated with cellular membranes of 293T cells expressing GFP
alone are used as mock GEF controls. Data are means + SD of three independent experiments. (E) Kinetics of fluorescent GDP release from rab1 and rab11 in the presence
or absence of 10 mM EDTA (yellow) or 25, 50, or 100 ug of cellular membranes prepared from brain tissues of WT (gray) or trappc9 KO (red) mice (n =3 animals per geno-
type). Fluorescent signals of corresponding amounts of brain membranes are also measured and used as background signals. Mean + SD of kqps is calculated from data
obtained from three different mice per genotype. (F) Representative images of primary neurons of WT and trappc9 KO mice after synchronized uptake of Alexa 568-trans-
ferrin for indicated times. Scale bars, 100 um; 20 um for insets. Means + SD of signal intensities of intracellular Alexa 568-transferrin fluorescence are graphed and shown
to the right of images of neurons incubated for the corresponding time (n = 15 neurons per genotype in each condition, two-tailed Student’s t test: **P < 0.01; ***P < 0.001).
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GEF activity in trappc9 KO mice. To our surprise, depletion of trap-
pc9 did not alter rab1GEF activity in brain membranes, yet signifi-
cantly diminished GEF activities on rab11 (Fig. 5E), indicating that
trappc9/10-specified mTRAPP-II selectively activates rab11 in vivo,
whereas trappcl1-defined mTRAPP-III activates rabl. These data
also suggest that trappc9 deficiency may cause improper function of
rabl1. In agreement with this idea, levels of rab11 were up-regulated
in the brain of trappc9 KO mice; under the same conditions, there
was no significant change in levels of other endosome-associated
rabs or rab18 (fig. S10, C and D), which is suggested to be a sub-
strate of mMTRAPP-II (16). REI-1/SH3BP5 acts as a GEF for rab11 in
nematodes and flies and is highly conserved across species includ-
ing human (17, 37). We examined and found no change in levels of
SH3BP5 in the brain of trappc9 KO mice (fig. S10, A and B). Hence,
SH3BP5 is likely to be a main source of rab1 1GEF activities in brain
membranes of trappc9 KO mice.

To determine whether trappc9 deficiency altered the function of
rabl1, we first compared the subcellular distribution of rab11 in WT
and trappc9 KO mouse embryonic fibroblasts (MEFs). Compared
with a diffuse pattern of rab11 signals in WT MEFs, rab11 immuno-
reactive signals in trappc9 KO MEFs were more concentrated at
juxtanuclear areas (fig. S10E). This distribution pattern of rab11 in
trappc9 KO MEFs resembles that of disease-causing rabl1 mutants
(38). We then used primary neurons cultured from WT and trappc9
KO mouse embryos to examine transferrin receptor recycling, a pro-
cess widely used for measuring the function of rab11 (39). Consist-
ent with a compromised function of rabll, transferrin receptor
recycling was significantly impeded in trappc9 KO neurons (Fig. 5F).
The morphology of the Golgi apparatus, which relies on normal
function of rabl, and the distribution pattern of rabl were compa-
rable in WT and trappc9 KO MEFs (fig. S10E). Together with the
above GEF results, we conclude that trappc9 deficiency specifically
disturbs rab11 and does not influence the function of rabl.

Trappc9 deficiency diminishes dopamine D2 receptor

on neuronal surfaces

Our data showed imbalance of dopamine receptive neurons and rab11
dysfunction in trappc9 KO mice. Next, we asked whether rab11
dysfunction caused the imbalance of dopamine receptive neurons
in the brain of trappc9 null mice. After endocytosis, D1R is routed
to cell surfaces via the retromer-dependent retrograde transport,
whereas D2R undergoes rab4-dependent (constitutive) and rab11-
dependent (ligand-stimulated) recycling (40, 41). These retrieval
pathways are interdependent; for example, enhancement of retromer-
dependent retrograde transport occurs when endocytosed proteins
accumulate at endosomes (42). Therefore, rab11 dysfunction in the
brain of trappc9 KO mice is likely to compromise D2R and concur-
rently augment DIR recycling. To test this possibility, we labeled
D1R and D2R in brain sections, which were processed with deter-
gents omitted in all solutions to allow the integrity of the plasma
membrane to be maintained so that only those D1R and D2R mol-
ecules on and close to cell surfaces were labeled. Under these exper-
imental conditions, we observed a significant decrease in intensities
of D2R and a significant increase in intensities of D1R in brain sec-
tions of trappc9 KO mice relative to their corresponding intensities
in brain sections of WT mice (Fig. 6). These data are consistent with
the findings that D1R and D2R recycle to cell surfaces through dif-
ferent routes and suggest that rab11 dysfunction in trappc9 null
mice differentially influences the expression of DIR and D2R on
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Fig. 6. Trappc9 deficiency differentially alters the expression of D1R and D2R
on the surface of striatal neurons. A series of three consecutive coronal brain
sections cut through the striatum of three WT and three age- and gender-matched
trappc9 KO mice were processed for labeling with antibodies for D1R or D2R. The
age of mice was 2 to 3 months. Detergents were omitted in all solutions to ensure
the integrity of the plasma membrane. Images captured from brain sections from
the same pair of WT and trappc9 KO mice show striatal neurons labeled with anti-
bodies for D1R (A) or D2R (C). Insets in both (A) and (C) highlight typical cells cho-
sen for measuring surface levels (top) of D1R (B) and D2R (D) as well as the size
(bottom) of D1R (B) and D2R (D) neurons. Examples of analyzed neurons with two
red contours in insets of (A) and (C) indicating the plasma membrane that was used
for determining levels of D1R and D2R on the surface of a given neuron. Cross-sectional
areas of the outer red contour were used for calculating the cell size based on the
actual resolution of the original images. Images used for measurements were taken
under three randomly chosen visual fields of each brain section of three WT and
three trappc9 KO mice with the same settings. Three sections for each animal were
analyzed. Scale bars, 20 um; 5 um for insets. Data are means + SD. Statistical signif-
icance was determined by two-tailed unpaired Student’s t test: *P < 0.05; **P < 0.01;
**¥P < 0.001.

