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ARTICLE INFO ABSTRACT

Handling editor: Rita Valentino Sorting Nexin 27 (SNX27) is a brain-enriched endosome-associated cargo adaptor that shapes excitatory control,

being relevant for cognitive and reward processing, and for several neurological conditions. Despite this,

Keywords: SNX27’s role in the nervous system remains poorly explored. To further understand SNX27 function, we per-
Nervous system formed an extensive behavioral characterization comprising motor, cognitive and emotional dimensions of
Cognition SNX27*/~ mice. Furthermore, attending on the recently described association between SNX27 function and
I;/::t)iig Nexin 27 cellular stress signaling mechanisms in vitro, we explored SNX27-stress interplay using a Caenorhabditis elegans
Stress Asnx-27 mutant and wild-type (WT) rodents after stress exposure.

SNX27%/~ mice, as C. elegans Asnx-27 mutants, present cognitive impairments, highlighting a conserved role
for SNX27 in cognitive modulation across species. Interestingly, SNX27 downmodulation leads to anxiety-like
behavior in mice evaluated in the Elevated Plus Maze (EPM). This anxious phenotype is associated with
increased dendritic complexity of the bed nucleus of the stria terminalis (BNST) neurons, and increased
complexity of the basolateral amygdala (BLA) pyramidal neurons. These findings highlight the still unknown role
of SNX27 in anxiety regulation.

Moreover, we uncovered a direct link between SNX27 dysfunction and stress susceptibility in C. elegans and
found that stress-exposed rodents display decreased SNX27 levels in stress-susceptible brain regions.

Altogether, we provided new insights on SNX27’s relevance in anxiety-related behaviors and neuronal
structure in stress-associated brain regions.

1. Introduction

Sorting Nexins (SNXs) are pivotal regulators of endocytic processes
and protein intracellular trafficking and signaling (Cullen, 2008; Vieira
et al., 2021). SNXs misregulation has been increasingly associated with
several neurological conditions, which brought attention to this family
of proteins (Vieira et al., 2021). Particularly, the dysregulation of the
brain-enriched SNX27 was shown to occur in conditions such as Alz-
heimer’s disease (AD) (Huang et al., 2016; Wang et al., 2014), Down’s
syndrome (DS) (Wang et al., 2013), addiction (Munoz and Slesinger,
2014; Rifkin et al., 2018), and epilepsy (Parente et al., 2020).

SNX27 is a unique member of the SNXs family, particularly enriched
in the brain, that exerts its function by regulating the recycling of
distinct protein cargoes (Steinberg et al., 2013), and thus their physio-
logical availability, shaping endocytic events that underlie neuronal
function and synaptic plasticity. Specifically, a clear association was
established with glutamatergic signaling as ubiquitous reduction of
SNX27 expression impacts AMPA (o-amino-3--
hydroxy-5-methyl-4-isoxazole propionic acid) and NMDA (N-methyl--
D-aspartate) glutamate receptors recycling (Loo et al., 2014) and
consequently leads to impaired glutamatergic transmission and cogni-
tive performance, which was shown to occur in a DS model (Wang et al.,
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2013). Strikingly, cognitive deficits are rescued by restoring SNX27
expression levels in the hippocampus (HIP) alone (Wang et al., 2013).

SNX27 dysregulation has also been extensively implicated in
neurodegenerative processes, being its expression reduced in AD pa-
tients’ brains (Milne et al., 2019). Mechanistically, SNX27 modulates
y-secretase proteolytic activity (Wang et al., 2014) and amyloid-beta
precursor protein (APP) trafficking through its interaction with SORLA
(sorting-related receptor with A-type repeats), shaping amyloid-beta
(AB) levels (Huang et al., 2016; Wang et al., 2014). Indeed, SNX27
depletion associates with higher AP levels (Steinberg et al., 2013).
Downmodulation of SNX27 in an AD mouse model, APP/PS1, did not,
however, exacerbate amyloidogenesis, but potentiating cognitive
dysfunction in this context (Milne et al., 2019). SNX27 was also shown
to modulate GABAgR-activated GIRK (G protein-gated inwardly recti-
fying potassium channels) signaling, thus markedly impacting mem-
brane excitability/inhibitory processes. Indeed, specific
downmodulation of SNX27 in dopaminergic neurons promotes
increased sensitization to cocaine by modulating GIRK trafficking (Rif-
kin et al., 2018), establishing SNX27 as a promising target for treating
excitability disorders such as drug addiction, due to its role in GABAg.
R-activated GIRK signaling modulation (Munoz and Slesinger, 2014;
Rifkin et al., 2018). Several other SNX27-interacting cargoes have been
identified in vitro, such as the serotonin 5-HT4a receptor, p2-adrenergic
receptors, and glutamate receptor 1 (GLUT1), although their physio-
logical role remains elusive. Despite evidence pinpointing the relevance
of SNX27 in synaptic activity and plasticity and its association with
neuropsychiatric and neurodegenerative disorders (Chandra et al.,
2021), the exact function of SNX27 in the adult brain remains elusive.
Specifically, even less information is available on the role of SNX27 in
modulating emotional and cognitive behavior and on brain
cytoarchitecture.

Of notice, a novel link between SNX27 and stress has been identified.
A recent study has demonstrated that multiple stressors induce SNX27
phosphorylation, compromising SNX27’s function by shifting its role in
endocytic cargo recycling towards proteolysis by the lysosome, pur-
portedly an energy-saving mechanism (Mao et al., 2021). This pinpoints
SNX27 as a novel and unexplored link between cellular-stress responses
and cellular-coping mechanisms. Altogether this set of evidences calls
for a (re)appraisal on how SNX27 contributes to normal brain function
and in response to stress exposure, a condition linked to endocytic
dysregulation, behavioral impairments, and of SNX27 modulation.

Here, we investigated how SNX27 modulation affects cognitive and
emotional behaviors and brain cytoarchitecture. For that, we used the
SNX27 heterozygous mice (SNX271/7), since SNX27 KO (SNX27 /")
mice are not viable (Wang et al., 2013; Loo et al., 2014; Cai et al., 2011).
C. elegans snx27 mutants were used to validate SNX27 cognitive link and
to explore, together with wild-type rodents, SNX27-stress associations.
Our findings demonstrate, for the first time in vivo, a novel association of
SNX27 with emotional regulation and stress susceptibility.

2. Materials and METHODS
2.1. Animals

All experimental procedures were carried out in accordance with EU
directive 2010/63/EU and were approved by the local ethics committee
and Portugal national authority for animal experimentation, Direcao
Geral de Alimentacao e Veterindria (ID 013051). SNX27 heterozygous
(SNX27"/7) mouse model was kindly provided by Dr. Wanjin Hong
(Institute of Molecular and Cell Biology, A*Star, Singapore). Animals
were generated by crossing heterozygous animals on a C57BL/6 and
129/SV mixed background. The SNX27"/~ mouse model is identical to
their WT littermates, being produced in Mendelian ratios. Males and
females were separated. Males WT and SNX27+/~ mice of approximately
6-month-old were group-housed in standard cages (4-6 mice per cage).
Mice were housed under standard environmental conditions (artificial
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12 h light/dark cycles, ambient temperature of 22 °C + 1 °C and relative
humidity of 50-60%) with ad libitum access to food and water. Groups
were maintained in corn cob bedding (Scobis Due, Mucedola SRL, Set-
timo Milanese, Italy) housing and supplied with sterile shredded paper
as environmental refinement. Health monitoring was performed in
compliance with FELASA guidelines (Mahler Convenor and Berard,
2014) validating the specified pathogen-free (SPF) health status of
sentinel animals maintained in the same facilities.

