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Abstract

BTBR T+ Itpr3tf/J (BTBR) mice are used as a model of autism spectrum disorder (ASD), dis-

playing similar behavioral and physiological deficits observed in patients with ASD. Our

recent study found that implementation of an enriched environment (EE) in BTBR mice

improved metabolic and behavioral outcomes. Brain-derived neurotrophic factor (Bdnf) and

its receptor tropomyosin kinase receptor B (Ntrk2) were upregulated in the hypothalamus,

hippocampus, and amygdala by implementing EE in BTBR mice, suggesting that BDNF-

TrkB signaling plays a role in the EE-BTBR phenotype. Here, we used an adeno-associated

virus (AAV) vector to overexpress the TrkB full-length (TrkB.FL) BDNF receptor in the

BTBR mouse hypothalamus in order to assess whether hypothalamic BDNF-TrkB signaling

is responsible for the improved metabolic and behavioral phenotypes associated with EE.

Normal chow diet (NCD)-fed and high fat diet (HFD)-fed BTBR mice were randomized to

receive either bilateral injections of AAV-TrkB.FL or AAV-YFP as control, and were sub-

jected to metabolic and behavioral assessments up to 24 weeks post-injection. Both NCD

and HFD TrkB.FL overexpressing mice displayed improved metabolic outcomes, character-

ized as reduced percent weight gain and increased energy expenditure. NCD TrkB.FL mice

showed improved glycemic control, reduced adiposity, and increased lean mass. In NCD

mice, TrkB.FL overexpression altered the ratio of TrkB.FL/TrkB.T1 protein expression and

increased phosphorylation of PLCγ in the hypothalamus. TrkB.FL overexpression also upre-

gulated expression of hypothalamic genes involved in energy regulation and altered expres-

sion of genes involved in thermogenesis, lipolysis, and energy expenditure in white adipose

tissue and brown adipose tissue. In HFD mice, TrkB.FL overexpression increased phos-

phorylation of PLCγ. TrkB.FL overexpression in the hypothalamus did not improve behav-

ioral deficits in either NCD or HFD mice. Together, these results suggest that enhancing

hypothalamic TrkB.FL signaling improves metabolic health in BTBR mice.
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Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder characterized by

deficits in social communication and social interaction and by repetitive and restricted pat-

terns of behaviors, interests, and activities [1]. As of 2016, the prevalence of ASD in the United

States is 1 in 54 children, with males being four times more likely than females to be diagnosed

[2]. ASD is a very heterogeneous disorder, as individuals display varied combinations and

severity of symptoms and comorbidities [1]. This heterogeneity makes it difficult to elucidate

the underlying etiologies of ASD, but research suggests it likely involves a combination of

genetics and environment influencing the developing brain [3]. Considering the environmen-

tal influence on the etiology of ASD and the use of environmental and sensory based therapies

to treat ASD [4–6], investigating the effects of environment in an ASD-like murine model can

help to elucidate the mechanisms behind ASD and ASD interventions.

Past studies in our lab have extensively examined the effects of an enriched environment

(EE) in a variety of mouse models of disease, including cancer and obesity. We have found

that placing mice in an EE providing physical, social, and cognitive stimuli induces an anti-

obesity, anti-cancer, and anxiolytic phenotype [7–10]. We have elucidated one mechanism

behind these effects, termed the hypothalamic-sympathoneural-adipocyte (HSA) axis. Stimuli

from the EE upregulate brain-derived neurotrophic factor (BDNF) expression in the hypothal-

amus, which elevates sympathetic tone preferentially to white adipose tissues (WAT) [7, 8]. As

a result, the norepinephrine released from sympathetic nerve acts on β-adrenergic receptor on

the adipocytes leading to profound adipose remodeling. These adipose phenotypic changes are

in parallel but all driven by the HSA axis: decreased leptin expression and release contributing

to an anti-tumor effect; increased levels of vascular endothelial growth factor (VEGF), which

increases energy expenditure and leanness through inducing beige cells; increased PTEN

expression contributing to the reduction of adipocyte size and the increase of lipolysis;

increased interleukin 15 (IL-15) expression leading to induction of adipose resident natural

killer (NK) cells. The HSA axis-driven adipose remodeling plays a critical role in mediating the

anticancer and anti-obesity effects of EE [7, 8, 10–12].

Based on the beneficial effects we saw in models of obesity and cancer after EE intervention,

we recently investigated the effects of EE in the BTBR T+ Itpr3tf/J (BTBR) murine model of ASD.

We found that placing BTBR mice in an EE mitigated both metabolic and behavioral deficits.

Enriched male BTBR mice displayed lower adiposity, increased lean mass, lower levels of circulat-

ing leptin, and improved glucose tolerance. Behavioral tests suggested that an EE decreased anxi-

ety-like behavior and improved social affiliation. Gene expression of Bdnfwas significantly

upregulated, which was consistent with HSA axis activation. Gene expression ofNtrk2, encoding

the BDNF receptor tropomyosin kinase receptor B (TrkB), was upregulated 3 to 6 folds in the

hypothalamus, hippocampus, and amygdala of EE mice, an extent larger than Bdnf [13].

The BTBR mouse was originally bred for studies on insulin-resistance, diabetes-induced

nephropathy and phenylketonuria [14]. BTBR mice have a genetic propensity to obesity and

type II diabetes. They have a genetic variation that promotes insulin resistance and this results

in severe diabetes when crossed with the ob mutation in the leptin gene (BTBR ob/ob). BTBR

mice also have alleles that increase body weight and obesity as compared to C57Bl/6 mice [15].

BTBR mice have higher fasting insulin levels and are insulin resistant as compared to C57Bl/6

mice due to adipose tissue insulin resistance, but they retain hepatic insulin sensitivity [16].

Insulin stimulated glucose uptake in adipose tissue and muscle tissue are defective in BTBR

mice. Several inflammation related genes are upregulated in the adipose tissue of BTBR mice,

and mRNA levels of leptin in adipose tissue are higher in BTBR mice than in C57Bl/6 mice

[17]. Proteomic and transcriptomic studies of the hippocampus and cortex have found

PLOS ONE TrkB.FL overexpression improves metabolism

PLOS ONE | https://doi.org/10.1371/journal.pone.0282566 March 9, 2023 2 / 28

https://doi.org/10.1371/journal.pone.0282566


aberrant expression of proteins and genes involved in neurodevelopment, connectivity mainte-

nance and guidance, neurogenesis, and neuroprotection, as well as disruption of inter and intra-

cellular signaling pathways. The altered expression of genes involved in neurodevelopment and

connectivity leads to the unique neuroanatomy of BTBR mice, which includes agenesis of the

corpus callosum and a reduction of the hippocampal commissure. In addition to abnormal

gene/protein expression and neuroanatomy, studies have found that BTBR mice may display an

excitatory/inhibitory neurotransmission imbalance. BTBR mice also show increased basal corti-

costerone levels, which may be due to dysfunctional regulation of the HPA axis. Additionally,

BTBR mice display aberrant immune responses. Basal plasma levels of IgG, IgE, anti-brain anti-

bodies (Abs), and proinflammatory cytokines are higher in BTBR mice than in B6 mice. Within

the brain, there is a higher number of mast cells and an increased proportion of MHC class II-

expressing microglia, which suggests ongoing neuroinflammation [14, 18].