neuronal surfaces. Persistent defect in recycling of endocytosed plasma
membranes, in other words, persistent accumulation of endocytosed
plasma membranes in endosomal compartments, would conceivably
cause loss of plasma membranes on the cell surface, thereby reduc-
ing the cell size. In agreement with this idea, cross-sectional areas of
both D1R and D2R neurons significantly declined in brain sections
of trappc9 KO mice compared to those in WT mice (Fig. 6). These
data suggest that rab11 dysfunction also affects D1R neurons.
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DISCUSSION

We report three novel findings. First, we provide a new murine
model of human ID. We generated a line of trappc9-deficient mice,
which developed a broad range of behavioral deficits and exhibited
brain structural malformations resembling those discerned in intel-
lectually disabled patients with trappc9 mutations. Second, we elicit
a potential treatment for trappc9-linked ID and other associated
disorders. We found that the balance between dopamine receptive
neurons was disrupted in the brain of trappc9 null mice and demon-
strated that cognitive performances of trappc9 null mice were raised
to levels of WT mice with pharmaceutics acting on dopamine re-
ceptors. Last, our study establishes mTRAPP-II to be a GEF specific
for rabl1 in mammals.

We noticed an inconsistency regarding the GEF activity on rabl
in trappc9-enriched mTRAPP-II and trappc9-void mouse brain
membranes. Such discrepancy has been observed in previous studies
on fTRAPP-II (17, 19), although the essential function of fTRAPP-
IT is stated to activate ypt31/32 (19). In in vitro reactions, metazoan
or fungal TRAPP-II, either in vitro assembled using individual sub-
units or enriched from cell lysates, may undergo multiple disassembly-
reassembly cycles. In other words, in in vitro reactions, TRAPP-II is
actually a mixture of intact TRAPP-II, which acts specifically on
ypt31/32/rabll, and fragmented TRAPP complexes, which have GEF
activities only onto yptl/rabl, thus displaying apparent GEF activi-
ties toward both yptl/rabl and ypt31/32/rab11. Our data showing
that trappc9 deficiency reduces GEF activities in brain membranes
for activating rab11 but not rabl help to resolve the perplexity on
the specificity of m/fTRAPP-II in activating its substrate rab (17).

In addition to our results, there is support from other studies
that improper function of rab11 mediates the detrimental effects of
trappc9 deficiency on brain development and function. Genetic
mutations in rabll cause severe ID with brain structural changes
similar to those in patients with ID bearing trappc9 mutations (38).
In response to a constant decrease in generating active rabl1, trappc9
null mice might develop compensatory effects by raising expression
levels of rab11. Rab11 is well known for its role in endocytic recy-
cling of receptors, transporters, and other critical plasma membrane
constituents, thereby sustaining functional plasticity of cells. A
myriad of proteins critical for brain functions have been identified
asrab11 regulated trafficking cargoes (39), although rabl1-dependent
endocytic recycling in the central nervous system has been an
underexplored area of research. Continual decline of rab11 activa-
tion in trappc9 null mice would inevitably cause improper function
of these cargo proteins in the brain.

How rabl1 dysfunction relates to the disproportion of D1R and
D2R containing neurons in trappc9 KO mice remains speculative.
D2R but not D1R undergoes rabl1-dependent recycling (40, 41).
Consistently, we found that levels of D2R on neuronal surfaces in
brain sections of trappc9 KO mice were reduced relative to those in
WT mice. Our finding supports the notion that endocytosed D2R
was unable to efficiently return to cell surfaces, in other words,
entrapped in recycling endosomes or delivered to lysosomes. Endo-
cytosis of D2R can occur constitutively (no ligand binding) or be
driven upon ligand engagement; only those D2R molecules endocy-
tosed with ligands rely on rab11 for recycling back to cell surfaces,
as recycling of constitutively endocytosed D2R molecules is regulated
by rab4 (40). In this regard, dysfunction of D2R neurons would oc-
cur when prolonged stimulation of D2R is needed. This hypothesis
is supported by our observation that the decrease of D2R neuronal
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density in trappc9 KO mice commenced after age p15, when motor
activities of mice vastly increase and D2R activation/resensitization
is in great need. Future studies are necessary to unveil signaling
pathway(s) linking impaired recycling of D2R to cell death.