Two independent and distinct behavioral experiments were carried
out: data from the first experiment is referred to as “set 1” and from the
second experiment as “set 2”. For set 1, male SNX27%/~ and WT litter-
mate controls were subdivided in two experimental groups according to
their genotype (set 1 — Fig. 1A): WT (n = 6) and SNX27"/~ (n = 5). An
additional and distinct set of animals was also analyzed (set 2) to com-
plement set 1. Males SNX27/~ (n = 8) and WT littermates (n = 9) were
used in the second experiment (set 2 — Fig. 1B). Animals were weekly
monitored for significant weight alterations, as other described health
markers. Animals were handled every day for a period of 2 weeks prior
to the beginning of the behavioral characterization for habituation to the
presence of the experimenter and stress reduction. Mice were behav-
iorally characterized during the light period of the light/dark cycle be-
tween 10 a.m. and 5 p.m. Results from set 1 are always depicted, as this is
the representative set, and z-scores from both behavior sets analyzed are
indicated always as possible.

Caenorhabditis elegans strains used were obtained from the National
BioResource Project in Japan: N2 (wildtype) and Asnx-27 (tm5356). For
the thermo-tolerance assay (heat-shock stress), daf-2 (e1370) was used
as a control (Kenyon et al., 1993). For the associative learning assay,
CL2355 strain was used as a control. The CL2355 strain is a transgenic
model with pan-neuronal expression of human Afj.43, suitable for
evaluating sensory and survival behaviors that are altered by the
neuronal expression of Ap (Wu et al., 2006) with a reported inability to
associate the nutrient-deprived environment with an environmental cue
(Dosanjh et al., 2010). Strains were kindly provided by the Caeno-
rhabditis Genetics Center (CGC), which is funded by NIH office of
research infrastructure program (P40 OD010440). Mutant genotyping
was performed by standard PCR, as previously described (Vieira et al.,
2018). C. elegans strains were grown according to standard conditions at
20 °C in NGM plates seeded with Escherichia coli, OP50 strain. Her-
maphrodite worms were used in all tests.

Tissue samples from Wistar Han rats (Charles-River Laboratories
Barcelona) exposed or not to a chronic stress protocol were used in this
study (Aslani et al., 2015). Briefly, animals were previously to the
execution of this work housed under standard laboratory conditions
(two rats per cage; room temperature 22 °C and humidity of 55%; light
change every 12 h with lights on at 0800 h; food and water ad libitum).
All animals were used in accordance with European Union regulations
(Directive 86/609/EEC); and the experimental protocol was approved
by the national competent authority, Direcao Geral de Alimentacao e
Veterinaria (DGAV). At approximately 13 weeks of age were subdivided
in control (CON n = 11) and exposed to chronic mild stress groups (CMS
n = 8) (Aslani et al., 2015).

2.2. Animals behavior

2.2.1. Mice

Mice were behaviorally characterized regarding distinct behavioral
dimensions: emotion, locomotion, and cognition. Mice were transported
and left for habituation to the testing room for 1 h prior to the behavioral
test. Behavioral experiments were performed during the light period of
the light/dark cycle and in the following described order, according to
the sensitivity of the test to avoid potential between-test interference
effects. Locomotion was inferred by the Open Field (OF) test. Anxiety-
like behavior was assessed by Elevated Plus Maze (EPM) test and by
the Light/Dark Box (L/D Box) test. Depressive-like behavior was eval-
uated by the Forced Swim Test (FST). Cognitive behavior was assessed
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Fig. 1. Experimental timeline and the effects of SNX27 downmodulation on biometric parameters. A-B. Schematic representation of experimental timelines. WT and
SNX27*/~ mice were divided according to their genotype. Behavioral tests were performed in the order shown to assess locomotor (Open Field), anxiety-like
(Elevated Plus Maze (EPM), Light/Dark Box (L/D Box)) and depressive-like (Forced Swim Test (FST)) behavior, and cognition (Novel Object Recognition Test
(NORT), Two Trial Place Recognition in Y-Maze (TTPR Y-Maze), Morris Water Maze (MWM)). All tests were performed in the light phase of animals’ diurnal light
cycle. Behavior tests performed in both sets of animals are represent in bold. Body weight was measured every week. C-D. Animals’ body weight was monitored
weekly. Body weight changes were significantly different over time regardless of genotype. E-H. Post-mortem tissue weight was also monitored. No significant
differences were observed between groups regarding adrenal glands weight (E and G), nor thymus weight (F and H) on both sets. WT mice are represented in green
and SNX27/~ mice in yellow. Data is presented as mean =+ standard error of the mean (SEM). WT = 6 (behavior 1) and 9 (behavior 2); SNX27"/~ = 5 (behavior 1)

and 8 (behavior 2).

by the Novel Object Recognition (NORT), Two-Trial Place Recognition
(TTPR) in the Y-Maze and Morris Water Maze (MWM) tests. Experi-
ments, except for the L/D Box, TTPR and MWM tests, were performed in
both behavior sets, and the results are representative of both experi-
ments. All behavioral analyses were performed blinded to the
researcher.

2.2.1.1. Elevated Plus Maze. Anxiety-like behavior was evaluated by the
EPM test (Pellow et al., 1985). The EPM consists in an elevated,

plus-shaped apparatus (MedAssociates, St Albans, VT, USA) with two
opposite open arms (50,8 cm x 10,2 cm) and two closed arms (50,8 cm x
10,2 cm x 40,6 cm) elevated 72,4 cm above the floor with an intersection
area of 100 cm?. Animals were placed individually in the center of the
intersection area, facing an open arm, and then were allowed to freely
explore the maze for 5 min. The maze was cleaned with 10% ethanol
between trials to remove any trace odors. Behavioral activity was
recorded using a suspended video camera and analyzed using EthoVi-
sion XT 13.0 (Noldus Information Technology, Netherlands). The ratio
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of time animals spent in the open arms versus in the closed arms was
considered an index of anxiety-like behavior, as well as the avoidance
index that was calculated following equation (a).

time spent in the open arms

avoidance index = — - a
time spent in the closed arms

2.2.1.2. Open Field. Locomotor and exploratory activity were assessed
by the OF test. The OF test consisted in a closed apparatus of 30,5 cm
height with a highly illuminated square arena of 43,2 cm x 43,2 cm.
Animals were placed individually in the center of the arena and allowed
to explore it freely for 5 min and their movement was traced using a two
16-beam infrared system. The arena was cleaned with 10% ethanol
between trials. Data was extracted using the Activity Monitor software
(Med Associates, Inc., Vermont, USA), considering a central and an outer
zone. Distance travelled in the arena (locomotor behavior), activity
(distance and/or time spent) in the center of the arena (anxious-like
behavior).

