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Metabolic diseases such as obesity and type 2 diabetes are marked by insulin
resistance'?. Cells within the arcuate nucleus of the hypothalamus (ARC), which are

crucial for regulating metabolism, become insulin resistant during the progression
of metabolic disease® %, but these mechanisms are not fully understood. Here we
investigated the role of a specialized chondroitin sulfate proteoglycan extracellular
matrix, termed a perineuronal net, which surrounds ARC neurons. In metabolic
disease, the perineuronal net of the ARC becomes augmented and remodelled,
drivinginsulin resistance and metabolic dysfunction. Disruption of the perineuronal
netin obese mice, either enzymatically or with small molecules, improves insulin
access to the brain, reversing neuronal insulin resistance and enhancing metabolic
health. Our findings identify ARC extracellular matrix remodelling as afundamental
mechanism driving metabolic diseases.

Insulin resistance is intimately linked to extracellular matrix (ECM)
remodelling in peripheral tissues, where excessive ECM deposition, a
phenomenon termed fibrosis, impairsinsulinaction and signalling>>'°.
Traditionally, fibrosis has been viewed as occurring only in peripheral tis-
sues. However, remodelling of ECM within the brain hasbeen observed
following acute brain injury and in several neurological diseases™.

Recentworkhasidentified the formation of perineuronal nets (PNNs),
aunique ECM subtype, around neurons that express agouti-related
peptide (AgRP) in the ARC during neuronal maturation'>*, This PNN for-
mation directly influences AgRP function, asits loss leads toincreased
fibre density and changes in cell numbers™. The innate relationship
between the PNN and ARC cells may underscore afundamental mecha-
nismintrinsic to the neuroendocrine axis governing metabolism. The
relevance of the ECM within the context of metabolism hasbeen further
emphasized by recent observations that the ECM in the median emi-
nence, aregion adjacent to the ARC, can be transiently remodelled in
response to nutritional status®. Given the association between fibrosis
and cellular dysfunctioninthe periphery, ECM remodelling inthe ARC
couldrepresent acompletely unexplored mechanisminthe pathogen-
esis of metabolic disease.

Here weidentify that during the development of metabolic disease,
the ARC ECM becomes augmented and remodelled, impedinginsulin
penetrance and resulting in insulin resistance. By disassembling the
pathogenic ECMinthe ARC of obese and type 2 diabetic mice, we pro-
mote disease remission and causally implicate ARC ECM remodelling
as adisease mechanism and therapeutic target in metabolic disease.

Neurofibrosis develops in metabolic disease

PNN was detected throughout the mouse mediobasal hypothalamus
(Fig. 1a-c and Extended Data Fig. 1a-f) by Wisteria floribunda lectin
(WFA) staining. We observed prominent PNN staining in the ARC
(Fig.1la-c and Extended Data Fig. 1a-f) with notable but significantly
less PNN staining within the adjacent ventromedial hypothalamus
(VMH) (Extended Data Fig. 1i-k). There was a robust increase in the
areaand intensity of PNN staining within the ARC of diet-induced obese
(DIO) mice fed a high-fat, high-sugar (HFHS) diet for 12 weeks (Fig.1a-c
and Extended Data Fig.1a-f). Significantincreasesin PNN abundance
occurred within 4 weeks of HFHS feeding and PNN was further increased
at8and 12 weeks (Fig. 1d,e and Extended Data Fig. 11). This augmenta-
tion was associated with the development of key pathophysiological
hallmarks of metabolic disease (Extended Data Fig. 1Im-o0). Remodel-
ling of the PNN following HFHS diet was not observed in the retros-
plenial granular cortex (RSG) or the VMH (Extended Data Fig. 1g-k),
suggesting that obesity-driven ECM remodelling occurs specifically
within the ARC. To evaluate whether the chondroitin sulfate glycosa-
minoglycan (CS-GAG) chain composition of the ARC PNN is remod-
elled, we performed quantitative analysis of enzymatically released
chondroitin sulfate disaccharides from the ARC PNN and observed a
significant increase in CS-GAG abundances (Fig. 1f), which is consistent
with the augmentationinthe PNN detected immunohistochemically.
This ECM remodelling was a consistent pathological feature of several
independentdietary and genetic murine models of metabolic disease
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Fig.1|Obesity drives neurofibrosis within the ARC. a-e, Aged-matched
C57BL/6) mice were fed either achow or an HFHS diet for O days, 3daysor1,4,8
or12weeks and brains were processed for WFA staining. a, Whole-brain coronal
section, showing WFA staining in the ARC. b,c, Quantification of WFA-stained
area(b) andintensity (c) inthe ARC of 12-week HFHS-fed mice. d,e, WFA
staining (d) and quantification of WFA-stained area (e) in mice fed chow or
HFHS diet for 0 days, 3 days (d) or 1,4, 8 or 12 weeks (wk). f, ARC homogenates
from12-week HFHS-fed or chow-fed C57BL/6) mice were analysed using
zwitterionic hydrophilicinteraction liquid chromatography to quantify the
abundance of CS-GAG and hyaluronicacid (B1-3-linked disaccharides with