We noticed that female trappc9 KO mice displayed a broader
range of behavioral deficits and appeared overweight earlier than
male mice. Sexual differences are actually seen in many diseases
including neuropsychiatric disorders. While sexual dimorphism in-
volves complex interactions among sex hormones, genetic, and epi-
genetic factors, estrogens have been shown to influence a wide array
of dopamine-dependent cognitive processes including object recog-
nition and space/response memories (43), which are impaired in
trappc9-deficient mice. Estrogens can increase the density of D2R
on striatal neurons without changing levels of D2R mRNA (43),
suggesting that estrogens speed up D2R recycling. As levels of estrogens
differ greatly between female and male mice, neurons in female
trappc9 KO mice require D2R recycling to cell surfaces more than
neurons in male mice. In this regard, high levels of estrogens in
female trappc9 KO mice could magnify the existing impairment of
D2R recycling, thereby aggravating dysfunction of D2R neurons in
female trappc9 KO mice.

Trappc9 null mice developed a broad range of behavioral defects
and presented malformations of various brain structures. Our data
suggest that the behavioral deficits resulted from an imbalance be-
tween DIR and D2R neurons in the striatum of trappc9 KO mice.
However, we did not attempt to exclude the likelihood of the
involvement of other populations of cells in the development of the
functional defects. In the case of dopamine receptive neurons, we
observed that levels of both D1R and D2R were significantly de-
creased in the hippocampus of trappc9 KO mice. Contrary to an
increase in the striatum, the ratio of DIR to D2R neurons was
decreased in the hippocampus of trappc9 KO mice. Rab11-independent
recycling of D1R does not mean that rab11 is dispensable for DIR
neurons. A significant decline in cross-sectional areas of D1R neu-
rons in brain sections of trappc9 null mice supports the idea that
rabl1 dysfunction also impedes endocytic recycling in D1R neurons.
Therefore, functional impairments of hippocampal D1R and D2R
neurons may also contribute to poor performances of trappc9 null
mice on cognitive tasks.

Glial cells may also be involved in the development of behavioral
deficits seen in trappc9 KO mice. Astrogliosis is a defensive reaction
of astrocytes in response to harmful stimuli and facilitates to restore
homeostasis of the central nervous system, yet persistent astroglio-
sis can be detrimental and frequently occurs in neuropsychiatric
disorders (36). Astrocytes not only regulate the formation, remodeling,
and elimination of neuronal synapses but also communicate with
oligodendrocytes to support myelination (36). We observed that
astrogliosis in trappc9 KO mice appeared in the corpus callosum
and the dentate gyrus, where neurogenesis takes place throughout
life. It is necessary for future studies to clarify whether astrogliosis
in trappc9 KO mice occurs as a normal response to slowed myelination
and/or synaptogenesis or acts as a trigger of pathological changes.
White matter hypoplasia and corpus callosum thinning are promi-
nent pathological hallmarks in the brain of patients with ID with
mutations in trappc9 as well as in other TRAPP subunits or rabl11.
We observed corpus callosum hypoplasia and decreased levels of
oligo-2 in trappc9-deficient mice. It will be interesting to know
whether and how trappc9 loss affects the proliferation and or matura-
tion of oligodendrocytes. Further studies are also needed to evaluate

100of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

long-term effects of drugs acting on dopamine receptors on the im-
provement of brain functions in trappc9 KO mice. Nevertheless, the
line of trappc9 null mice we report here provides a useful tool for
addressing the above important issues, although this model may be
limited in elucidating the specific role of trappc9 in the brain.

In summary, we describe a new mouse model that recapitulates
features of human ID resulting from the deficiency of trappc9 and
suggest a pathogenic mechanism and a potential therapy for im-
proving brain function in individuals suffering from this disorder.
Moreover, our study indicates that mMTRAPP-II is a specific GEF for
rabll in mammals.

MATERIALS AND METHODS

Animals

All experimental procedures regarding the use of animals were con-
ducted in accordance with National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals and approved by
the Institutional Animal Care and Use Committee of the Shanghai
Jiao Tong University. Mice were housed in male and female groups
under a normal 12-hour light/dark cycle (lights on at 7:00 a.m.) and
a constant temperature with food and water ad libitum.

Generation of trappc9-deficient mice

We designed a pair of guide RNAs (gRNAs) (5’ gaacgccggagtgatt-
gagc and 5’ atgctgtgtacatcaatctc) to generate trappc9-deficient mice,
which had 109 nucleotides deleted from mouse trappc9 gene. The
gRNAs targeted exon 7 of mouse trappc9 gene; this exon in human
contains a disease-causative mutation present in multiple families.
The production of cas9 mRNA and gRNAs by in vitro transcription
and subsequent pronuclear injection and zygote transfer were car-
ried out at Bioray Laboratories Inc., Shanghai. Primers designed for
detecting the deletion mutation in trappc9 null mice were C9f, 5’
cccaaacccaaactcectctaa and C9r, 5' actgetcgtccgaaagtectg. Amplifica-
tion with genotype primers was conducted with Taq polymerase
(Thermo Fisher Scientific) for 30 cycles of 20 s at 95°C, 15 s at 55°C,
and 40 s at 72°C with an initial denaturation at 95°C for 3 min and
a final elongation at 72°C for 5 min. The length of polymerase chain
reaction (PCR) products amplified from WT and mutant alleles was
667 and 558 base pairs, respectively. To minimize off-target effects,
trappc9 mutant mice were backcrossed onto WT background for
six generations. Genomic DNAs were prepared from toe tissues of a
trappc9 mutant mouse of the sixth generation and used for verifica-
tion of off-target mutations at or near the predicted sites. No off-target
mutation was detected.