2.2.1.3. Light/Dark Box test. The Light/Dark Box test is one of the most
widely used tests to measure anxiety-like behaviors in mice. For this test,
the OF arena was equally divided into light and dark compartments with
a dark plastic box connected by an entrance, that occupied half of the
locomotor apparatus. Animals were placed at the center of the arena
facing towards the dark compartment and were allowed to freely move
between the two chambers for 10 min. The arenas were cleaned with
10% ethanol between trials. Data was extracted using the Activity
Monitor software (Med Associates, Inc., Vermont, USA), considering a
light zone and a dark zone. Distance and location travelled in each
compartment (light and dark) of the arena were automatically registered
and quantified.

2.2.1.4. Forced swim test. The FST is a predictive validated behavioral
paradigm used as a measure of depressive-like behavior. Animals were
placed in individual cylinders filled with water (24 °C, 50 cm of depth)
separated by a piece of paper, for 6 min. After 6 min, the animals were
removed from the cylinder and placed in a warmed environment to
avoid risk of hypothermia. Behavior was recorded using a video camera
and immobility times analyzed using EthoVision XT 13.0 (Noldus In-
formation Technology, Netherlands). Latency to immobility and
immobility time were analyzed during the last 4 min of testing since the
animals show more stable levels of immobility during this period. An
animal was considered to be immobile when it made only necessary
movements to keep its head above water.

2.2.1.5. Two-Trial Place Recognition test in the Y-maze. The TTPR in the
Y-Maze was designed to evaluate spatial recognition memory, a form of
episodic-like memory. The apparatus was composed by three identical
arms (29,5 cm x 7,5 cm x 15,5 cm) which are randomly designated
starter arm, familiar arm, and novel arm. Each arm contained visual cues
placed in the top of the walls to increase spatial recognition and navi-
gation. The test is divided in two trials. For the first trial, mice were
allowed to explore two arms (starter arm and familiar arm) for 10 min.
On the second trial (retrieve trial), for a period of 5 min, mice were
allowed to freely explore the 3 arms. The two trials were separated by an
inter trial interval of 1 h in which the animals returned to their home
cages. The test was performed in dimmed light conditions and the maze
was cleaned with 10% ethanol between trials. Behavioral activity was
recorded with a video camera and analyzed using EthoVision XT 13.0
software (Noldus Information Technology, Netherlands). Data was
expressed as a discrimination index (DI) of time and distance, calculated
for the distal third of each arm using equation (b). A positive D.L in-
dicates preference for the novel arm, meaning that mice retained a
memory of the arms previously explored (start and familiar), and
therefore display a better spatial recognition performance.
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DI time spent in the new arm — time spent in the familiar arm

" time spent in the new arm + time spent in the familiar arm

2.2.1.6. Novel Object Recognition Test. The NORT was performed to
assess recognition memory. The test was conducted under a dim white
light in a white box (33 x 33 x 33 cm). For behavior 1, the test lasted 4
consecutive days: three initial days of pre-training, and one day of the
performance test (object recognition). During the pre-training period,
mice were habituated to the empty apparatus for 20 min each day. For
behavior 1, in the object recognition day, animals were first placed in the
apparatus at the mid-point of the wall opposite to the sample objects and
allowed to freely explore for 10 min. After 1 h, animals were placed back
in the apparatus with one of the previous used objects (familiar) and
with a novel object, placed in the same positions as before and allowed
to freely move and explore for 5 min. For behavior 2, the pre-training
phase of the protocol was performed as previously described. 24 h
later, on the object recognition day, animals were placed in the appa-
ratus as before and allowed to freely explore the objects for 10 min, 1 h
later animals were placed in the arena with the object in a new location
and allowed to freely explore for 5 min. Behavioral activity was recorded
with a video camera and analyzed using EthoVision XT 13.0 software
(Noldus Information Technology, Netherlands). Data was expressed as
the percentage of interaction with the new object and as a discrimina-
tion index (DI), calculated using equation (c).

DI — interaction time with new object — time interaction time with old object

interaction time with new object + interaction time with old object
c

2.2.1.7. Morris Water Maze. The MWM is a behavioral paradigm
designed to evaluate spatial learning and memory. Spatial learning was
evaluated by repeated trials, while reference memory was determined
by preference for the area where the platform was during the repeated
trials when the platform was absent (probe trial). Briefly, animals were
placed in a round pool (diameter of 116 cm) filled with water (T = 24 °C)
above a hidden platform (6 cm), divided in 4 imaginary quadrants in a
dimly illuminated room with spatial clues on the walls. During a period
of 4 days, 4 trials per day, mice were allowed to explore the pool and
learn the position of the hidden platform. For each trial, animals were
gently placed near the periphery of the pool in a different quadrant and
finished when the mice reached the platform, or after 60 s. When the
animal was incapable of finding the platform within 60 s, the animal was
guided to the platform and left for additional 20 s. The latency to reach
the platform was recorded for each trial during the days of the test. In the
last day, the probe test was performed to infer reference memory per-
formance. In the probe test, the platform was removed, and the animal
placed in the pool for 60 s. The time and distance swam in each quadrant
was evaluated to infer if mice learned the location of the platform
through reference memory. Animals’ performance was recorded using a
video camera and analyzed using EthoVision XT 12.0 (Noldus Infor-
mation Technology, Netherlands). In addition, adopted strategies to
reach the hidden platform during spatial memory evaluation were
analyzed, using the heatmap outputs of the video tracking software, and
categorized into six predefined search strategies, as previously described
(Graziano et al., 2003): thigmotaxis, random searching, scanning,
self-orienting, approaching target, and direct finding. Accordingly, 3
blocks of search strategies were considered based on the previous clas-
sification: no reach and non-directed strategies (non-hippocampal
dependent), and goal-directed strategies (hippocampal-dependent). To
classify the swimming paths undertaken during each trial into categories
the following criteria were used: the complexity of the swimming path
by analyzing dynamic characteristics of the trajectories (circular swim,
changes in direction and position in the maze), and efficacy in finding
the platform. Strategies classification was performed blind to the
researcher.
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2.2.2. C. elegans

2.2.2.1. Oxidative-, and thermo-tolerance assays. For tolerance assays,
animals were subjected to distinct stresses and checked for viability
every 2 h (thermo-tolerance) or after 4 h (oxidative stress). For heat
shock experiments (thermo-tolerance), synchronized young adult ani-
mals were grown at 20 °C and then transferred to 35 °C in a temperature-
controlled incubator and checked every 2 h for death. To perform the
oxidative stress, synchronized young adult animals were placed in
freshly seeded plates with 10 mM H30, and checked every for 4 h for
dead animals. More than 50 animals were analyzed per strain per
experiment, and at least three independent replicates were performed
for each assay.