(Extended Data Fig. 1p-z). As the pathological augmentation and
remodelling of ECM within peripheraltissue is termed fibrosis, we refer
to this phenomenon of excessive ARC PNN deposition and remodelling
as neurofibrosis.

Aggrecanis a key CSPG component of neurofibrosis

Exploring the compositional remodelling of the ARC PNN in neurofi-
brosis (Supplementary Fig. 1a), we noted heterogeneous staining of
hyaluronicacid throughout the brain parenchymawith near-complete
co-localization with WFA in the ARC, and an increase in both the ARC
staining areaand intensity in DIO mice (Supplementary Fig.1b-e). A cor-
respondingincreaseinthe abundance of hyaluronic and proteoglycan
link proteins (HAPLN1) and the chondroitin sulfate proteoglycan (CSPG)
cross-linking glycoprotein tenascin C (Supplementary Fig. 1g-j,1-0)
was also observed in the ARC of HFHS-fed mice. Notably, these ECM
components were widely expressed throughout the hypothalamus,
indicating their functionality in ECMs outside the ARC PNN (Extended
DataFig. 1f k,p).

We next immunolabelled major CSPG components expressed in
ECMs elsewhere in the brain'® (Supplementary Fig. 1a). Although all
CSPG components that we assessed were present within the ARC to

various sulfate positions: 0S, non-sulfated; 2S, sulfated unsaturated hexuronic
acid; 4S, 6S, sulfated N-acetyl-galactosamine) with 2-aminobenzamide
fluorescently labelled disaccharides from enzymatically depolymerized GAG
chains. Dataaremean ts.e.m.nvaluerepresentindependent mice and are
shownonoraboveeachbar plot; representative of at least three independent
experiments. Two-tailed t-test (b,c,f) and one-way ANOVA with Dunnett’s
multiple comparisons (e). Scale bars,100 um. a.u., arbitrary units; 2-AB,
2-aminobenzamide; IlI, third ventricle; CS, chondroitin sulfate; GAG,
glycosaminoglycan, HA, hyaluronicacid.

some degree, it was aggrecan that predominantly co-localized with
WFA in the ARC under both chow-fed and HFHS-fed conditions, with
other CSPG components exhibiting a distinct spatial pattern from
the WFA-labelled PNN in the ARC (Extended Data Fig. 2a-e and Sup-
plementary Fig. 2e,j,0,t). Obesity promoted increased versican, neu-
rocan, brevican and aggrecan within the ARC (Extended Data Fig. 2a-d
and Supplementary Fig. 2a-d,f-i,k-n,p-s), with the obesity-driven
augmentation of aggrecan occurring within a similar period to that
of WFA-labelled PNN (Extended Data Fig. 2f,g and Supplementary
Fig. 2u). Together, these results demonstrate that obesity promotes
augmentation of most major ECM components however aggrecan is
apredominate CSPG species underpinning neurofibrosis.

Neurofibrosis develops around AgRP neurons

The ARC contains two metabolically relevant neuronal populations:
AgRP neurons and pro-opiomelanocortin (POMC) neurons. Using
Npy-GFP and Pomc-GFP mice, we identified that under chow-fed
conditions, 45 +13% of AgRP neurons and 24 + 9% of POMC neurons
(Extended Data Fig. 2h,i,I,m) in the ARC were ensheathed within
the PNN. This number significantly increases specifically for AgRP
neurons during the progression of metabolic disease alongside an
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Fig.2|Attenuated PNN turnoverin the ARCdrives neurofibrosis. a, Schematic
overview of the PNN tracker method.b,c, Unilateral administration of WFA-biotin
orsalineinto the ARC of 8-week-old C57BL6) mice (b); one day after injection,
brains were processed forimmunohistochemistry to monitor for WFA-biotin
and WFA-FITC.d, Quantification of WFA-stained area within the ARC. e, Twelve-
week DIO or age-matched 12-week chow-fed C57BL6/) male mice received

enhancement of surrounding WFA and aggrecan staining, inde-
pendent of changes in neuron numbers (Extended Data Fig. 2h-r).
Collectively, these results demonstrate that neurofibrosis develops
around AgRP neuronsinthe ARC during the development of metabolic
disease.