Protein purification

Glutathione S-transferase (GST), GST-dArab11, GST-dNrab11, GST-
rab1-His, GST-rab5-His, or GST-rab11-His proteins were affinity-
purified from bacteria with appropriate resins according to the
manufacturer’s instructions. Proteins tagged with both GST and
6xHis were sequentially purified first with Ni-nitrilotriacetic acid (NTA)
resins (Qiagen) and then with glutathione resins. All purified pro-
teins were dialyzed and frozen in aliquots at —80°C until use.

Preparation of cellular membranes from mouse brains

Fresh brain tissues of WT and trappc9 KO mice aged at 10 to 12 weeks
were harvested, minced into pieces, and homogenized on ice in lysis
buffer containing 25 mM Hepes-Na (pH 7.4), 1 mM EDTA (pH 8.0),
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and 0.25 M sucrose with protease inhibitors (Roche) by passing
through a dounce homogenizer. Homogenates were briefly centri-
fuged to remove debris and nuclei. The resulting supernatants were
placed on a gradient prepared in an SW41 tube with 0.5 M sucrose
and 80% glycerol and centrifuged at 4°C, 41,000 rpm for 1 hour in
an SW41 rotor (Beckman-Coulter). Membranes at interfaces be-
tween 0.5 M sucrose and 80% glycerol were collected, extracted with
Triton X-100, and used for pull-down or nucleotide exchange assay
after determining protein concentrations.

Pull-down assays

To look for proteins potentially interacting with rab11, GST-dNrabl11,
GST-dArabl1, or GST was immobilized on glutathione resins and
incubated with Triton X-100 solubilized mouse brain membranes.
After washes, proteins on glutathione resins were eluted into SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffers and
analyzed by SDS-PAGE followed by silver staining or Western blot
with indicated antibodies. Gel slices containing silver-stained pro-
tein bands were cut out, treated with trypsin, and analyzed by mass
spectrometry at the Harvard Mass Spectrometry Core Facility.

To enrich mTRAPP-IJ, total cellular membranes were prepared
from human embryonic kidney-293T cells infected with lentivirus
bi-cistronically expressing GFP and S-tagged trappc9 (Open Biosystems)
or empty lentivirus (Mock). Triton X-100 solubilized cellular mem-
branes were incubated with S-protein resins (Novagen). After washes,
mTRAPP-II on S-protein resins were either eluted for SDS-PAGE
analysis or resuspended in exchange buffers for use in nucleotide
exchange assays.

Guanine nucleotide exchange assays

[PHIGDP (11.9 Ci/mmol, GE Life Sciences) and 2'-(3')-bis-O-(N-
methylanthraniloyl)-GDP (mant-GDP, Molecular Probes) were used
as tracers of nucleotide exchange. Rab proteins (rab1, rab5, and rab11)
tagged with both GST and 6xHis were separately loaded with [*H]
GDP or mant-GDP in buffers containing 20 mM Hepes (pH 7.2),
20 mM potassium acetate, 1 mM dithiothreitol (DTT), 5 mM EDTA,
and 0.05% Triton X-100 at 30°C for 30 min and then incubated with
Ni-NTA beads after adding MgCl, to a final concentration of 10 mM.
After a brief centrifugation, supernatants containing unbound [*H]
GDP or mant-GDP were discarded. Loaded rabs on Ni-NTA beads
were washed and resuspended in assay buffers containing 20 mM
Hepes (pH 7.4), 150 mM NaCl, 5 mM MgCl,, 1 mM DTT, and 0.5 mM
GTP/GDP. After GEF samples in assay buffers were mixed with
[*H]GDP or mant-GDP loaded rabs, nucleotide exchange reactions
were conducted at 30°C for indicated times ([’H]GDP release) or at
room temperature in a multimode microplate spectrophotometer.
After reactions were terminated, [’H]GDP-rab proteins on Ni-NTA
beads were collected by a brief centrifugation, washed, and subjected
for scintillation counting. Data were represented as means + SD
percentage of [*H]GDP release (total [’H]GDP bound on rabs mi-
nus [*H]GDP remained on rabs after reactions).

For mant-GDP release, 25, 50, and 100 ug of brain membranes
(WT versus KO) were mixed with rab proteins loaded with mant-GDP
to initiate GEF reactions. In each set of GEF reactions, controls
included reactions containing only equal amounts of brain mem-
branes (WT versus KO), mant-GDP loaded rab proteins alone, and
5 mM EDTA with mant-GDP loaded rab proteins. Fluorescence
signals in all reactions were measured over 30 min on a Tecan Infinite
M200 PRO multimode microplate spectrophotometer with excitation
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at 360 nm and emission at 440 nm. Average intensities of fluores-
cent signals measured over 20 min in reactions containing WT or
trappc9 KO mouse brain membranes only were calculated and used
as the background signals. After removing the corresponding back-
ground signals, values of fluorescence intensities measured at each
time point in GEF reactions containing loaded rab proteins and
brain membranes as well as values of fluorescence signals obtained
from reactions with loaded rab proteins alone were used for deter-
mining the observed pseudo-first-order rate constants (kops) by
nonlinear regression fit to the one-phase exponential decay with the
aid of the Prism 8.0 (GraphPad Software Inc.). A set of GEF reac-
tions was carried out using brain membranes prepared from one
WT and one age-matched trappc9 KO mouse.