2.2.2.2. Associative memory assay. Associative learning assays were
performed as described by (Vukojevic et al., 2012). Briefly, synchronous
adult animals at 20 °C were used. Worms were washed three times with
CTX buffer (1 mM CaCly, 1 mM MgSO4, 5 mM KH3PO4, pH 6.0), and
placed for 1 h in NGM plates conditioned with diacetyl (DA) without
food. Worms were then collected and transferred to NGM plates seeded
with E. coli, OP50 strain, for 30 min to recover in the presence of food.
Two cycles of conditioning were performed immediately after the sec-
ond recovery phase, naive and conditioned worms were tested for
chemotaxis toward DA. Learning index was calculated as the subtraction
between naive chemotaxis index and conditioned chemotaxis index.

2.2.3. Chemotaxis assays

Chemotaxis assays were performed with synchronous adult animals
at 20 °C as previously described (Vieira et al., 2018; Bargmann et al.,
1993). Worms were washed three times with CTX buffer (1 mM CacCl,, 1
mM MgSO4, 5 mM KH3PO4, pH 6.0), and about 200 placed at the origin
point of a 10 cm plate that was equidistant to the attractants, diacetyl
(DA, 1% in absolute ethanol) and vehicle (absolute ethanol) point. To
prevent worms from moving once they reached the attractants and
vehicle, NaN3 (1 M) was added to the attractant and vehicle points of the
plates. After 1 h worm’s distribution over the plate was calculated and
the chemotaxis index (CI) determined as previously described (Barg-
mann et al., 1993).

2.3. Stereological analysis

3D morphological analysis of neurons was performed on Golgi-Cox-
stained neurons at the dorsal and ventral parts of the dentate gyrus (DG)
of the hippocampus, basolateral (BLA) amygdala and bed nucleus of the
stria terminalis (BNST) regions. The mouse brain subregions were
identified according to Paxinos mouse brain atlas. Briefly, brains were
removed from the skull and impregnated in a Golgi-Cox solution (5 parts
of 5% potassium dichromate solution, 5 parts of 5% mercury chloride
solution, and 4 parts of 5% potassium chromite solution) for 14 days in
the dark at room temperature (RT). After this period, brains were
transferred to a 30% (w/v) sucrose solution in PBS and kept at 4 °C until
further processing. A vibratome (MicroHM-650 V) was used to section
the brains in slices of 200 pM thickness. Brains were then blotted onto
gelatin-coated microscope slides and alkalinized in 18.7% ammonia.
Slices were developed in Dektol (Kodak, Rochester, NY, USA), fixed in
Kodak Rapid Fix, dehydrated and xylene cleared before mounted in
Entellan and coverslipped. Neurons from WT (n = 6) and SNX27~ (n
= 5) mice were analyzed and a minimum of 6 neurons were studied per
animal. Each selected neuron was evaluated using a motorized micro-
scope (Axioplan-2, Zeiss) with a coupled camera (CMA-D2, Sony)
controlled by the Neurolucida software (MBF Bioscience, USA) under
100x (oil) magnification. 3D analysis of the reconstructed neurons was
conducted using the NeuroExplorer software (MBF Bioscience, USA).
Data was analyzed following distinct parameters such as total dendritic
length and Sholl analysis. Additionally, in BLA and BNST regions,
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approximately 4 neurons per animal were considered for spine classifi-
cation in 30 pm segments (3 segments per neuron). Spines classification
was based on morphology depending on the size of their heads and
constriction of their necks: thick (if the diameter of the neck was similar
to the total length of the spine), mushroom (if the diameter of the neck
was much lower than the diameter of the head), thin (if the length was
higher than the neck diameter and if the diameters of the head and neck
were similar), and ramified (if had more than one head).

2.4. Tissue processing

Mice were anesthetized with a mixture of ketamine (75 mg/kg,
Imalgene, USA) and metedomidine (1 mg/kg, Syba, USA) solution and
then transcardiacally perfused with 0.9% of NaCl solution. Animals from
set 1 were used for neuronal 3D reconstruction (described in the Ste-
reological Analysis section) and for molecular analysis (Aslani et al.,
2015). The brains were extracted from the skull and macro dissected
(prefrontal cortex (PFC)). Adrenal glands and thymus weight were
assessed. All tissue samples were stored at —80 °C for further analysis.

2.5. Statistical analysis

The animal sample size, concerning the studies with mice, was
calculated using G*Power 3.1.9.4 software, fixing significance level ()
= 0.05, effect size = 0.45 and power (1-f) = 0.7. Effect size used was
inferred according to the available literature on similar animal studies.
Sample size involving rats was calculated as reported in (Aslani et al.,
2015). Statistical analysis and graphic’s representation were carried out
using GraphPad Prism 8 (GraphPad Software, La Jolla, USA) and IBM
SPSS Statistics 28.0.1.1 (IBM Com, USA). All data assuming a Gaussian
distribution by the Kolmogorov-Smirnov normality test followed para-
metric tests while non-parametric tests were used for discrete variables.
Student’s t-test was applied to analyze behavioral data and dendritic
neuronal length data. Whenever possible, data from both behavior sets
were used in the analysis as z-scores. Two-way repeated measures
ANOVA was used to analyze animals’ weight, escape latency in the
MWM, and dendritic complexity followed by Tukey post-hoc analysis for
multiple comparisons. Regression analyses were also used to evaluate if
the genotype was able to explain behavioral data variability. For stra-
tegies categorization on the MWM, the Pearson Qui-Squared test was
carried out. C. elegans thermo-tolerance assay was plotted using
Kaplan-Meier survival curves and analyzed by log rank test and the
oxidative stress analyzed by student’s t-test. One-way ANOVA was used
to analyze associative learning indexes. Student’s t-test was also applied
to explore SNX27 mRNA expression levels in the rat model. Data is
expressed as mean + SEM (standard error of the mean). Statistical sig-
nificance was considered for p < 0.05 and is indicated by an asterisk (*).
A detailed statistical report for each analysis that was carried out is
represented in Supplementary Table 1.

3. Results
3.1. Experimental design and biometric parameters

SNX27%/~ mice display ubiquitous reduction of SNX27 expression
(Cai et al., 2011). SNX27 levels were monitored in distinct brain regions
of SNX27"/~ mice, such as PFC, dorsal HIP, and ventral HIP, by
RT-gPCR and WB (Supplementary Fig. 1). SNX277/~ mice and WT
littermate controls were studied (set 1 —Fig. 1A, set 2 —Fig. 1B). To assess
the potential interference of genotype, we monitored body weight al-
terations, post-mortem adrenal glands, and thymus weight. Briefly, a
weekly analysis of body weight was performed on all the animals. No
differences were identified related to the impact of genotype in the first
set analyzed [F (1,9) = 0.1441, p = 0.7130] (Fig. 1C). Similarly, in the
second set of animals, comparison between genotypes discarded any
significant differences on body weight (Fig. 1D). Moreover, concerning
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post-mortem tissue analysis, neither adrenal glands (Fig. 1E and G) nor
thymus (Fig. 1 F and H) weight were impacted by SNX27 down-
modulation on both sets (set 1 - [t(9) = 0.4543, p = 0.6604 and t(9) =
1.440, p = 0.1839, respectively], set 2 - [t(14) = 1.805, p = 0.0926 and t
(15) = 1.720, p = 0.1059, respectively].