Over a decade ago, researchers discovered that BTBR mice could be used as a model of

ASD, as it displayed relevant key diagnostic symptoms of ASD—selectively reduced social

approach, low reciprocal social interactions, impaired juvenile play, and repetitive behaviors

[19]. Since this discovery, much research has focused on behavioral phenotype characteriza-

tion and genetic profiling of the BTBR mouse [19, 20], but less is known about the neurobio-

logical mechanisms underlying the phenotypes. Notably, one study found that feeding BTBR

mice a high-fat diet exacerbates cognitive rigidity and social deficiency [21]. Children with

ASD are often more likely to develop obesity than children with typical development [22, 23].

This highlights a need for understanding the relationship between metabolic and cognitive

health in individuals with ASD.

Our previous cancer and obesity studies identified BDNF as the key brain mediator for

improved metabolic and immunity outcomes following EE, and our EE-BTBR study found

that Bdnf and Ntrk2 were upregulated following EE. The actions of BDNF are mediated by two

major TrkB isoforms—full length TrkB (TrkB.FL) and truncated TrkB (TrkB.T1) [24]. There-

fore, we hypothesized that BDNF-TrkB signaling was integral to the phenotypic outcomes

induced by EE in BTBR mice. The purpose of this current study was to investigate the role of

hypothalamic TrkB signaling in metabolic and behavioral phenotypes for both a normal chow

diet (NCD)-fed and a high-fat diet (HFD)-fed BTBR mouse model.

Materials and methods

Mice and diet

Male BTBR T+ Itpr3tf/J (Jackson Laboratory #002282) mice were used to investigate the effects

of adeno-associated virus (AAV) mediated hypothalamic TrkB.FL overexpression. Five

cohorts of male mice were used—a long-term (24 wks), NCD (11% fat, caloric density 3.4 kcal/

g, Teklad) fed cohort (n = 16); a long-term (23 wks), HFD (60% fat, caloric density 5.21 kcal/g,

Research Diets, Inc. #D12492) fed cohort (n = 11); a short-term (4 wks) NCD fed cohort

(n = 10); a short-term (4 wks) HFD fed cohort (n = 10), and a short-term C57BL/6 NCD fed

cohort (n = 10). Ages of the mice were 15–17 weeks old (long-term NCD), 4–5 weeks old

(long-term HFD), 4 weeks old (short-term NCD), 8–16 weeks old (short-term HFD), and 7–9

weeks old (short-term C57BL/6 NCD). For the HFD cohorts, mice were fed HFD for five

weeks prior to AAV injections and maintained on the HFD for the duration of the studies.

Weekly food consumption and body weights were recorded. One mouse from the short-term

NCD cohort and one mouse from the short-term HFD cohort died during the study and were

excluded from subsequent analysis. Experimental timelines for the long-term NCD and long-

term HFD groups can be seen in Fig 1A and Fig 3A, respectively. All mice had ad libitum
access to food and water. All mice were group housed (3–5 mice) in standard laboratory
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environment cages and housed in temperature (22–23˚C) and humidity (30–70%) controlled

rooms under a 12:12 light:dark cycle. All animal experiments were approved by The Ohio

State University Institutional Animal Care and Use Committee.

rAAV vector construction and packaging

The rAAV plasmid contains an expression cassette consisting of the CMV enhancer and

chicken β-actin (CBA) promoter, woodchuck post-transcriptional regulatory element (WPRE)

and bovine growth hormone poly-A flanked by AAV2 inverted terminal repeats. cDNA of

Fig 1. Hypothalamic AAV-TrkB.FL overexpression decreases body weight gain and improves glucose tolerance in NCD BTBR mice. (A) Experimental

timeline. (B) Body weight. (C) Percent body weight gain. (D) Relative food intake. (E) Glucose tolerance test (GTT) (F) GTT area under the curve (AUC). Data

are means ±SEM. AAV-YFP: n = 8, AAV-TrkB.FL: n = 8. � P<0.05, �� P<0.01, ��� P<0.001.

https://doi.org/10.1371/journal.pone.0282566.g001
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TrkB full length (TrkB FL, NM-001025074) was amplified by using a mouse clone of Ntrk2

(ORIGENE, MR226130) as a template through polymerase chain reaction (PCR), with EcoRI

flanking at each side. Primers for TrkB.FL amplification are as follows: forward, 5’-AATTAA
GAATTCATGTCGCCCTGGCTGA-3’ and reverse, 5’-AATATAGAATTCTTA CAGATCCTC
TTCTGAGA-3’. PCR product of TrkB-FL was then cloned into EcoRI site of the rAAV plas-

mid. The insert sequence was confirmed by sequencing at the OSU core facility. Amplified

TrkB-FL retains a Myc tag at C-terminal before stop codon. rAAV plasmids containing

TrkB-FL or yellow fluorescence protein (YFP) were packaged into serotype AAV1 vectors.

The details of generation of rAAV were described previously [25].

Stereotaxic surgery

Mice were randomized to receive either bilateral injections of AAV-YFP or AAV-TrkB.FL to

the hypothalamus. Mice were anaesthetized with a single dose of ketamine/xylazine (100 and

20 mg kg−1; i.p.) and secured via ear bars and incisor bar on a Kopf stereotaxic frame. A mid-

line incision was made through the scalp to reveal the skull and two small holes were drilled

into the skull with a dental drill above the injection sites (-1.2 AP, ±0.5 ML, -6.2 DV, mm from

bregma). rAAV vectors (2.5 × 109 genomic particles per site) were injected bilaterally into the

hypothalamus at a rate of 0.1 μl minute−1 using a 10 μl Hamilton syringe attached to Micro4

Micro Syringe Pump Controller (World Precision Instruments, Sarasota, FL). At the end of

infusion, the syringe was slowly raised from the brain and the scalp was sutured. Animals were

placed back into a clean cage and carefully monitored until recovery from anesthesia.

Body composition

For the long-term, NCD group, echoMRI was utilized to measure body composition of fat,

lean, free water, and total water masses in live mice without anesthesia at 8 weeks post-injec-

tion (wpi). Body composition analysis was performed with an echoMRI 3-in-1 Analyzer at the

Small Animal Imaging Core of The Dorothy M. Davis Heart & Lung Research Institute, The

Ohio State University.

Energy expenditure

At 17 wpi (long-term NCD) and 12 wpi (long-term HFD), mice underwent indirect calorime-

try using the Oxymax Comprehensive Lab Animal Monitoring System (CLAMS) (Columbus

Instruments, Columbus, OH). Mice were singly housed with ad libitum access to food and

water. Mice were acclimatized in the metabolic chambers for 18 hours, then behavior and

physiological parameters (O2 consumption, CO2 production, respiratory exchange ratio, and

physical activity) were recorded for 24 hours at room temperature.

Glucose tolerance test

A glucose tolerance test (GTT) was conducted at 22 wpi (long-term NCD) and 11 wpi (long-

term HFD). Mice were fasted for 16 hours overnight, then injected with glucose solution intra-

peritoneally (1.0 mg glucose/kg body weight). Blood was collected from the tail at baseline, 15,

30, 60, 90, and 120 minutes post glucose injection. Blood glucose concentrations were mea-

sured with a portable glucose meter (Bayer Contour Next).

Behavioral methods

Methods for the behavioral assays can be viewed in S1 Text.
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Tissue harvest

Mice were sacrificed at 24 wpi (long-term NCD), 23 wpi (long-term HFD), and 4 wpi (short-

term BTBR and C57BL/6 NCD and HFD BTBR). Mice were anesthetized by isoflurane and

decapitated. Brown adipose tissue (BAT), gonadal WAT (gWAT), inguinal WAT (iWAT), and

retroperitoneal WAT (rWAT), and liver were collected and weighed from both long-term

groups. Gastrocnemius and pancreas were also dissected and weighed from the long-term

NCD group. Hypothalamus was dissected from all groups. Tissues were flash-frozen on dry ice

and stored at -80˚ C until further analysis.