Mouse primary neuronal and embryonic fibroblast cultures
Primary neurons were prepared from cortices including striata of
E18 embryos of WT and trappc9 KO mice, whereas primary MEFs
were prepared from E13 to E14 embryos of WT and trappc9 KO
mice with standard procedures. The genotype of each embryo was
determined by PCR with C9f and C9r primers as above. Primary
neurons were cultured at 37°C in a cell culture incubator in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 supplemented with 10%
fetal bovine serum (FBS), 1x Glutamax, 1x penicillin/streptomycin,
and 1x NEAA for 24 hours and then changed into Neurobasal DMEM
media containing B27 supplement, Glutamax, and penicillin/
streptomycin. Thenceforth, one-half of fresh media was changed
every 3 days. MEFs used for fluorescence microscopy were seeded
on glass coverslips the day before being processed for immunolabeling
with antibodies against rab1 (rabbit polyclonal, 1:250; Cell Signal-
ing, D5F8M), rabl1 (mouse monoclonal, 1:250; BD Transduction
Laboratories, 610657), or GM130 (mouse monoclonal, 1:250; BD
Transduction Laboratories, 610823). Rhodamine Red-conjugated
secondary antibodies (the Jackson Laboratory) were used for detec-
tion. Before mounting onto glass slides for fluorescence microscopy,
MEFs on coverslips were stained with Hoechst 34580.

Transferrin uptake and recycling assay

Primary neurons at 7 to 9 days in vitro were completely cooled down
on ice by washes in cold phosphate-buffered saline, changed into
fresh cold serum-free DMEM containing Alexa 568-transferrin
(10 pg ml™%; Invitrogen), and incubated on ice for 30 min to allow
Alexa 568-transferrin to bind to its receptors on cell surfaces. Neu-
rons labeled with Alexa 568-transferrin were either directly fixed
(total binding) or incubated at 37°C for 5, 15, or 30 min and then
fixed for fluorescence microscopy. Digital images were captured using
the Olympus BX51 microscopy imaging system with the same set-
tings for all conditions. Intensities of Alexa 568-transferrin signals
in somata of neurons and the corresponding background signals were
measured using NIH Image]. Data were represented as means + SD
intensities of Alexa 568-transferrin signals.

Western blot analysis

Samples used for Western blot analysis in this study were precipi-
tated proteins or protein lysates prepared from brain tissues of WT
and trappc9 KO mice in buffers containing protease and phosphatase
inhibitors (B14011 and B15001, Bimake). Equal amounts of proteins
were analyzed by SDS-PAGE and Western blot. Primary antibodies
used for Western blot analysis included rabbit anti-trappc9 (1:500;
Abcam, ab104041), rabbit anti-trappc2 (1:1000; Abcam, ab111848),
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mouse anti-trappc4 (1:500; Santa Cruz, sc-390551), mouse anti-
trappcl0 (1:500; Santa Cruz, sc-101259), rabbit anti-trappcll
(1:500; Biorbyt, orb186301), rabbit anti-rabla (1:1000; Cell Signaling,
D5F8M), mouse anti-rab4 (1:1000; BD Transduction Laboratories,
610889), rabbit anti-rab5 (1:500; Invitrogen, PA5-29022), rabbit
anti-rab7 (1:500; Invitrogen, PA5-23138), mouse anti-rab11 (1:1000;
BD Transduction Laboratories, 610657), mouse anti-rab18 (1:500;
Santa Cruz, sc-393168), rabbit anti-NIK (1:1000; Abcam, ab216409),
NF-kB Pathway Sampler Kit [1:1000, Cell Signaling, 9936, includ-
ing IxB kinase o (IKKo), IKKB, phospho-IKKa/B on Ser'’6/180,
phospho-p65 on Ser’*®, IkBa, phospho-IkBa on Ser’?, and p65],
mouse anti-NeuN (1:1000; Millipore, MAB377), mouse anti-GFAP
(1:1000; Millipore, MAB3402), goat anti-Ibal (1:1000; Abcam, ab5076),
mouse anti-Olig2 (1:500; Millipore, MABN50), rabbit anti-D1 re-
ceptor (1:1000; Abcam, ab20066), rabbit anti-D2 receptor (1:1000;
Millipore, AB5084P), rabbit anti-DARPP32 (1:5000; Abcam, ab40801),
and mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(1:5000; Millipore, MAB374). Alexa Fluor 790- or 680-conjugated
secondary antibodies were from Jackson ImmunoResearch Labora-
tories (1:50,000; 111-655-144, 705-625-147, and 115-625-146). Blots
were imaged with the Odyssey P140-CLx Infrared Imaging system
(LI-COR Biosciences). Digital images with signals of protein bands
in linear ranges were used for densitometry quantification with the
aid of NIH Image].