3.2. SNX27 downmodulation decreases cognitive performance in mice

Prior reports have shown that SNX27%/~ mice have learning and
memory deficits (Wang et al., 2013; Milne et al., 2019). To further
explore SNX27’s impact on cognitive performance, we performed a
battery of tests such as spatial recognition memory and episodic-like
memory/hippocampal function (NORT/TTPR); and spatial learning
and reference memory (MWM), using WT and SNX27"/~ animals.

Locomotor activity, evaluated by the OF, was not affected by SNX27
expression reduction [t(9) = 0.1362, p = 0.8946] (Fig. 2A). Similar
findings were observed concerning z-scores analysis of both behavioral
sets [t(25) = 0.5396, p = 0.5943] (Fig. 2B). No differences were found
regarding exploratory (Supplementary Fig. 2A) or locomotor (Supple-
mentary Fig. 2B) activities in the OF and EPM, respectively.

Recognition memory is affected by genotype as evaluated by the
NORT and TTPR, as previously reported (Wang et al., 2013). Although
on set 1 no significant differences were found between WT and
SNX27"/~ mice regarding the time of interaction with the novel object
or the discrimination between familiar and novel objects [t(8) = 1.592,
p = 0.1500] in the NORT (Fig. 2C-D), a regression model applied to the
data indicates that genotype explains the variability observed in the time
animals spent interacting with the new object (Table 1). Additionally, in
a distinct NORT paradigm designed to assess spatially dependent
memory, SNX27 "/~ animals spent less time interacting with the object
in the new location [t(11) = 3.265, p = 0.0075] (Fig. 2E), while also
exhibiting decreased aptitude to discriminate between objects [t(11) =
3.222, p = 0.0081] (Fig. 2F). Deficits in recognition memory were
corroborated by the TTPR in the Y-Maze that evaluates spatial recog-
nition memory. SNX27%/~ animals display a deficit in recognition
memory, spending significantly less time in the novel arm of the maze [t
(12) = 2.177, p = 0.0501] (Fig. 2G) and reduced capacity to discrimi-
nate between arms when compared to their WT littermate controls [t
(12) = 2.363, p = 0.0358] (Fig. 2H). Spatial memory was also evaluated
through the MWM paradigm. During the spatial learning phase,
two-way repeated measures ANOVA indicated that mice were able to
successfully learn the task [F (2.494,22.45) = 7.437, p = 0.0020],
despite genotype [F (1,9) = 0.011, p = 0.9204] (Fig. 2I). In the probe
test, designed to assess reference memory, SNX27"/~ mice did however
not spend significantly more time in the target quadrant (previously
containing the hidden platform) compared to the average of the other
quadrants (p = 0.3964) (Fig. 2J). This suggests that SNX27 deficiency
impaired cognitive performance. A comprehensive analysis of the
spatial strategies (Graziano et al., 2003) adopted to reach the hidden
platform (Fig. 2K) revealed that SNX277/~ mice adopted less
goal-directed strategies when compared to WT littermate controls (y(1)

= 5.328, p = 0.0210). which suggests an impairment of
hippocampal-dependent function upon SNX27 downmodulation
(Fig. 2L).

3.3. SNX27 knockout alters cognitive performance in C. elegans

To further explore the link between SNX27 and cognitive perfor-
mance, we measured associative learning in a Asnx-27 mutant C. elegans.
The olfactory adaptation of C. elegans to volatile chemicals is well
described (Nuttley et al., 2002). The pairing of an attractant odor with
adverse conditions, like starvation, will reduce the attractive response of
the nematodes to the same odor, because of the worms capacity to learn
and remember environmental features that predict good or aversive
stimuli (Ardiel and Rankin, 2010). The Asnx-27 mutant displays normal
chemotaxis behavior to distinct odors, like diacetyl alcohol (DA),
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comparing to WT controls (Vieira et al., 2018). Therefore 1% DA in
ethanol was used as odorant, and 100% ethanol as a solvent control for
the chemotaxis assays (Fig. 2M). After pairing DA with food deprivation,
the chemotaxis index (CI) of conditioned WT worms was significantly
reduced, comparing to the naive CI [t(11) = 5.9, p = 0.0001], as ex-
pected. However, Asnx-27 mutant presented impaired CI, as well as the
CL2355 strain, which is a chemotaxis deficient strain that was used as
control. Asnx-27 KO mutant exhibited a marked decrease in the learning
index, compared to wild-type worms (p = 0.0125) (Fig. 2M). This defect
was also evident in the CL2355 line (p = 0.0001) (Fig. 2M), highlighting
that after conditioning, mutant worms still approached DA and thus
failed to learn its association with the aversive stimuli of starvation.

3.4. SNX27 downmodulation induces anxiety-like behavior in mice

Next, we investigated how the downregulation of SNX27 affected
emotional behaviors, and for that, evaluated potential emotional deficits
in SNX27"/~ mice.

Downmodulation of SNX27 induced an anxious-like phenotype,
inferred by a decreased time spent on the open arms of the EPM [t(9) =
2.552, p = 0.0311]. (Fig. 3A). Similar findings related to the down-
modulation of SNX27 were found concerning the z-scores analysis of
both experiments [t(26) = 2.551, p = 0.0170] (Fig. 3B). A more anxious
profile correlates with reduced ratios between time spent in the open
arms and in the closed arms of the maze, the avoidance index. Statistical
analysis of avoidance indexes highlighted a tendency dependent on
SNX27 downmodulation [t(8) = 2.115, p = 0.0674] (Fig. 3C), which
was confirmed by the z-scores analysis of the 2 sets of animals [t(26) =
2.616, p = 0.0146] (Fig. 3D), with animals displaying reduced avoid-
ance indexes in these conditions. Of notice, exploratory activity was
preserved in SNX27 "/~ mice, as shown by the number of rearings in the
OF (Supplementary Fig. 2A) and the number of entries in the closed arms
of the EPM (Supplementary Figs. 2C-D). Data from another contextual
behavior paradigm, the L/D Box test, revealed, however, no significant
differences between SNX27 1/~ and WT littermate controls (light zone: [t
(12) = 1.759, p = 0.1041], dark zone: [t(12) = 1.606, p = 0.1343])
(Fig. 3E).

Helplessness behavior, a behavioral dimension used to evaluate
depressive-like behaviors, was measured through the FST. WT litter-
mates and SNX27/~ animals displayed similar immobility times, indi-
cating that there was no significant effect of SNX27 expression reduction
[t(9) = 1.142, p = 0.2830] (Fig. 3F). Accordingly, z-score analysis of
both experimental sets indicated no significant effects on immobility
time between WT and SNX27+/~ mice [t(26) = 1.341, p = 0.1916], as
indicated by the t-test (Fig. 3G). Similar findings were obtained by the
TST (Supplementary Fig. 2E), indicating that SNX27/~ animals do not
display depressive-like behavior.

3.5. SNX27-induced anxiety associates with BLA and BNST hypertrophy

To evaluate potential plastic changes arising from SNX27 down-
modulation, we performed a 3D-neuronal morphology analysis to sur-
vey neuronal structure, dendritic arborizations, and synaptic contacts of
SNX27"/~ mice and WT littermates. In light of the cognitive and
anxiety-like phenotypes, we focused the analysis on brain regions that
associate with the regulation of these behavioral traits, namely, the
dorsal hippocampus (dHIP) - cognition; and the ventral hippocampus
(vHIP), the amygdala (BLA nuclei) and the BNST - anxiety.