A method to determine site-specific PNN turnover

PNNs are described as exhibiting slow biological turnover rates and
persistin adult tissues for several months to years", yet our results
demonstrate a comparatively rapid remodelling and augmentation
of the ARC PNN following exposure to an obesogenic diet (Fig. 1).
Toexperimentallydeterminethe PNNturnoverrateinvivo, wedeveloped
PNN tracker, a pulse-chase approach utilizing a stereotaxic injection
of biotinylated WFA (WFA-biotin) to pulse and label the PNN inabrain
region of interest (Fig. 2a). Following aninvivo incubation period, brains
are extracted and processed ex vivo for the presence of WFA-biotin
to chase thelabelled PNN remaining from the time of injection (day 0)
and co-stained with WFA-FITC to reveal the total PNN expression at
the time of the chase (Fig. 2a). To validate this approach as a bona
fide tracker of PNN turnover, we unilaterally pulsed the ARC of adult
chow-fed mice with either WFA-biotin or saline, and chased expression
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bilateral WFA-biotininjectionsinto the ARC. Brains were extracted at O days or
1,3,50r10 weeks after injection and analysed for the presence of WFA-biotin
and WFA-FITC presence. f,g, PNN turnover within the ARC was imaged (f) and
quantified (g; simplelinear regression) over time. Dataare mean £s.e.m.
nrepresentsbiologically independent samples; representative of at least
twoindependent experiments. Scale bars,100 pm.

oneday later (Fig.2b,c). We identified near-complete co-localization of
pulsed WFA-biotin signal with WFA-FITC (total PNN), suggesting that
PNN tracker faithfully labels PNNsinthe ARCinvivo (Fig.2d). Speckles
of WFA-positive signal outside the ARC represents WFA-biotin leakage
into the circulation and binding to PNN expressed in blood vessels
(Fig. 2c). To validate whether the pulsed WFA-biotin signal faithfully
binds and labels PNN present at the time of injection, we bilaterally
pulsed the ARC with WFA-biotin and three days later digested the PNN
inthe ARC with chondroitinase ABC (chABC), an enzyme that specifi-
cally digests PNNs (Extended Data Fig. 3a-d). Enzymatic digestion of
the pulsed WFA-biotin-bound PNN was completely abolished following
chABC treatment compared with vehicle (Extended Data Fig. 3b-d),
indicatingthat WFA-biotin binds to PNN components that are present
only at the time of the pulse injection.

ARCPNN exhibits dynamic and rapid turnover

Analysis using PNN tracker showed that the PNN in the ARC of chow-
fed mice exhibits a turnover period of approximately five weeks
(Fig.2e-gand Extended DataFig. 3m-p). Radiotracer experiments have
previously demonstrated that chondroitin sulfateinthe rat brainhasa
half-life of approximately one week, consistent with the approximately
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Fig.3|Disassembly of neurofibrosis withinthe ARC promotes the
remission of metabolic disease.a, C57BL/6) mice onaHFHS dietreceived
bilateralintra-ARC injections of vehicle or chABC. Vehicle-treated mice were
pair-fed (PF) to the food intake of chABC-treated mice. b-k, Body weight (b),
adiposity (c), food intake (d), energy expenditure (e), gross morphology of
ingWAT (f), ingWAT histology and UCP1immunohistochemistry (g), inguinal
dermal thermography (h) with quantification (i), glucose tolerance (j) and
HOMA-IR (k) for mice treated as described ina. AUC, areaunder the curve.

40% reduction observed in the ARC one week after pulse injection”.
By contrast, the PNN in the RSG persisted for five weeks, and no deg-
radationwas observedin the blood vessels of the adjacent corpus cal-
losum (Extended Data Fig. 3e-1). These findings highlight the uniquely
rapid degradation rate of PNN in the ARC and establishes differential
ECM turnover across different brain regions.

Reduced PNN turnover in obesity drives neurofibrosis

We hypothesized that neurofibrosis in the ARC results from reduced
PNN degradation. To test this, we pulsed WFA-biotin into the ARC of
obese mice and chased its expression (Fig. 2e,f and Extended Data
Fig.30,p). The PNN degradation rate in obese mice was significantly
slower thaninlean mice (2.6% per day versus 0.1% per day), with WFA-
biotin persistinginthe ARC of obese mice for up to 10 weeks—twice as
long as in lean mice (Fig. 2g and Extended Data Fig. 3m-o0).