Immunohistochemistry

Mice at the age of 10 to 12 weeks were deeply anesthetized and tran-
scardially perfused with 50 ml of phosphate saline followed by 50 ml
of 4% (w/v) paraformaldehyde (Sigma-Aldrich) in 0.1 M in phos-
phate buffer (pH 7.4). Fixed brains of WT and trappc9 KO mice
were cut into 30- or 50-pm-thick coronal or sagittal sections on a
cryostat (Leica CM1950) or a vibratome (Leica VT1000S). We used
30-pm-thick coronal sections cut from bregma 3.56 mm for exam-
ining DIR (83rd to 85th), D2R (98th to 100th), and DARPP32 (95th
to 97th) to compare cell densities and or expression levels, and
50-pm-thick coronal sections cut from bregma 3.56 mm and through
the hippocampus for detecting trappc9 in astrocytes (107th to 109th)
or neurons (114th to 116th). Immunolabeling was performed with
free-floating brain sections. For labeling D1R and D2R, Triton
X-100 was omitted in all buffers. After labeling with antibodies,
brain sections were processed for detection with the avidin-biotin
peroxidase method (Vectastain Elite ABC kit, Vector Laboratories)
and subsequently mounted onto glass slides with Cytoseal (Thermo
Fisher Scientific). Digital images were acquired with a DP-72 CCD
camera on an Olympus BX51 microscope using the Olympus imag-
ing software. For detecting trappc9 in neurons (NeuN) or astrocytes
(GFAP), secondary antibodies conjugated with different fluorescent
dyes were used. Cells in brain sections were identified by Hoechst
34580 staining of nuclei. Brain sections were mounted onto glass
slides with ProLong Gold (Invitrogen) for fluorescence microscopy.
Digital images were acquired through a DP-72 CCD camera on an
Olympus BX51 microscope or with the Leica TCS SP5 confocal
imaging system with the same settings for all conditions. Primary
antibodies for immunohistochemistry were rabbit anti-D1R [1:1000,
customer made in the DiFiglia Laboratory (44)], rabbit anti-D2R
(1:500; Millipore, AB5084P), rabbit anti-DARPP32 (1:1000; Chemicon,
AB1656), rabbit anti-trappc9 (1:250; Abcam, ab104041), mouse anti-
GFAP (1:400; Millipore, MAB3402), and mouse anti-NeuN (1:100;
Millipore, MAB377). Secondary antibodies were as follows: biotinylated
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goat anti-rabbit (1:500; Vector Laboratories, BA-1000), goat anti-
mouse immunoglobulin G (IgG)(H + L), BODIPY FL (1:500; Invitrogen,
B-2752), and donkey anti-rabbit IgG(H + L). Rhodamine Red (1:200;
the Jackson Laboratory, 711-295-152) was used for detection.

Luxol fast blue staining

A series of consecutive 30-um-thick sagittal sections cut from lateral
0.12 mm (31st to 33rd) were mounted on polylysine-coated slides, dried
in air, and processed for luxol fast blue (LFB) staining. Brain sections
on slides were dehydrated by being soaked sequentially in 50, 70, 80, 95,
and 100% ethanol and then incubated with 0.1% LFB in 95% ethanol
at 60°C for 30 min. After being cooled down at room temperature,
the slices were rehydrated and then soaked in 0.05% lithium carbonate
if sections were overstained. Slices were dehydrated as above and cleared
twice in xylene each for 5 min before being covered with Dibutyl-
phthalate Polystyrene Xylene (DPX) and glass coverslips. Stained brain
sections were examined under an Olympus BX51 microscope and
images were collected with a DP-72 CCD camera mounted on the
microscope using the OLYMUPUS cellSens Entry software.

Image analysis and stereology quantification

For measuring the volume of specific brain structures in LFB-stained
brain sections, images were collected from three consecutive sagittal
sections of each brain through an Olympus LMPLFLN 4x objective.
Images were captured from three consecutive coronal sections of
each animal through an LMPLFLN 10x objective and used for de-
termining the density of DARPP32-, D1R-, or D2R-positive cells.
For measuring fluorescence intensities of GFAP signals and con-
tents of NeuN-positive cells in brain sections, images were captured
through a Leica 10x objective. Images used for determining levels of
D1R and D2R on cell surfaces were captured through a 20x objec-
tive with the Olympus BX51 microscopy imaging system. Images
used for analysis using NTH Image] were converted to 8-bit black-
and-white images, with background signals removed from the cor-
responding images. All quantitative analyses were conducted by
two investigators blinded to experimental conditions.

We used images captured from LFB-stained sagittal brain sec-
tions for measuring the volume of brain structures. A given brain
structure was circumscribed using the “freehand selection” tool and
measured using the “measure” function to obtain the cross-section-
al area and to estimate the volume based on the section thickness
and number of sections analyzed. To quantify intensities of GFAP
immunoreactive signals in specific brain regions, each of the specific
brain structures in a brain section was circumscribed using freehand
selection. The cross-sectional area of each brain structure and the
signal intensities within the corresponding brain structure were obtained
using the measure function. Data were expressed as means + SD of
signal intensities per area.

To quantify the number of DARPP32-, D1R-, D2R-, and NeuN-
positive cells, the striatum or nucleus accumbens or other brain
structures were demarcated using the freehand selection tool. The
cross-sectional area of the chosen area in each brain section of each
animal was measured with the measure function and converted into
square millimeters based on the resolution of the images used for
the analysis. We calculated the volume of a brain structure in a
brain section simply by multiplying the measured cross-sectional
area by the thickness of the brain section (30 um). Labeled cells in a
given brain structure from each section of each animal were manu-
ally counted using the “multipoint” tool. Data were represented as
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means = SD of cell number per cubic millimeter. To determine
whether neuronal loss occurs in the hippocampus, we measured the
thickness of the pyramidal cell layer of CA1 to CA3 and the granu-
lar cell layer of the dentate gyrus.