Dorsal hippocampal DG granular neurons (Fig. 4A) did not signifi-
cantly differ in total dendritic length due to SNX27 downmodulation [t
(44) =1.697, p = 0.0967] (Fig. 4B). To further investigate the effects of
the above mentioned on cellular morphology, a segmental (Sholl)
analysis was performed to determine changes in dendritic complexity as
a function of radial distance from the cell body (Fig. 4C). Data indicated
a significant effect of distance from the cell body, which was indepen-
dent of SNX27 downmodulation [F (44,1936) = 112.4, p < 0.001].
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Table 1

Regression Model testing the effect of SNX27 downmodulation on explaining the
variability observed on time of interaction with the novel object during the
NORT on behavior 1 animals.

B SE

P
—0.341

t Significance

Genotype —17.220 6.173 —2.790 0.007

Similarly, ventral hippocampal DG granular neurons (Fig. 4D) did not
significantly differ in total dendritic length (Fig. 4E) due to down-
modulation of SNX27 [t(44) = 1.593, p = 0.1183]. In agreement with
the above measure, Sholl analysis of dendritic complexity also revealed
no changes between groups (Fig. 4F). No significant effects were also
observed, neither in total dendritic length nor dendritic complexity, as a
result of downmodulating SNX27 in hippocampal CA1 neurons (Sup-
plementary Figs. 3A-B).

Neurons of the basolateral amygdala (Fig. 4G) and bed nucleus of the
stria terminalis, regions susceptible to dendritic remodeling and intrin-
sically linked with anxiety-like traits, were also analyzed. Down-
modulation of SNX27 significantly impacted on neuronal dendritic
length of basal (Fig. 4H) and apical (Fig. 4I) dendrites in the BLA, where
SNX27*/~ mice presented increased dendritic length compared to WT
mice. In the dendritic arborization analysis of basal dendrites, a signif-
icant interaction between downmodulation of SNX27 and distance from
the cell body was highlighted [F (16,784) = 1.885, p = 0.0187] (Fig. 4J).
Concerning apical dendrites arborization, an interaction between dis-
tance from the soma and experimental groups was observed [F
(22,1078) = 1.744, p = 0.0181], in addition to an effect of SNX27
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downmodulation [F (1,49) = 4.765, p = 0.0339]. (Fig. 4K). The number
of branch points in basal and apical dendrites of BLA pyramidal neurons
was also analyzed. Regarding the number of branch points of the basal
dendrites, a significant effect of SNX27 downmodulation was observed,
as shown by the increased number of branch points in SNX27/~ mice
BLA neurons (Fig. 4L). In the apical dendrites, no significant effect of
SNX27 downmodulation was observed (Fig. 4L). (Fig. 4L). We also
analyzed spine density and maturity in basal and apical dendrites of BLA
neurons. Regarding spine density, no significant effect was found despite
of SNX27 downmodulation (Supplementary Fig. 3C). Focusing on the
number of mature spines, in the basal neurons of the BLA, an effect of
spine maturity was found [F (1,44) = 13.37, p = 0.0007]. Further post
hoc analysis showed an increased number of immature spines in the
SNX27"/~ mice (p = 0.0053). Concerning the number of mature spines,
in the apical neurons of the BLA, similar findings were highlighted
where an effect of spines maturity [F (1,44) = 10.59, p = 0.0022], as
well as, an interaction between this and genotype [F (1,44) =9.317,p =
0.0038] was found. SNX27"/~ mice present increased number of
immature spines (p = 0.0003) (Supplementary Figure 3D).

Finally, we shifted our focus to the BNST region (Fig. 4M) and
analyzed total dendritic length, dendritic complexity, and spine density.
No differences were observed in total dendritic length due to SNX27
downmodulation (Fig. 4N). Analysis of overall dendritic complexity
highlighted an effect of distance from the soma [F (4.266, 123, 7) =
90.03, p < 0.001], as well as an interaction between distance and
downmodulation of SNX27 [F (29,841) = 2.937, p < 0.001] (Fig. 40).
As to the analysis of the number of branch points, an effect of SNX27
downmodulation was observed, demonstrated by a significant increase
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Fig. 3. Behavioral effects of SNX27 downmodulation on emotional regulation. A-E. Anxiety-like behavior was assessed through the Elevated Plus Maze (EPM) and Light/
Dark Box (L/D Box) tests. SNX27 "/~ mice spent less time in the open arms of the maze (A) and display decreased avoidance index (C) during the EPM test. Average z-
score for percentage of time spent in the open arms of the maze for both behavior sets exhibited the same result (B). No significant differences were found in the time
spent in the light zone versus dark zone of the arena in the L/D Box test, regardless of genotype (E). F-G. Depressive-like behavior was assessed by the Forced Swim
Test (FST). No significant differences were observed between groups in the immobility time (F) and the same was observed for average z-scores of the same measure
(G). WT mice are represented in green and SNX27%/~ mice in yellow. Data is presented as mean + standard error of the mean (SEM).
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Fig. 4. 3D morphometric analysis of Golgi-Cox impregnated neurons of the dorsal and ventral dentate gyrus (DG) (Hippocampus (HIP)), basolateral amygdala (BLA), and bed
nucleus of the stria terminalis (BNST) regions. A-C. Dorsal DG region of the hippocampus. No significant effects of SNX27 downmodulation were observed regarding
total dendritic length (B), or neuronal complexity (C). D-F. Ventral DG regions of the hippocampus. No significant effects were observed in dendritic length (E) or
neuronal complexity (F) regardless of SNX27 downmodulation. G-L. Basolateral amygdala sub-region. Analysis of dendritic length of basal (H) and apical (I)
dendrites indicated increasing neuronal length in SNX27/~ mice. Analysis of dendritic arborization indicated that no significant differences between groups in basal
(J) or apical dendrites (K). The number of branch points in basal (L) and apical (M) dendrites was also analyzed. No significant differences were observed between
groups in apical dendrites, although, in basal dendrites, SNX27/~ animals were significantly increased (K). M-Q. Bed nucleus of the stria terminalis region. No
significant differences were observed between groups in analysis of dendritic length (N) and/or dendritic arborization (0). The number of branch points were
iAncreased in SNX277/~ mice (P). In spine morphology analysis, an effect of SNX27 downmodulation was observed in mushroom spines (Q).