Quantitative real-time PCR

Total RNA was isolated from the hypothalamus, iWAT, gWAT, and BAT using the RNeasy

Mini Kit plus RNase-free DNase treatment (Qiagen #74804). First-strand cDNA was generated

using TaqMan Reverse Transcription Reagent (Applied Biosystems #N8080234). Quantitative

real-time PCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems

#A25742) on a StepOnePlus Real-Time PCR System (Applied Biosystems). Primer sequences

can be viewed in S1 Table. Data were calibrated to endogenous controlHprt1 for hypothala-

mus and Actinb for adipose tissues and the relative gene expression was quantified using the 2
-ΔΔCT method [26].

Western blotting

Hypothalamus, iWAT, gWAT, and BAT were homogenized in ice-cold Pierce RIPA buffer

containing 1× Roche PhosSTOP and Calbiochem protease inhibitor cocktail III, then spun at

13,000 rpm for 15 min. Tissue lysates were separated by gradient gel (4–20%, Mini-PROTEAN

TGX, Bio-Rad) and transferred to a nitrocellulose membrane (Bio-Rad). Blots were incubated

overnight at 4˚C with primary antibodies listed in S2 Table. Blots were rinsed and incubated

with HRP-conjugate secondary antibody (Bio-Rad). Chemiluminescence signal was detected

and visualized by LI-COR Odyssey Fc imaging system (LI-COR Biotechnology). Quantifica-

tion analysis was carried out with image studio software version 5.2 (LI-COR Biotechnology).

Phosphorylated proteins were calibrated to their total protein levels and presented as ratio.

TrkB.FL, TrkB.T1, Ras, and PTEN were normalized to reference proteins.

Statistical analysis

Data are expressed as mean ± SEM. GraphPad Prism 7 software (GraphPad, La Jolla, CA) was

used to analyze our data, using Student’s t-tests. P�0.05 was considered statistically signifi-

cant. Data were tested for normality using the Shapiro-Wilk test. If data violated assumptions

of normality, either log2 transforms or Mann-Whitney tests were performed, and analysis was

repeated. Welch’s correction was performed for data that violated assumptions of homogene-

ity of variance. Power analyses were conducted post-hoc. An ANOVA mixed effects model

was used to analyze all longitudinal data, and Bonferroni’s test was used for corrections post-

hoc.

Results

Hypothalamic TrkB.FL overexpression improves metabolic outcomes in

BTBR mice fed on normal chow diet

We firstly assessed effects of hypothalamic TrkB.FL overexpression in BTBR mice fed on NCD

(Fig 1A). All outliers for all data have been included. Visualization to verify AAV injection
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location can be viewed in S1 Fig. AAV-TrkB.FL mice displayed reduced body weight gain

(Fig 1B) and reduced percent body weight gain (Fig 1C) as compared to AAV-YFP mice.

AAV-TrkB.FL mice consumed significantly more food relative to body weight than AAV-YFP

mice (P = 0.01) (Fig 1D).

At 22 wpi, mice were subjected to a GTT (Fig 1E). AAV-TrkB.FL mice displayed improved

glycemic control compared to AAV-YFP mice as measured by an ANOVA mixed effects

model (P = 0.0195) and area under the curve calculation (P = 0.0126) (Fig 1F). At 17 wpi, mice

underwent indirect calorimetry using CLAMS. AAV-TrkB.FL animals showed significantly

higher oxygen consumption compared to their AAV-YFP counterparts, measured by an

ANOVA mixed effects model (P = 0.0418) and area under the curve calculation (P = 0.0403)

(Fig 2A). The respiratory exchange ratio (RER) and physical activity was not significantly dif-

ferent between AAV-TrkB.FL and AAV-YFP animals (Fig 2B and 2C). An in vivo echoMRI

was performed at 8 wpi to assess body composition. AAV-TrkB.FL mice displayed signifi-

cantly decreased percent fat mass (P = 0.0086) and significantly increased percent lean mass as

compared to AAV-YFP mice (P = 0.028) (Fig 2D).

At sacrifice, tissue weights of iWAT, gWAT and BAT were significantly reduced

(P = 0.0016, P = 0.027, P = 0.014) in the long-term NCD AAV-TrkB.FL mice as compared to

AAV-YFP mice (Fig 2E). When normalized to body weight, iWAT mass was significantly

reduced (P = 0.0022) and gastrocnemius mass was significantly increased (P = 0.0003) in the

AAV-TrkB.FL animals (Fig 2F).

Hypothalamic gene transfer of TrkB.FL improves metabolic outcomes in

obese BTBR mice

We next examined whether hypothalamic gene transfer of TrkB.FL alters obesity and associ-

ated metabolic dysfunction in obese BTBR mice. AAV-TrkB.FL and AAV-YFP mice had a sig-

nificant weight difference at the start of HFD feeding and did not display significant

differences in total weight gain over the course of the experiment (Fig 3B). Due to the signifi-

cant difference in body mass at the beginning of the experiment, we calculated percent body

weight gain and found a significantly reduced percent weight gain in the AAV-TrkB.FL

injected mice as compared to the AAV-YFP injected mice (Fig 3C). AAV-TrkB.FL mice con-

sumed significantly more food relative to body weight than AAV-YFP mice (P = 0.0018)

(Fig 3D). At 11 wpi, mice were subjected to a GTT (Fig 3E) and showed no significant differ-

ence (Fig 3F). At 12 wpi, AAV-TrkB.FL animals showed no significant differences in VO2,

RER, or ambulation as compared to their AAV-YFP counterparts (Fig 4A–4C).

At termination of the experiment 23 wpi, relative liver weight was significantly reduced

(P = 0.0067) (Fig 4D) while relative BAT weight was significantly increased (P = 0.0011) in

AAV-TrkB.FL mice as compared to AAV-YFP mice in the long-term HFD experiment (Fig 4E).

Hypothalamic TrkB.FL overexpression does not improve behavioral

deficits in BTBR mice

In our previous study investigating the effects of enriched environment on BTBR metabolism

and behavior, we found significant differences between groups for the open field test and three

chambered sociability, so we repeated those tests in this study. To measure anxiety-like behav-

ior and locomotion, an open field test was performed at 12 wpi (long-term NCD) and 22 wpi

(long-term HFD). Total distance traveled, distance traveled in the periphery/distance traveled

total ratio, and distance traveled in the center/distance traveled total ratio were measured.

There was no significant difference between AAV-TrkB.FL and AAV-YFP mice for any mea-

sures, in both the long-term NCD (S2 Fig) and the long-term HFD group (S3A–S3C Fig).
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Another test to measure anxiety-like behavior is the novelty suppressed feeding test, which

was performed at 18 wpi for the long-term HFD group. Mice were fasted overnight and then

placed in a new cage with a piece of chow. Latency to feed and food consumed were measured.

Fig 2. Hypothalamic TrkB.FL overexpression improves metabolic outcomes in NCD BTBR mice. (A) O2

consumption and AUC. (B) Respiratory exchange ratio (RER). (C) Ambulation. (D) Percent fat mass and percent lean

mass, as measured by echoMRI. (E) Tissue weight (liver, inguinal white adipose tissue, gonadal white adipose tissue,

retroperitoneal white adipose tissue, brown adipose tissue, pancreas, gastrocnemius) (F) Relative tissue weight,

normalized to body weight. Data are means ±SEM. AAV-YFP: n = 8, AAV-TrkB.FL: n = 8. � P<0.05, �� P<0.01, ���

P<0.001.

https://doi.org/10.1371/journal.pone.0282566.g002
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No significant differences were found between AAV-TrkB.FL and AAV-YFP mice for either

measure (S3D and S3E Fig).