To determine levels of D1R and D2R on neuronal surfaces, we
chose those neurons with a clear edge for analysis in consideration
that not all neurons were in focus. The outer and inner edges of the
soma of a neuron were tracked using the freehand selection tool to
generate two contours. Signal intensities within the outer and inner
contours for each neuron were measured separately. The difference
of signals within the two contours were determined and used for
calculating the ratio to intensities of signals within the outer con-
tour. This ratio from each neuron was designated as levels of D1R
or D2R on the surface of that neuron. Cross-sectional areas of the
outer contour of each chosen neuron were also measured and con-
verted to square micrometers based on the actual resolution of the
image. This value in square micrometers was used for representing
the size of that neuron.

Mouse behavior tests

The mice were housed in gender groups. All behavioral tests start-
ing from 8 weeks of age were performed between 8 p.m. and 4 a.m.
under standard laboratory conditions (at 23° + 2°C and relative humidity
of 45 to 50%). All mice were transferred to the testing room to accli-
mate at least 1 hour before each behavioral test. Two different tests
for each animal were separated by 48 hours to prevent one test from
interfering with the other. All testing apparatuses were cleaned with
70% alcohol and distilled water to eliminate residual odors before
each animal was assessed. In all behavioral tests, animals were randomly
chosen. Experimenters who conducted behavioral tests and data anal-
yses were blinded to the genotype of animals. Behavioral tests were
conducted in the following order: grip strength, rotarod, open field,
novel object recognition, elevated plus maze, three-chamber social
interaction, Morris water maze, and tail suspension. After all behavioral
tests were completed, and a subgroup of WT and trappc9 KO mice
were euthanized for biochemical and histochemical studies.

Grip strength test

The grip strength of mice was measured using a mouse grip strength
meter according to the manufacturer’s instructions (YLS-13A, Jinan
Yiyan Scientific Research Company, Shandong, China). In brief, one of
the two experimenters held the middle part of the mouse tail and
horizontally pulled the animal back with even force until the mouse
withdrew its paws from the dynamometer. The dynamometer auto-
matically recorded the maximal grip strength. The grip strength of
six attempts was averaged.

Accelerated rotarod test

The rotarod apparatus was a five-station rotarod treadmill (YLS-4C,
Jinan Yiyan Scientific Research Company, Shandong, China) and
was set to accelerate from 4 to 40 rpm over 5 min. Each test consist-
ed of three trials with an interval of 30 min for each animal. Each
mouse was evaluated over the course of 8 days (24 total trials). Before
the first trial, all animals were left on the rod for 60 s. During any
trial, mice that turned 180° to face backward (the same direction as
rotation) were gently guided to turn around to face forward (oppo-
site direction of rotation). The trial was terminated when a mouse
fell off. Time and speed to fall off were recorded for each mouse.
Open field test

The open field is a white wooden box [80 cm (length) by 80 cm
(width) by 30 cm (depth)] divided into 16 identical squares on the
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floor and surmounted with a video camera, which was connected to
a computer located in a nearby room. Each mouse was placed indi-
vidually in the same arena and allowed to freely explore for 5 min.
The performance of each mouse was automatically monitored with
the video camera. The total distance traversed and the time spent in
central areas (20 cm by 20 cm) of the arena were automatically scored
using the installed Smart video tracking system (MobileDatum, China).
Novel object recognition test

The novel object recognition test is composed of three test sessions
spread in 3 days. In each testing session, the mouse was allowed to
explore in the box for 5 min. On the first day, no object was placed
in the box. On the second day, two identical objects were placed at
different loci of the box. On the third day, a novel object of different
shape and color was introduced to replace one of the two identical
objects. To exclude effects of olfactory cues, the box and the objects
were thoroughly cleaned with 70% ethanol and distilled water after
each trial. Object exploration time was defined as the length of time
spent in sniffing or touching the object with the nose and/or fore-
paws within 2 cm from the object. Sitting or standing on the object
was not considered as exploration. Exploratory activities of each
mouse in each test session were recorded with an overhead video
camera and scored by two experienced observers blinded to the
genotype of mice.

Elevated plus maze test

The elevated plus maze apparatus consisted of two open arms
[30 cm (length) by 5 cm (width) by 0.3 cm (height)] and two closed
arms [30 cm (length) by 5 cm (width) by 15 cm (height)], which ex-
tended from the central platform [5 cm (length) by 5 cm (height)].
The maze was elevated 50 cm above the floor with a video camera
placed on top of it. Each mouse was gently placed in the center of
the platform with the head facing one of the open arms and allowed
to explore for 5 min. Mouse behaviors were recorded with the over-
head video camera. The time spent in each arm and the number of
entries into each arm was automatically scored with the video track-
ing system (Smart video tracking system, MobileDatum, China).
The percentage of time spent in the open arms and the percentage
of frequencies of entry into the open arms were calculated based on
the total time and total number of entries.