in the number of branch points in SNX27 "/~ mice [t(29) = 2.323, p = worms grown at 20 °C were placed at 35 °C and monitored for death
0.0274] (Fig. 4P). Additionally, analysis of dendritic spines was also every 2 h Asnx-27 mutants presented a reduced lifespan of 15 h (Kaplan-
pursued and revealed a significant effect of SNX27 downmodulation in Meier, p < 0,0001), compared to WT worms that display a lifespan of 24

mushroom spines, where SNX27/~ mice presented an increased num- h (Fig. 5A).
ber of mushroom spines (p = 0.0189) (Fig. 4Q), although this finding did Regarding the oxidative stress assay, Asnx-27 mutant worms are also
not translate into an increase in spine density nor to an increase in the significantly more susceptible when compared to WT worms (Fig. 5B).
number of mature spines per se (Supplementary Figs. 3E-F). The percentage of death after exposure to 10 mM of HyO5 for 4 h was
14% (SD = 2,8) for WT worms, and 64% (SD = 5,6) for Asnx-27 mutant
3.6. SNX27 is associated with stress susceptibility worms (p = 0,007). The median lifespan for WT worms was of 8 h and
for Asnx-27 mutant worms of 4 h (Kaplan-Meier, p < 0,0001; data not
Physiological and psychological stresses induce anxiety disorders shown).
and lead to pronounced changes at a molecular level in the brain (Sriram We then assessed the impact of chronic stress exposure on SNX27
et al., 2012). Focusing on the growing body of evidence indicating that expression levels. For that we used brain samples from a more complex
physiological/biological stress and psychological stress share common and evolved model organism, the Rattus norvegicus, that had previously
underlying cellular stress responses, namely proteostasis dysregulation been exposed to a Chronic Mild Stress protocol and exhibited clear
(Hayashi, 2015; Vaz-Silva et al., 2018), and knowing that SNX27 is a stress-induced anxious-like behaviors (Aslani et al., 2015). Indeed, all
proteostasis regulator that associates with anxiety, and whose function biometric, physiological, and behavioral information related to this
is modulated in vitro by stress exposure (Mao et al., 2021) we decided to animal model response to the Chronic Mild Stress exposure have been
pursue this link using distinct models. published (Aslani et al., 2015). We focused on the analysis of the pre-
First, we used a simpler model organism, C. elegans, to evaluate the frontal cortex (PFC), an area extremely vulnerable to the effects of stress.
Asnx-27 worm mutant ability to cope with distinct stressors known to Collected data demonstrated that SNX27 expression was significantly

induce biological damage. WT and mutant worms were exposed to  reduced in the PFC of stress-exposed rats [t(10) = 2.544, p = 0.0292], as
adverse conditions, such as heat shock (Fig. 5A) and oxidative stress was synapsin 1 (SYN1) [t(10) = 2.482, p = 0.0325] (Fig. 5C). Synapsin

(Fig. 5B). levels were monitored as a control, as SYN1 has been previously re-
With respect to the thermotolerance assays, WT and Asnx-27 mutant ported to be significantly reduced in the PFC of stress-exposed rats.
Stress exposure in SNX27 susceptibility and expression
C. elegans Rattus norvegicus (CMS)
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Fig. 5. A-B. Interplay between SNX27 and stress. Experimental design for thermotolerance and oxidative stress assays. A. Survival curve of WT (N2), Asnx-27 and
daf2 young adults grown at 20 °C, upon a heat-shock at 35 °C. B. Percentage of dead of WT (N2) and snx-27 mutant (snx-27 KO) exposed to oxidative stress. C-D.
Transcript levels of SNX27 and synapsin 1 (SYN) in mRNA samples of prefrontal cortex (PFC) of control and chronic mild stress exposed rats. SNX27 expression
decreases significantly after stress exposure in the PFC (C). SNX27 mRNA levels correlate with the stress-associated molecules synapsin 1 (D). Data is presented as
mean + standard error of the mean (SEM).
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Interestingly, SNX27 mRNA expression levels positively correlate with
the stress-associated molecule, SYN1 (p < 0.0001) (Fig. 5D), an
important modulator of synaptic contacts.

4. Discussion

Herein, we highlight SNX27’s role in cognitive performance and its
conservation across species, while providing the first in vivo evidence of
SNX27’s involvement in anxiety processing and the stress response.
Upon SNX27 deficiency, animals display impairments in learning and
memory, and a yet unreported anxiety-like phenotype that associates
with increased dendritic arborization of neurons in regions relevant to
this behavioral trait (BNST and BLA). Furthermore, SNX27 is vital for
worm survival under harsh thermo- and oxidative-stress conditions, and
its expression altered in environmentally stressed rodents supporting
that physiological/environmental stress and psychological stress often
trigger common cellular stress responses, such as proteostasis dysregu-
lation (Hayashi, 2015; Vaz-Silva et al., 2018). These discoveries imply
that SNX27 is an essential component of the cellular machinery that
sustains complex behavioral traits such as cognition and anxiety and is
an important player in stress-coping mechanisms. SNX27 ablation has
been proven lethal (Cai et al., 2011) whereas mice lacking one copy of
SNX27 present learning and memory deficits (Wang et al., 2013), which
revert upon SNX27 hippocampal overexpression. In the present work,
we further explored the cognitive dimension of SNX27*/~ mice in
adulthood. Our findings are in line with the reported, as SNX27/~ mice
display compromised object/context discrimination abilities in the
NORT and TTPR in the Y-maze, supporting defects on episodic-like and
recognition memory that associate with hippocampal dysfunction
(Wang et al., 2013). In the MWM, SNX27*/~ mice were however able to
learn the location of the platform, as previously highlighted (Milne et al.,
2019), suggesting that spatial navigation is preserved, a task also highly
dependent on hippocampal function (Cerqueira et al., 2007; Morris,
1984). still, SNX27*/~ mice used less goal-directed strategies to reach
the platform and spend less time in the target quadrant during the probe
test, which supports that optimal hippocampal function is indeed not
observed. Hippocampus-dependent spatial memory relies strongly on
glutamatergic transmission arising from AMPA and NMDA glutamate
receptors activation (Lee and Silva, 2009; Ménard and Quirion, 2012),
and thus defects in glutamate receptor sorting due to SNX27 down-
modulation (Wang et al., 2013) could explain the observed mild
cognitive impairments. Furthermore, cognitive performance of
SNX27*/~ mice could also be influenced by individual differences in
anxiety-like traits of these animals (Huzard et al., 2020). Differential
anxiety or stress levels have been reported to shape spatial learning
abilities as well as long-term memory retention. Of notice, the alter-
ations mediated by SNX27 reduction were not sufficient to induce
marked morphological changes within regions related to cognitive
processing, such as in the dorsal DG and CA1l hippocampal neurons.
These findings are globally in line with other observations that
demonstrated that SNX27/~ mice presented grossly normal neuro-
anatomy, particularly in CA1, CA3, and DG regions (Wang et al., 2013).
As previously described, cognitive phenotypes and memory impair-
ments in mice are not always accompanied by changes in neuronal
structures (Rampon et al., 2000). Of relevance, other molecular and
cellular changes, such as alterations in gene expression or
SNX27-dependent protein cargo missorting, could explain the observed
cognitive phenotypes without evident alterations in neuronal structure.
Moreover, it is worth noting that the plasticity of neuronal ensembles
involved in cognitive processes, namely through modifications in syn-
aptic strength and connectivity or the expression of cellular receptors,
can overt changes in neuronal structure (Ramirez-Amaya and Berm-
dez-Rattoni, 2007). Interestingly, SNX27 depletion in a far less complex
model organism, C. elegans, was sufficient to impair worms’ ability to
associate an aversive environment with starvation, sustaining an
attraction to the aversive odorant regardless of the context. This
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supports that poor context discrimination ability upon SNX27 dysregu-
lation occurs even in a less complex nervous system and that SNX27’s
role in memory is preserved throughout evolution (Vieira et al., 2021).
These results are in line with the reported SNXs ortholog conservation in
C. elegans (Vieira et al., 2018, 2021) and the notion that there is a
striking conservation in C. elegans of genes that increase the risk of
mental illness (Dwyer, 2018).