To elucidate the molecular mechanism underlying obesity-driven
alterations in the PNN turnover we quantified the gene expression of
established ECM synthesis and degradation enzymesin the mediobasal
hypothalamus of lean versus obese mice. We observed significantly
reduced expression of several key ECM proteases and increased expres-
sionof theirinhibitorsin obese mice (Extended DataFig.3q). Together,
these results show that neurofibrosisis driven by attenuated PNN deg-
radation and illustrate the transfiguration of the ARC PNN during the
development of metabolic disease.
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*P<0.01,***P<0.001,***P<0.0001.

Abrogating ARC neurofibrosis protects against obesity

To determine the role of ARC neurofibrosis in metabolic disease, we
used chABCto selectively disassemble the PNN within the ARC of DIO
mice. This treatment promoted progressive weight loss, reduced
adiposity and decreased caloric intake (Fig. 3a-d and Extended Data
Fig.4a-d). Pair-fed vehicle-treated mice did not exhibit similar reduc-
tions of body weight or adiposity (Fig.3b,c), indicating that weight loss
from abrogation of neurofibrosis cannot be solely attributed to reduced
feeding. Indirect calorimetry revealed increased whole-body energy
expenditure and oxygen consumption, with no changes in substrate
partitioning orambulatory activity (Fig. 3e and Extended DataFig. 4e-j)
in chABC-treated mice. Additionally, enhanced thermogenesis was
observedininguinal white adipose tissue (ingWAT) and brown adipose
tissue (BAT) depots (Fig. 3f-i and Extended Data Fig. 4k).

Abrogation of ARC neurofibrosis alsoimproved glucose homeostasis,
reducing circulatinginsulinand HOMA-IR (homeostatic model assess-
mentof insulin resistance—a measure of whole-body insulinresistance;
Fig. 3j,k and Extended Data Fig. 41,m). Notably, these improvements
occurred before there were significant changesinbody weight, indicat-
ingadirect effect of neurofibrosis abrogation on glucose metabolism.
Hyperinsulinaemic-euglycaemic clamps showed increased glucose
infusion rates (GIR) in chABC-treated mice, reflecting improved
whole-bodyinsulin sensitivity (Fig. 3l and Extended Data Fig. 4n). This
enhanced insulin sensitivity was linked to reduced endogenous glucose
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Fig.4 |Neurofibrosisin obesity promotes ARCinsulinresistance.
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induced AKT phosphorylation (d) within the ARC were quantified four days
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production, improved glucose disposal rate and enhanced glucose
uptakeinskeletal muscle, BAT and ingWAT (Extended Data Fig. 40-q).
The metabolic benefits of neurofibrosis abrogation were recapitulated
in genetically severely obese and type 2 diabetic db/db mice treated
with chABC (Extended Data Fig. 4r-u), further substantiating the causal
role of ARC neurofibrosis in the development of metabolic disease.
These results demonstrate that ARC neurofibrosis causally contributes
to metabolic disease progression and maintenance, affecting hyper-
phagia, whole-body insulin resistance, adiposity and thermogenesis.

Neurofibrosis impedes ARCinsulin entry and signalling
Giventheassociation between fibrosis and insulin resistance in periph-
eral tissues®’, we hypothesized that neurofibrosis may impedeinsulin
deliveryintothe ARC, contributing to insulin resistance. To test this, we
bilaterally administered vehicle or chABCinto the ARC of 12-week DIO
and chow-fed mice and assessed effects oninsulin receptor activation
(Extended Data Fig. 5a-e and Supplementary Fig. 3a). Insulin-induced
AKT phosphorylation on Ser473 (p-AKT) was significantly attenu-
ated in obese mice relative to lean mice. However, disassembly of the
ARC PNN in obese mice rapidly ameliorated insulin resistance within
ARC neurons, as evidenced by the reinstatement of p-AKT and insulin
receptor phosphorylation within the ARC 2 days (before effects on
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intothe ARC. ARC targeting was confirmed by Agrp-GFP and mCherry
immunofluorescence. IR, insulinreceptor. h,i, One week later, mice received
bilateralinjections of vehicle or chABC, and body weight (h) and glucose
tolerance (i) were measured. Results are mean + s.e.m. Two-way ANOVA with
Tukey’s multiple comparisons test (h) and one-way ANOVA with Tukey’s
multiple comparisons (b-f,i). nrepresents biologicallyindependent samples;
representative of at least two independent experiments. Scale bars, 100 pm.

body weight) and 8 days after chABCinjection (Extended Data Fig. 5a-f
and Supplementary Fig. 3a).