In addition, long-term HFD mice were subjected to the third anxiety-like behavioral test,

cold induced defecation test, at 18 wpi. Cold temperatures can induce stress in mice and stress

increases defecation [27, 28]. We expected that an increase in number of fecal boli would

reflect an increase in anxiety-like behavior. No significant differences were found between

AAV-TrkB.FL and AAV-YFP mice (S3F Fig).

Fig 3. Hypothalamic AAV-TrkB.FL overexpression decreases body weight gain in HFD BTBR mice. (A) Experimental timeline. (B) Body weight. (C)

Percent body weight gain. (D) Relative food intake. (E) Glucose tolerance test (GTT) (F) GTT area under the curve (AUC). Data are means ±SEM. AAV-YFP:

n = 5, AAV-TrkB.FL: n = 6. � P<0.05, �� P<0.01.

https://doi.org/10.1371/journal.pone.0282566.g003
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For the long-term HFD experiment, the three-chambered sociability (3CS) test was con-

ducted at 18 wpi. For the first phase, the time spent in the mouse-filled chamber, time spent in

the center, and time spent in the empty chamber was recorded. The social affiliation index was

calculated by taking the ratio of the time spent in the mouse chamber over the time spent in

Fig 4. Metabolic outcomes of hypothalamic AAV-TrkB.FL overexpression in HFD BTBR mice. (A) O2 consumption and

AUC. (B) Respiratory exchange ratio (RER). (C) Ambulation. (D) Tissue weight (liver, inguinal white adipose tissue, gonadal

white adipose tissue, retroperitoneal white adipose tissue, brown adipose tissue) (E) Relative tissue weight, normalized to body

weight. Data are means ±SEM. AAV-YFP: n = 5, AAV-TrkB.FL: n = 6. � P<0.05, �� P<0.01.

https://doi.org/10.1371/journal.pone.0282566.g004
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the empty chamber. No significant differences were found between AAV-TrkB.FL mice and

AAV-YFP mice for any of these measures. For the second phase, the time spent in each cham-

ber was recorded. The social novelty index was calculated by taking the ratio of time spent in

the novel mouse chamber over the familiar mouse chamber. Again, there were no significant

differences between AAV-TrkB.FL and AAV-YFP mice for any measures (S4 Fig). In ASD

sometimes social deficits appear not as a lack of overall sociability but as inappropriate or

indiscriminate approaches to strangers. The two parts of the three chamber sociability test

allow us to test two distinct aspects of social behavior- 1) overall social approach and 2) social

memory and novelty. The first part of the three chamber sociability test measured overall

sociability, examining whether the mouse preferred an inanimate object to a mouse. We uti-

lized the second part of the three chamber sociability test to measure social novelty preference.

Generally, a C57Bl/6J mouse, when presented with both a familiar mouse and a novel mouse,

will spend more time investigating the novel mouse due to the highly social nature of mice. In

models of autism the mice spend less or equal time investigating the novel mouse, which is

abnormal as wild-type mice have a preference for social novelty. This behavior could be analo-

gous to social behavior in humans with ASD, where they may prefer to spend time with famil-

iar people over new people or they approach strangers indiscriminately [29–31].

Hypothalamic TrkB.FL overexpression changes hypothalamic gene

expression in NCD BTBR mice

Real-time quantitative RT-PCR was used to profile hypothalamic gene expression in the long-

term NCD experiment (Fig 5). AAV-TrkB.FL injected animals showed approximately 5-fold

higher expression of Trk.FL compared to control mice (P = 0.0202) (Fig 5A) while the isoform

TrkB.T1 was not different (Fig 5B). Genes involved in energy homeostasis and BDNF signaling

were examined including Bdnf,Mc4r (encoding melanocortin-4 receptor), Vgf (encoding

nerve growth factor inducible), Insr (encoding insulin receptor), Obrb (encoding long form

leptin receptor), Crh (encoding corticotropin-releasing hormone), Npy (encoding neuropep-

tide Y), and Pomc (encoding proopiomelanocortin). Interestingly, both anorexigenic Pomc
and orexigenic Npy were significantly upregulated in AAV-TrkB.FL injected mice (P = 0.0043,

P = 0.0092) (Fig 5B).

Fig 5. Hypothalamic AAV-TrkB.FL treatment alters hypothalamic gene expression in NCD BTBR mice. (A) Relative mRNA

expression of TrkB.FL. (B) Relative mRNA expression. Data are means ±SEM. AAV-YFP: n = 8, AAV-TrkB.FL: n = 8. � P<0.05, ��

P<0.01.

https://doi.org/10.1371/journal.pone.0282566.g005
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Neuroinflammation is implicated in the aberrant behaviors of BTBR mice [32]. Accord-

ingly, we examined a panel of immunomodulatory genes and microglial markers in the long-

term NCD experiment. Overexpressing TrkB.FL significantly downregulated the expression of

Il1b (encoding interleukin-1β) (P = 0.037) while upregulated Apoe (encoding apolipoprotein)

(P = 0.039). It is reported that BTBR mice show an increased proportion of MHC class II

(encoded byH2ab1)-expressing microglia compared to sociable strain C57BL/6 [32]. Hypo-

thalamicH2ab1 and Tnfa (encoding tumor factor-α) expression showed a trend of downregu-

lation in the AAV-TrkB.FL mice although not reaching significance (P = 0.089, P = 0.052). No

changes were observed among Il33 (encoding interleukin-33), Ccl2 (encoding C-C motif che-

mokine ligand 2), or Cx3cr1 (encoding C-X3-C motif chemokine receptor 1) (Fig 5B).

We profiled hypothalamic gene expression in the long-term HFD experiment including

BDNF-TrkB relevant genes and the genes whose expression was altered by TrkB.FL overex-

pression in the long-term NCD experiment (Fig 6). TrkB.FL overexpression was confirmed in

the HFD AAV-TrkB.FL injected mice but to a milder extent relative to the NCD experiment

(P = 0.015) (Fig 6A, Fig 5A). There were no other significant differences in the long-term HFD

group (Fig 6B).

Hypothalamic TrkB.FL overexpression alters adipose gene expression in

NCD BTBR mice

Our previous studies have found that hypothalamic BDNF overexpression results in sym-

pathoneural activation of adipose tissue and revealed adipose depot-dependent gene expres-

sion signatures consisting of the genes involved in thermogenesis, lipolysis, and energy

metabolism [7, 8, 10–12]. Thus, we profiled gWAT, iWAT, and BAT gene expression in the

long-term NCD experiment (Fig 7) targeting the gene signatures associated with hypothalamic

BDNF overexpression. In gWAT, overexpression of TrkB.FL significantly upregulated gene

expression of Adipoq (encoding adiponectin, C1Q and collagen domain containing,

P = 0.0218),Hsl (encoding hormone sensitive lipase, P = 0.0332), Vegfa (encoding vascular

endothelial growth factor A, P = 0.0249) and downregulated Lep (encoding leptin, P = 0.0178)

(Fig 7A). Hypothalamic overexpressing TrKB.FL significantly upregulated Adrb3 (encoding

Fig 6. Hypothalamic AAV-TrkB.FL treatment alters hypothalamic gene expression in HFD BTBR mice. (A) Relative

mRNA expression of TrkB.FL. (B) Relative mRNA expression. Data are means ±SEM. AAV-YFP: n = 5, AAV-TrkB.FL:

n = 6. � P<0.01.

https://doi.org/10.1371/journal.pone.0282566.g006
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adrenoceptor β3) expression in all adipose depots examined, gWAT (P = 0.0218), iWAT

(P = 0.0226), and BAT (P = 0.0359). Ppargc1α (encoding PPARG coactivator 1 alpha) was

upregulated in iWAT of TrkB.FL mice (P = 0.0095) (Fig 7B). In BAT, a cluster of thermogenic

genes including Cidea (encoding cell death inducing DFFA like effector a, P = 0.0001), Elovl3
(encoding ELOVL fatty acid elongase 3, P = 0.0046), Prdm16 (encoding PR/SET domain 16,

P = 0.0483), and Ucp1 (encoding uncoupling protein 1, P = 0.0396) were significantly upregu-

lated in TrkB.FL injected mice (Fig 7C).