To further address the role of SNX27 in the CNS we explored the
emotional consequences of its downmodulation, using SNX27 "/~ mice.
Of the several emotional-related behavioral paradigms only an anxiety-
like phenotype was observed in the EPM, as demonstrated by the
reduced time spent in the open arms of the maze. Curiously, no differ-
ences were identified in the time/distance spent in the center of the OF,
or in the L/D paradigms that also assess anxiety-like traits. Possibly, such
differences can be interpreted as a sign of different psychobiological
meanings of the paradigms (Trullas and Skolnick, 1993; Ramos et al.,
2008). Despite the performed tests assessing similar constructs of anxi-
ety, tests sensitivity, individual preferences, and environmental factors
and/or habituation can be underlying the obtained results. In fact,
behavioral data studies often indicate that there is a lack of correlation
among anxiety-related behaviors resulting from distinct tests (Ramos
et al., 2008). Anxiety responses arising from exposure to contextual
anxiogenic environments, as the EPM, have been found to involve the
mediation of the BNST (Ventura-Silva et al., 2013), under the regulation
of other regions, such as the hippocampus and the amygdala, particu-
larly the BLA (Parfitt et al., 2017). The BNST is intrinsically involved in
stress and in the HPA-axis modulation of emotional behaviors (Herman
and Cullinan, 1997), particularly in anxiety-associated settings (Pego
et al., 2008). SNX27*/~ mice that display an anxious-like phenotype on
the EPM test, were shown to present more complex BNST neurons.
Interestingly, in the literature, BNST bipolar neurons hypertrophy has
been consistently reported to be associated with an anxious-like profile
on the EPM test induced by stress-exposure or even by glucocorticoid
modulation (Pego et al., 2008; Vyas et al., 2003; Ventura-Silva et al.,
2013). In the same line, amygdala hypertrophy and hyperactivity has
been linked to emotional dysregulation and several neuropsychiatric
disorders (Kobe et al., 2012; Speranza et al., 2017; Dominguez-Gerpe
and Rey-Méndez, 1997; Zivkovic et al., 2005) and to accur upon chronic
stress exposure (Vyas et al., 2002, 2006; Padival et al., 2013). Herein, we
show that SNX27*/~ mice display BLA pyramidal neurons hypertrophy,
consistent with reports that link BLA neurons dendritic remodeling with
an anxious-like behavior on the EPM test (Vyas et al., 2006; Padival
et al., 2013) and stress exposure (Pego et al., 2008; Vyas et al., 2002,
2006; Padival et al., 2013; Oliveira et al., 2012; Ryan et al., 2018).
SNX27"/~ mice structural changes in brain regions relevant for anxiety
regulation strengthen the first in vivo report of an association between
SNX27 and anxiety-like traits. Furthermore, in addition to the associa-
tion with anxiety-like traits, we highlight that SNX27"/~ mice display
BNST and BLA neurons structurally similar to neurons of chronically
stress exposed animals, suggesting that downmodulation of SNX27 in-
duces plastic changes similar to those observed in stress-related phe-
notypes, and thus unraveling a possible novel role for SNX27 in
modulating neuronal structures relevant for the stress response.

Although there was a clear and significant effect of SNX27 down-
modulation in the dendritic remodeling of BLA and BNST neurons that
associates with anxiety-like traits, the same does not hold true for the
ventral hippocampus, where we found no significant differences in
either of the parameters analyzed regardless of SNX27 downmodulation.
We hypothesize that the observed dendritic hypertrophy could be eli-
cited by disrupted sorting and trafficking of cargoes and signaling
components possibly mediated by SNX27 that are critical for neuronal
functions and synaptic plasticity. Of the several identified SNX27-
dependent cargoes, SNX27 has been extensively implicated in the traf-
ficking of glutamate receptors, as well as neurotrophic and serotonin
receptors, both essential for synaptic function and emotional regulation
(Wang et al., 2013; Loo et al., 2014; Joubert et al., 2004; Kobe et al.,
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2012; Speranza et al., 2017). Nevertheless, this requires further research
to elucidate the specific consequences of cargo misrouting and its impact
on neuronal function, synaptic plasticity, and anxiety-related behaviors.

Concurrently, we investigated the interaction between SNX27 and
stress within an in vivo setting, acknowledging that stress is a potent
disruptor of proteostasis that subsequently modulates SNX27 expression
and function. Environmentally stressed rodents were found to display
significantly reduced SNX27 expression levels in key brain regions
related to psychological stress-coping, such as the PFC, and SNX27
deprived-worms to be more susceptible to physiological stressors.
Reinforcing an association between this proteostasis regulator and
stress. The link between physiological and psychological stress has a
bidirectional nature and relies on common evolutionary conserved
stress responses across different species, including nematodes like
C. elegans and higher organisms like rodents. While the exact causal
pathways are still a subject of investigation, distinct works have high-
lighted the role of proteostasis regulators in stress-coping mechanisms,
and how physiological and psychological stressors induce changes in
their function, triggering neurological disorders. Our results support
evidence of the shared cellular responses to stressors and underscore the
importance of studying these conserved pathways to gain insights into
stress-related processes in lower and higher organisms. Dysregulation of
these pathways can contribute to the development and progression of
psychological disorders such as anxiety, highlighting the significance of
understanding the cross-species conservation of stress-related genes and
pathways in both physiological/biological and psychological/environ-
mental stress contexts.

These findings validate SNX27 role in sustaining complex animal
behaviors across species and hints that its function is susceptible to stress
exposure with a noxious impact for animal survival. As such, SNX27
represents a promising target for further research into the mechanisms
underlying stress-related disorders, like anxiety, and their treatment.
Future works using cell-/region-specific depletion of SNX27, as well as
molecular/biochemical and electrophysiological techniques, are
required to elucidate the molecular mechanisms underlying SNX27
function.

5. Conclusion

In summary, this study underscores the pivotal role of SNX27 in
cognitive performance, anxiety, and stress-susceptibility using distinct
species. We provided evidence of the involvement of SNX27 in cognition
throughout evolution and unraveled a novel role in anxiety regulation.
Moreover, we demonstrated that SNX27 plays a role in stress-coping
mechanisms, reinforcing the interplay between proteostasis machinery
dysregulation and cellular stress responses. Overall, we highlight the
role of SNX27 in the regulation of complex behaviors and its suscepti-
bility to stress exposure, suggesting its potential significance in under-
standing stress-driven disorders. Future studies are required to delve
into the intricate molecular mechanisms underpinning the interplay
between SNX27 anxiety and stress, possibly contributing to the under-
standing of stress-related conditions.
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