Three-chamber social interaction test

The three-chamber social interaction test was conducted in a clear
rectangular plastic box [60 cm (length) by 40 cm (width) by 22 cm
(height)], which was divided into three equal-sized chambers [20 cm
(length) by 40 cm (width) each] with a door open to the chamber on
either side. Both familiar and stranger animals were WT mice with
the same age and gender as the test mouse and habituated to the
inverted wire cups for 1 hour before experiments. The inverted wire
cups were cylindrical, 10 cm in height, with a bottom diameter of
10 cm. A weighted bottle was placed on top of the inverted cups to
prevent mice from climbing onto the cup. The chambers and wire
cups were cleaned with 70% ethanol and water before and after each
test. Test mice were habituated to the facility for 1 hour before the
start of the test. During the habituation phase, the test mouse was
placed into the middle chamber and allowed to explore all three
empty chambers for 5 min. During the sociability test phase, the test
mouse was first placed in the middle chamber with the doors to
both side chambers closed, and a familiar mouse was placed under
the inverted wire cup in one of the side chambers and an object
under the inverted wire cup in the opposite side chamber. The loca-
tion of the familiar mouse and the object was counterbalanced between
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test trials to exclude side preference. The observer then lifted the
doorways to both side chambers simultaneously, and the test mouse
was allowed to explore all three chambers for 5 min. During the
social novelty test phase, the test mouse was again gently placed into
the middle chamber with the doors closed. Then, a stranger mouse
was placed under the wire cup in the other side chamber opposite to
the familiar mouse. After the doorways to both side chambers were
lifted simultaneously, the test mouse was allowed to explore all
three chambers for 5 min. Activities of test mice were recorded with
a video camera above. The time spent in interacting with each in-
verted wire cup was automatically scored with the video tracking
system (Smart video tracking system, MobileDatum, China). Two
investigators blinded to the genotype of the tested mice evaluated
manually to ensure the accuracy of automatic scorings.

Morris water maze test

The Morris water maze test was carried out in a white circular pool
with a diameter of 120 cm and a height of 40 cm, filled with 23° + 2°C
opaque water. The test consisted of a 2-trial visible platform phase
(1 day) and a 20-trial hidden platform phase (5 days) followed by a
1-trial probe phase (1 day). During the visible platform phase, a vis-
ible platform (9 cm in diameter) was placed 1 cm above the water
surface and a red flag on a plastic cap was placed on the platform to
increase the visibility. During the hidden platform phase, the plat-
form was submerged 1 cm below the water surface and placed in the
middle of the southwest quadrant. The pool was in a dimly lit room
with various external cues and topped with a video camera that was
connected to a computer in a nearby room. The visible platform test
phase was composed of two trials, each for 60 s, with an interval of
30 min between trials. The hidden platform test phase in each day
for each animal was composed of four trials, each for 60 s, with an
intertrial interval of 30 min. Each mouse was tested for five consec-
utive days. During the interval of trials, the test mouse was placed
back in the home cage. In each of the four trials, the test mouse was
placed into a different quadrant of the pool to exclude spatial pref-
erence. If it failed to find the submerged platform within 60 s, the
mouse was placed on the platform to have a rest for 15 s. If it found
the platform, the mouse was allowed to stay on the platform for
15 s. The probe trial was performed the day after the last trial ses-
sion of the hidden platform test phase. During the probe test phase,
the platform was removed, and the mouse was placed in the quad-
rant diagonal to the platform quadrant and allowed to search for the
platform for 60 s. Behaviors of each mouse in each trial were record-
ed using the automated tracking system (Smart video tracking sys-
tem, MoblieDatum, China). The latency to reach the platform, the
speed of swim (cm/s), and the frequency of crossing the original
locus of the hidden platform, as well as the duration of swimming in
the platform quadrant (probe trial), were measured.

Tail suspension test

The tail suspension test apparatus consisted of a metal frame [60 cm
(height) by 72 cm (width) by 15 cm (depth)] with a metal rod above
(1.5 cm in width) and was separated into four acoustically and visu-
ally isolated compartments in equal width so that four animals
could be assessed simultaneously. To prevent tail climbing, mice
were suspended with their tails immobilized on the above metal rod
with adhesive tapes. Immobility was considered as a state of the an-
imal with no visible voluntary movement (less than 1 cm) of its
head, body, or limbs within 5 s or more. Involuntary swinging was
considered as immobility. Each test for each animal lasted for 6 min.
Behaviors of each mouse were recorded with a video camera, and
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the immobility time within the past 4 min of the test was analyzed
and scored by two experienced researchers blinded to the genotype
of the tested animals.

Pharmacological treatment studies

We first determined an optimal time for detecting drug effects by
evaluating exploratory activities of trappc9 KO mice in an open
field at 0.5, 3, 6, 12, 24, and 48 hours after intraperitoneal injection
of SCH23390 (0.1 mg/kg; Tocris, 0925), quinpirole (1 mg/kg; Tocris,
1061), or in combination. As exploratory activities of trappc9 KO
mice were raised to levels of WT mice upon treatment with both
chemicals for 24 hours, we conducted novel object recognition,
three-chamber social interaction, and Morris water maze tests to
evaluate drug effects in trappc9 KO mice on these tasks 24 hours
after a dose of each of SCH23390 and quinpirole was given. For
Morris water maze test, each mouse was evaluated for six consecu-
tive days and thus given six doses of each of SCH23390 and quin-
pirole in total. Behavioral tests were conducted with an interval of
72 hours between different tests to prevent one test from interfering
with the other. Procedures of behavioral tests were the same as above.

Statistical analysis

All statistical analyses were executed using the Prism v.8.0 (GraphPad
Software Inc.). Two-tailed unpaired Student’s t test was conducted
to compare two groups, whereas one-way analysis of variance
(ANOVA) and/or repeated-measures ANOVA followed by Tukey’s
test was used for comparison among multiple groups. All data were
expressed as means + SD unless otherwise noted. P < 0.05 was sta-
tistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/47/eabb7781/DC1

View/request a protocol for this paper from Bio-protocol.
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