Hypothalamic TrkB.FL gene transfer affects signaling mediators

downstream of TrkB in BTBR mice

The TrkB family includes at least three well-characterized TrkB isoforms through alternative

RNA splicing. TrkB.FL is a receptor tyrosine kinase containing an extracellular ligand-binding

domain, a single transmembrane domain, and a typical intracellular domain for tyrosine

kinases. Two other isoforms (TrkB.T1 and TrkB.T2) are truncated for their intracellular kinase

binding domain [33]. TrkB.FL expressed by our rAAV vector will not generate the truncated

isoforms.

Fig 7. Hypothalamic TrkB.FL overexpression regulates adipose gene expression in NCD BTBR mice. (A) Relative mRNA

expression in gWAT. (B) Relative mRNA expression in iWAT. (C) Relative mRNA expression in BAT. Data are means ±SEM.

AAV-YFP: n = 8, AAV-TrkB.FL: n = 8. � P<0.05, �� P<0.01, ��� P<0.001.

https://doi.org/10.1371/journal.pone.0282566.g007
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Three canonical pathways are activated following TrkB receptor activation—MAPK/ERK,

PI3K/AKT, and PLCγ [34]. Because we used all hypothalamic dissections from the long-term

NCD experiment for qRT-PCR, we were unable to examine the signaling molecules. Hence,

we carried out a short-term NCD experiment to determine which pathways were activated fol-

lowing TrkB.FL overexpression. Hypothalamic samples were collected by 4 weeks post AAV

injection. Of note, no changes in body weight were observed in this short-term experiment

(S5 Fig). Western blotting was performed to analyze ERK1/2, AKT, and PLCγ phosphorylation

states, as well as protein levels of TrkB.FL, TrkB.T1, Ras, and PTEN. The presence of Myc, a

tag to the transgene TrkB.FL carried by AAV vector, verified the transgene expression in the

hypothalamus. TrkB.FL protein level was significantly elevated in AAV-TrkB.FL animals

(P = 0.0002), confirming transduction by the AAV vector. The ratio of TrkB.FL/TrkB.T1 was

significantly higher in AAV-TrkB.FL animals (P = 0.0109). TrkB.FL overexpression also signif-

icantly increased phospho-PLCγ levels (P = 0.034). There were no significant differences

between AAV-TrkB.FL and AAV-YFP animals for TrkB.T1, phospho-AKT, phospho-ERK,

Ras, or PTEN (Fig 8).

To determine which pathways were activated following TrkB.FL overexpression in obese

BTBR mice, we carried out a short-term HFD experiment. Hypothalamic samples were col-

lected at 4 weeks post AAV injection. As in the short-term NCD experiment, no changes in

body weight were observed for this experiment (S6 Fig). We performed Western blotting to

analyze the same phosphorylation states and protein levels as in the short-term NCD experi-

ment. The presence of Myc confirmed transgene expression in the hypothalamus. AAV-TrkB.

FL animals showed a trend toward increased TrkB.FL (P = 0.10) and a trend toward an

increased TrkB.FL/TrkB.T1 ratio (P = 0.11). TrkB.FL overexpression significantly increased

phospho-PLCγ levels (P = 0.048). There were no significant differences between AAV-TrkB.

FL and AAV-YFP animals for TrkB.T1, phospho-AKT, phospho-ERK, Ras, or PTEN (Fig 9).

Hypothalamic TrkB.FL gene transfer does not affects signaling mediators

downstream of TrkB in C57BL/6 mice

To examine hypothalamic signaling changes that occur following TrkB.FL overexpression in

C57BL/6 mice of normal weight, we performed a short-term experiment mirroring the BTBR

short-term experiments. Hypothalamic samples were collected 4 weeks post injection. There

were no changes in body weight over the course of this experiment (S7 Fig). Myc expression

verified TrkB.FLtransgene expression in the hypothalamus. Myc was not expressed in one

TrkB.FL sample and was thus excluded from further analysis. As seen in the short-term NCD

BTBR experiment, AAV-TrkB.FL mice showed significantly higher protein levels of TrkB.FL

(P<0.0001) and a significantly higher TrkB.FL/TrkB.T1 ratio as compared to AAV-YFP mice

(P = 0.0015). However, overexpressing TrkB.FL in C57BL/6 mice did not alter phospho-AKT,

phospho-ERK, Ras, PTEN, or phospho-PLCγ (Fig 10).

Discussion

In this study, we found that hypothalamic TrkB.FL gene transfer in BTBR mice improved met-

abolic outcomes, but not behavioral deficits. Both long-term NCD and long-term HFD

AAV-TrkB.FL groups displayed lower percent body weight gain in the absence of decrease of

food intake. Long-term NCD AAV-TrkB.FL animals showed increased leanness and decreased

adiposity as well as improved glycemic control. The effects of TrkB.FL overexpression on met-

abolic outcomes were not as drastic in HFD-fed animals as in NCD-fed animals, and TrkB.FL

NCD-fed mice displayed lower relative weight of iWAT while HFD-fed did not show a differ-

ence between AAV-YFP and AAV-TrkB.FL. BTBR animals show metabolic impairments at
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baseline [14]. It is possible that TrkB.FL overexpression was effective for improving metabolic

outcomes in the BTBR mouse under normal feeding conditions, but introducing an additional

metabolic disturbance in the form of a HFD was too much for the transgenic TrkB.FL to suffi-

ciently mitigate. An alternative explanation could be that two animals in the HFD TrkB.FL

group showed much higher protein levels of TrkB.FL than the other three animals. It is possi-

ble that the vector was more successful at transducing TrkB.FL in these animals and that these

animals displayed greater changes than the other three animals, suggesting that TrkB.FL is cru-

cially involved in the mechanism leading to improved metabolic outcomes but the administra-

tion of the AAV-TrkB.FL vector did not transduce neurons as successfully in three of the

Fig 8. Hypothalamic AAV-TrkB.FL overexpression affects signaling mediators downstream of TrkB in NCD BTBR mice. (A) Western blotting of right

lobe of the hypothalamus. (B) Quantification of (A). Data are means ±SEM. AAV-YFP: n = 5, AAV-TrkB.FL: n = 4. � P<0.05, ��� P<0.001.

https://doi.org/10.1371/journal.pone.0282566.g008
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animals. Additionally, while the TrkB.FL protein level was elevated in the TrkB.FL HFD

group, the elevation did not significantly alter the TrkB.FL/TrkB.T1 ratio as was observed in

the TrkB.FL NCD group. TrkB.T1 can block the BDNF-TrkB.FL signaling cascade, so the lack

of improved TrkB.FL/TrkB.T1 ratio could be limiting the effects of BDNF [35, 36]. An addi-

tional difference in outcomes between NCD and HFD mice was relative liver weight. NCD

mice did not show a difference in relative liver weight between AAV-YFP and AAV-TrkB.FL

while in HFD mice, TrkB.FL overexpression decreased relative liver weight. HFD has been

shown to cause excessive fat deposition in the liver [37]. The HFD BTBR mice displayed both

higher absolute liver weight and higher relative liver weight as compared to NCD BTBR mice.

Fig 9. Hypothalamic AAV-TrkB.FL overexpression affects signaling mediators downstream of TrkB in HFD BTBR mice. (A) Western blotting of right

lobe of the hypothalamus. (B) Quantification of (A). Data are means ±SEM. AAV-YFP: n = 4, AAV-TrkB.FL: n = 5. � P<0.05.

https://doi.org/10.1371/journal.pone.0282566.g009
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It is possible that in the HFD group, TrkB.FL overexpression helped to reduce potential exces-

sive accumulation of lipids in the liver. In general, hypothalamic TrkB.FL overexpression

resembles the metabolic outcomes induced by hypothalamic BDNF overexpression in C57BL/

6 mice of normal weight as well as genetic obesity and DIO models on C57BL/6 background

[7, 38–41]. For both BDNF and TrkB.FL gene transfer studies, AAV1 serotype vectors, largely

neuronal-tropic, were used, and therefore transgenes were overexpressed primarily in the neu-

rons. However, BDNF expressed from AAV1 vector can be secreted from the transduced neu-

rons to act on other cell types within the hypothalamus or transport to extrahypothalamic

area. In contrast, overexpressed TrkB.FL receptor remains on the transduced neurons, Hence,

Fig 10. Hypothalamic TrkB.FL gene transfer does not affect signaling mediators downstream of TrkB in C57BL/6 mice. (A) Western blotting of right lobe

of the hypothalamus. (B) Quantification of (A). Data are means ±SEM. AAV-YFP: n = 5, AAV-TrkB.FL: n = 4. � P<0.05, �� P<0.01, ���� P<0.0001.

https://doi.org/10.1371/journal.pone.0282566.g010
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TrkB.FL overexpression data from the current study suggest hypothalamic neuronal

BDNF-TrkB signaling is likely the main action mode for the metabolic benefits associated with

either increasing the level of BDNF ligand or the level of TrkB receptor. BDNF can be

expressed in different cell types such as microglia and astrocytes [42–44]. It is possible that

BDNF is eliciting its effects on metabolism through neuronal BDNF-neuronal TrkB signaling,

microglial BDNF-neuronal TrkB signaling, astrocytic BDNF-neuronal TrkB signaling, or a

combination of several signaling mechanisms.

One notable finding of the study is the downregulation of proinflammatory Il1b expression

and alteration of the expression of some microglial-related genes in the hypothalamus of

AAV-TrkB.FL injected mice. These molecular changes were observed in the long-term NCD

study a few months after systemic metabolic effects occurred. We did not see these inflamma-

tory changes in the long-term HFD study. Mice fed a high-fat diet display chronic hypothalamic

inflammation [45, 46]. BDNF-TrkB is involved in regulating neuroinflammation [47, 48]. It is

possible that in the long-term NCD study, upregulation of TrkB.FL was involved in mitigating

neuroinflammation, but in the long-term HFD study perhaps the level of transgenic TrkB.FL

was not sufficient to overcome the baseline neuroinflammation involved in HFD feeding. Addi-

tionally, we observed upregulation of Pomc and Npy in TrkB.FL NCD mice, but not in TrkB.FL

HFD mice. Pomc and Npy expressing neurons act antagonistically to control energy homeosta-

sis, and a disruption in this system is associated with obesity. Particularly, a HFD downregulates

Pomc and Npy [49, 50]. Again, perhaps the level of transgenic TrkB.FL was not sufficient to

overcome the baseline lower levels of Pomc and Npy involved in HFD feeding. New studies are

required to investigate whether the potential modulation of neuroinflammation and/or micro-

glial functions is a direct effect of hypothalamic neuronal BDNF-TrkB activation, or alterna-

tively, a feedback of the systemic metabolic outcomes induced by hypothalamic TrkB.FL.

Research points toward impaired neural circuit development as a potential cause of ASD.

Due to the importance of neurotrophins in synaptic plasticity and neural growth and develop-

ment, alterations in neurotrophin levels and their associated signaling pathways are one area

of research into the pathophysiology of ASD in human subjects and in animal models of ASD

[51]. Several studies have found a decrease in mRNA and protein levels of BDNF and its recep-

tor TrkB in the hippocampus and cortex of BTBR mice [52–55]. One study found that the use

of a TrkB receptor agonist, 7–8, DHF, in the BTBR mouse model reversed several aspects of

social deficits [56]. Several studies have found an up-regulation of the Ras/Raf/Erk1/2 pathway

in the hippocampus and prefrontal cortex of BTBR mice, which may contribute to the patho-

genesis of ASD [57–59]. However, no research has examined these pathways in the hypothala-

mus of the BTBR mouse.

BDNF-TrkB activation initiates three main signaling pathways—MAPK, PI3K, and PLCγ.

Activation of TrkB at its Tyr490 and Tyr515 sites results in recruitment of GTPase Ras, which

activates the MAPK/ERK pathway. MAPK/ERK pathway activation ultimately drives BDNF

expression to regulate neuronal survival, differentiation, and synaptic plasticity [34]. Recruit-

ment of Ras at the TrkB Tyr515 site also activates the PI3K/AKT pathway. Activation of this

pathway regulates proteins that are essential for neuronal growth, differentiation, and survival

[34]. Finally, TrkB phosphorylation at the Tyr816 residue activates the PLCγ pathway, which is

important for survival, neurite outgrowth, and synaptic plasticity [34]. In addition, our previ-

ous EE-BTBR study indicated that Bdnf and its receptor Ntrk2 were both up-regulated, sug-

gesting BDNF-TrkB signaling plays a role in mediating the EE-BTBR phenotype. Therefore,

hypothalamic TrkB.FL overexpression in BTBR mice would also promote its downstream

pathway signaling, thereby leading to the improved beneficial outcomes we saw in the

EE-BTBR study.
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In the NCD group, strong Myc bands in the AAV-TrkB.FL group confirmed on-target

transduction of the AAV vector (Fig 8A). There was a significant increase in TrkB.FL protein

level in the AAV-TrkB.FL mice compared to the AAV-YFP mice. In BTBR mice, studies have

found that TrkB levels are significantly lower in the hippocampus than in C57BL/6 mice [54],

but no data is available regarding relative levels of TrkB in the hypothalamus.

In this study, we assessed the ratio of TrkB.FL to TrkB.T1. TrkB.T1 is a truncated isoform

of TrkB that does not contain an intracellular kinase domain, and therefore it does not activate

the classical signaling pathways associated with TrkB.FL. TrkB.T1 can bind BDNF to prevent

activation of the MAPK/ERK, PI3K/AKT, and PLCγ pathways by forming a heterodimer with

TrkB.FL, acting as a dominant negative inhibitor of TrkB.FL. Increased expression of TrkB.T1

can thus prevent BDNF mediated cell survival and proliferation [60]. Our previous studies

have indicated that hypothalamic overexpression of TrkB.T1 can block BDNF-TrkB signaling

[7, 10]. Additionally, research has also found an association between neuropsychiatric and

neurodegenerative disorders and altered levels of TrkB.FL and TrkB.T1 isoforms [24, 61, 62].

One study also showed that reducing TrkB.T1 levels in vivo in a Bdnf heterozygous knockout

mouse partially rescued the obesity phenotype [63]. Here, TrkB.FL overexpression in BTBR

mice increased the TrkB.FL/TrkB.T1 ratio and may contribute to the improved metabolic out-

comes we saw.

pPLCγ was significantly increased in the AAV-TrkB.FL group, leading us to believe that the

pPLCγ pathway is important for the improved metabolic outcomes we saw in the NCD group.

As previously mentioned, activation of the PLCγ pathway is important for synaptic plasticity.

Over the course of the NCD experiment, AAV-TrkB.FL animals ate significantly more relative

food (Fig 1D), but gained significantly less weight (Fig 1C). It is possible that overexpressing

hypothalamic TrkB.FL activates the PLCγ pathway, leading to synaptic plasticity that increases

energy expenditure, improving downstream metabolic outcomes.

To investigate a mechanism downstream of hypothalamic TrkB.FL signaling that may

explain the improved metabolic outcomes, we profiled a number of metabolism related genes

in iWAT, gWAT, and BAT. WAT and BAT make up an organism’s adipose organ. WAT

stores excess energy and acts as an endocrine organ, while BAT is metabolically active and dis-

sipates energy as heat for thermoregulation. BAT dissipates energy as heat through thermogen-

esis, whereby uncoupling protein-1 (UCP1) mediates the process of uncoupling fatty acid

oxidation from ATP production [64]. BAT is also involved in body weight regulation and con-

tributes to energy expenditure. WAT can acquire brown fat characteristics in response to

chronic cold exposure or prolonged B-adrenergic stimulation through a process termed

“browning” or “beiging”, which is associated with increased energy expenditure and resistance

against obesity [64–67]. Our previous studies have found a mechanism that links activation of

hypothalamic BDNF to increased energy expenditure, termed the HSA axis. We discovered

that upregulation of hypothalamic BDNF leads to increased sympathetic tone to WAT adipo-

cytes via β-adrenergic signaling within the sympathetic nervous system (SNS). This increased

sympathetic tone induces WAT “beiging”, a decrease of adipocyte leptin production and secre-

tion, and an upregulation of adiponectin level, leading to increased energy expenditure and

improved metabolic outcomes [7, 10, 38]. Moreover, environmental or genetic upregulation of

hypothalamic BDNF prevents aging-related decline of BAT [38, 68].

Based on these previous studies we hypothesized that overexpression of TrkB.FL, similar to

upregulation of BDNF, would activate the HSA axis leading to adipose remodeling and meta-

bolic improvement. Adiponectin and leptin levels are both associated with adiposity, with adi-

ponectin expression being reduced as adiposity is increased, and leptin being increased as

adiposity is increased [69]. We found that in TrkB.FL overexpressing mice, gWAT Adipoq was

upregulated and Lep was downregulated and iWAT Adipoq was upregulated. This is consistent
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with the reduction in body weight we observed, as well as our previous studies showing that

activation of the HSA axis increases adiponectin and decreases leptin in WAT adipocytes. β-

adrenergic signaling is important for the activation of BAT in response to cold and for the reg-

ulation of adiposity and it also plays an important role in inducing beiging of WAT [70, 71].

We found that in all three fat depots (iWAT, gWAT, BAT), TrkB.FL overexpression upregu-

lated gene expression of Adrb3, suggesting increased sympathetic tone to the adipose tissues

and possible induction of beiging in the WAT.Hsl was upregulated in gWAT of TrkB.FL over-

expressing mice, suggesting increased lipolysis in WAT [72]. Our previous studies identified

Vegfa as a key component of the HSA axis underlying the beiging effect of WAT, likely directly

caused by the SNS stimulation to the WAT [10]. We found that TrkB.FL overexpression upre-

gulated Vegfa expression in gWAT, suggesting beiging may be occurring in WAT. Ppargc1a
encodes for PGC-1α, which has been shown to be an important modulator of UCP1 expres-

sion and thermogenesis in BAT and also plays an important role in the brown adipocyte differ-

entiation process [73]. We found that Ppargc1a was upregulated in the iWAT of TrkB.FL

overexpressing animals, which suggests beiging of WAT. Prdm16 controls a cell fate switch

determining formation and function of brown adipocytes [74] and was upregulated in BAT of

TrkB.FL mice. This was accompanied by upregulation of a BAT molecular signature, including

Cidea, Elovl3, and Ucp1, which are all BAT selective markers and are positively regulated by

Prdm16 [74]. Overall, the gene expression profile of iWAT, gWAT, and BAT demonstrates

that hypothalamic TrkB.FL gene transfer induced adipose gene expression signature over-

lapped with hypothalamic BDNF gene transfer, which is known to increase energy expenditure

and improves metabolic outcomes mediated by the HSA axis.

TrkB.FL overexpression resulted in signaling changes in the HFD group similar to those in

the NCD group. Just as in the NCD group, TrkB.FL overexpression in the HFD group signifi-

cantly increased phospho-PLCy, while there were no significant differences for phospho-AKT,

phospho-ERK, PTEN, or Ras. Thus, it seems that the PLCγ pathway is important for the

improved metabolic outcomes in both NCD BTBR mice and HFD BTBR mice. In the

AAV-TrkB.FL animals, increased TrkB.FL levels and the increased TrkB.FL/TrkB.T1 ratio

trended toward significance, but did not reach the highly increased levels found in the NCD

study. In C57BL/6 mice, a HFD has been found to decrease hippocampal TrkB activation and

expression and reduce activation of hippocampal BDNF-TrkB signaling pathways [75, 76]. It’s

possible that the HFD blunted the effects of the AAV vector mediated TrkB.FL overexpression.

This is the first study examining the effects of a HFD on the hypothalamus of BTBR mice;

more investigation is needed to understand the complex molecular and signaling interactions

between diet and the BTBR model.

To investigate whether the effects of TrkB.FL overexpression can be generalized to non-

BTBR mice, we injected C57BL/6 mice with either TrkB.FL or YFP and examined protein

expression of signaling mediators downstream of TrkB.FL. Similar to BTBR NCD mice, we

found that TrkB.FL overexpression altered the ratio of TrkB.FL/TrkB.T1. In contrast to BTBR

mice we found that TrkB.FL overexpression did not upregulate pPLCγ, suggesting strain-

dependent response to TrkB.FL overexpression in mice of normal weight. We did not perform

behavioral testing for C57Bl/6J mice in this study. The purpose of including C57Bl/6J mice

was to compare the changes in TrkB.FL signaling pathways following TrkB.FL overexpression

between C57Bl/6J mice and BTBR mice. Because C57Bl/6J mice do not have baseline deficits

in behavior and sociability like BTBR mice we did not expect to see any significant changes in

these groups following TrkB.FL overexpression. We have not overexpressed neuronal TrkB.FL

in C57Bl/6 mice before, but we have overexpressed neuronal BDNF in the same area of the

brain. We found that in C57Bl/6 mice fed a NCD, overexpressing BDNF led to weight loss;

reduced adiposity; a decrease in serum leptin, insulin, cholesterol, triglycerides, and IGF-1 and
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an increase in adiponectin; and altered expression of metabolism related genes in the hypo-

thalamus and adipose tissue [8, 39]. In C57Bl/6 mice fed a HFD to induce DIO, we found that

overexpressing BDNF led to prevention of weight gain and weight loss; prevention of abdomi-

nal obesity; a decrease in serum leptin, insulin, cholesterol, triglycerides, IGF-1, and glucose

and an increase in adiponectin; improved insulin sensitivity and glucose tolerance; prevention

of liver steatosis; and altered expression of metabolism related genes in the hypothalamus and

adipose tissue [7, 39].

In our previous EE-BTBR study, we found EE improved metabolic outcomes and several

behavioral measures. Because of our additional prior studies showing that hypothalamic

BDNF mediates the improved metabolism and cancer outcomes in previous obesity and can-

cer EE studies, we hypothesized that TrkB signaling was also responsible for the outcomes we

saw in the BTBR EE study. In the current study, we found that hypothalamic TrkB.FL overex-

pression specifically in the hypothalamus of BTBR mice improved the metabolic outcomes,

but not behavioral deficits. This suggests that there is an additional mechanism responsible for

the EE-induced behavioral improvements in BTBR mice. Much of the research surrounding

BTBR behavior has focused on characterizing the behavioral phenotypes [77, 78] or adminis-

tering pharmacological or environmental interventions and assaying behavioral outcomes

[79–82]. Less research has focused on the biological mechanisms underlying the behavioral

outcomes. It seems likely that the behavioral phenotypes of BTBR mice are at least partially

associated with deficits in the hippocampus or amygdala, as these are important brain regions

for learning and memory [83] and emotion and motivation [84], respectively. Our previous

study found that Ntrk2 was significantly upregulated by 3 to 6 folds in the hypothalamus, hip-

pocampus, and amygdala of male mice upon EE exposure [13]. It is possible that the improved

metabolic outcomes in our BTBR EE study were due to enhanced hypothalamic BDNF-TrkB

signaling, as seen in our current study, and the improved behavioral outcomes might involve

BDNF-TrkB signaling in other brain regions, such as the hippocampus and amygdala. Studies

have found that feeding BTBR mice a HFD exacerbates autistic-like behaviors. One study

found that feeding BTBR mice a HFD induced severe metabolic impairments including weight

gain, increase in fat mass and decrease in lean mass, and decrease in energy expenditure. Mice

fed with a HFD displayed enhanced cognitive rigidity and impaired social memory. Autism-

like severity was associated with body weight and dopaminergic signaling in the hypothalamus

[21]. Another study found that feeding BTBR mice a HFD led to an increase in body weight

and induced fasting hyperglycemia and glucose intolerance. HFD feeding increased hyperac-

tivity, rescued sociability but not social novelty in the three-chamber sociability test, and aggra-

vated self-grooming repetitive behavior [85]. These studies suggest that in the BTBR model of

ASD, metabolism and behavior may be linked. More research is needed to connect behavioral

outcomes to the neurobiological mechanisms of the BTBR mouse. Age is another factor to

investigate. Studies have found levels of BDNF and TrkB differ throughout the lifespan of

BTBR mice, with fetal BTBR mice expressing significantly higher brain BDNF protein levels

than fetal FVB/NJ mice [86] while aged BTBR mice expressing significantly lower hippocam-

pal and cortical BDNF protein levels compared to age-matched C57BL/6 controls [53]. Future

studies could investigate the differences in effectiveness of overexpressing hypothalamic TrkB.

FL at different age points throughout the lifespan.

Another path to examine is sex differences. Our previous EE-BTBR study found significant

sex-dependent outcomes. EE induced more robust improvements in metabolic outcomes in

male mice, with only modest improvements in females. It is worthy of noting that upregulation

of Ntrk2 induced by EE was only observed in male mice [13], which promoted us to investigate

TrkB.FL overexpression in male BTBR mice in the current study. However, BDNF-TrkB sig-

naling should not be ignored in the females. In fact, there are also significant sex differences in
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prevalence and presentation of ASD in humans [87], so investigating the mechanisms underly-

ing sex differences in BTBR mice and in people with ASD is an important area to investigate.

Genetic manipulation of TrkB in specific brain regions could help to interrogate signaling

pathways underlying the sex differences we found in our EE-BTBR study. Finally, to defini-

tively confirm that hypothalamic BDNF-TrkB signaling is indeed critical for EE-induced meta-

bolic benefits in BTBR mice, we can house BTBR mice in an EE while knocking out

hypothalamic TrkB.FL to see if it blocks the metabolic improvements with similar strategies as

in our previous studies [7, 8].

One drawback to this study are the age differences and the differences in time points of

metabolic and behavioral measurements between the long-term NCD group and the long-

term HFD group. As such, we were unable to directly compare these two groups. Age-matched

experiments would have allowed us to examine exact differences in response to hypothalamic

TrkB.FL overexpression between BTBR mice of a normal weight and obese BTBR mice and

controlled for possible age effects. Unfortunately, COVID-19 restrictions placed limitations on

the timings of the experiments and breeding availability. Due to these age differences we must

note that direct comparisons or concrete conclusions cannot be made regarding the differ-

ences between the long-term NCD and long-term HFD groups.

To date, this is the first study investigating hypothalamic BDNF-TrkB signaling pathways

and their impact on metabolism and behavior in the BTBR mouse model of ASD or in a diet-

induced obesity BTBR model. Dysregulated BDNF-TrkB signaling has been implicated in both

ASD and in obesity, with dysfunction of the hypothalamus being critical in obesity, but the

changes in signaling mediators downstream of hypothalamic TrkB in BTBR mice have not

been studied sufficiently. Here we provide evidence that hypothalamic TrkB.FL overexpression

changes downstream signaling mediators, leading to improved metabolic outcomes in the

BTBR mouse model of ASD.
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S1 Fig. YFP fluorescence in the hypothalamus of long-term NCD mouse injected with

AAV-YFP. Representative image was taken at 10x magnification. ARC, arcuate nucleus;

VMH, ventromedial hypothalamus.

(TIF)

PLOS ONE TrkB.FL overexpression improves metabolism

PLOS ONE | https://doi.org/10.1371/journal.pone.0282566 March 9, 2023 22 / 28

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282566.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282566.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282566.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282566.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282566.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282566.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282566.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0282566.s008
https://doi.org/10.1371/journal.pone.0282566


S2 Fig. Open Field Test in NCD BTBR mice. (A) Open field test total distance. (B) Open field

test center/total distance ratio. (C) Open field test periphery/total distance ratio. Data are

means ±SEM. AAV-YFP: n = 8, AAV-TrkB.FL: n = 8.

(TIF)

S3 Fig. Open Field Test, novelty suppressed feeding, and cold-induced defecation in HFD

BTBR mice. (A) Open field test total distance. (B) Open field test center/total distance ratio.

(C) Open field test periphery/total distance ratio. (D) Novelty suppressed feeding food con-

sumed. (E) Novelty suppressed feeding latency to feed. (F) Cold induced defecation fecal boli.

Data are means ±SEM. AAV-YFP: n = 5, AAV-TrkB.FL: n = 6.

(TIF)

S4 Fig. Three chamber sociability test in HFD BTBR mice. (A) Three chamber sociability

social affiliation. (B) Three chamber test sociability social affiliation index. (C) Three chamber

sociability test social novelty. (D) Three chamber sociability test social novelty index. Data are

means ±SEM. AAV-YFP: n = 5, AAV-TrkB.FL: n = 6.

(TIF)

S5 Fig. Body weight in short-term NCD BTBR mice. (A) Body weight. Data are means

±SEM. AAV-YFP: n = 5, AAV-TrkB.FL: n = 4.

(TIF)

S6 Fig. Body weight in short-term HFD BTBR mice. (A) Body weight. Data are means

±SEM. AAV-YFP: n = 4, AAV-TrkB.FL: n = 5.

(TIF)

S7 Fig. Body weight in short-term NCD C57BL/6 mice. (A) Body weight. Data are means

±SEM. AAV-YFP: n = 5, AAV-TrkB.FL: n = 5.

(TIF)
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