To determine whether obesity-driven neurofibrosis mechanisti-
cally promotes insulin resistance by impeding the access of insulin to
neurons within the ARC, we peripherally administered FITC-tagged
insulin (insulin-FITC) and quantified its entry and signalling in the ARC
(Supplementary Fig. 3b). We observed robust insulin-FITC appearance,
internalization and signallingin the ARC of lean mice, an effect that was
impaired in obese mice (Fig. 4a-d and Extended Data Fig. 5g-i). Nota-
bly, PNN disassembly in the ARC of DIO mice reinstated insulin entry
into the ARC and restored insulin signalling (Fig. 4a-d and Extended
Data Fig. 5i).

The CSPGs that comprise the ARC PNN are also expressed within
the blood-brain barrier (BBB), suggesting that ARC PNN digestion
may also modulate BBB function. Toinvestigate whether theimproved
insulin access following neurofibrosis digestion is a result of changes
in BBB-mediated transport, we infused insulin-FITC into the cerebral
spinal fluid, bypassing the BBB (Extended Data Fig. 5j). Insulin-FITC
entered the ARC of lean mice but was attenuated in DIO mice; thisimpair-
mentwas rescued by PNN disassembly (Extended Data Fig. 5k-n). These
results indicate that although PNN digestion may have an effect on
insulin transport through the BBB, those effects are not essential to the
improved insulinaccess and signalling observed following attenuation



of neurofibrosis in obesity. Of note, PNN regulation of insulin-FITC
access into the ARC is insulin-specific, as similar effects are not seen
with FITC alone or with leptin (Extended Data Fig. 50-v). Consistent
with previous work', leptin entry into the ARC in obese mice remained
intact. Unlike insulin signalling, enzymatic disassembly of the ARC PNN
did notrestore leptin sensitivity in the ARC, indicating that neurofibrosis
doesnotregulate leptin entry and signalling (Extended Data Fig. 5r-x).
Tounderstand how neurofibrosis affects insulin infiltration and sig-
nalling, we conducted aninvitro binding assay to examine insulin-PNN
interactions. We incubated insulin-FITC for 2 h on plates coated with
mixed CSPGs or specific core PNN components, such as aggrecan or
chondroitin 4-sulfate (C4S) (Supplementary Fig. 3c). We observed the
binding of insulin-FITC to mixed CSPGs, aggrecan and C4S, effects
abolished in the presence of chABC or polyarginine, a peptide that
neutralizes the negative charge of CSPGs (Fig. 4e,f and Supplementary
Fig.3d-f). These results indicate that the negative charge of glucosa-
minoglycans (GAGs) in the PNN regulates insulin-PNN interactions.

Insulin-dependent AgRP hyperactivity in neurofibrosis

Obesity andinsulin resistance have been shown to increase the intrin-
sic excitability of AgRP neurons by increasing firing rate and resting
membrane potential®. Removal of PNNs around cortical and brainstem
neurons has been found to reduce membrane excitability and firing
frequency®. Therefore, we investigated the effect of neurofibrosis on
AgRP neuronal function using whole-cell patch clamp electrophysiol-
ogy. After 12 weeks of HFHS feeding, more than 82% of AgRP neurons
fired spontaneously, but this was reduced to 33% when the PNN within
the ARC was disassembled with chABC (Extended Data Fig. 6a). Cor-
respondingly, significant reductions in firing frequency and resting
membrane potential were observed (Extended Data Fig. 6b-d), indi-
catingthat the ARC PNN regulates the electrophysiological properties
of AgRP neurons.

Activation of K* channels on AgRP neurons hyperpolarizes the rest-
ing membrane potential, leading to reduced firing rates®. To investi-
gate whether neurofibrosis modulates K" currents in AGRP neurons,
we examined current-voltage relationships in the presence of tetro-
dotoxin. We observed an upward shift in the current-voltage curve,
indicating enhanced K' currents (Extended Data Fig. 6e and Supple-
mentary Fig. 4a). Additionally, several K* channels were upregulated
following digestion of ARC PNN in DIO mice (Extended Data Fig. 6f),
suggesting that neurofibrosis regulates ARC neuronal signalling. Since
insulin typically hyperpolarizes AgRP neurons?, we utilized aninsulin
receptor antagonist (S961) to assess whether these changes were a
result of improved insulin access. The upregulation of K* channels
following neurofibrosis abrogation is attenuated by S961, indicating
insulinreceptor-dependent regulation of neuronal activity following
ARC PNN digestion (Extended Data Fig. 6f).

A notable feature of metabolic disease and insulin resistance is
increased AgRP antagonism of the melanocortin system within the
paraventricular hypothalamus®?* (PVH). We observed significantly
increased AgRP peptide innervating the PVHin obese mice compared
with lean mice, which was reversed upon neurofibrosis attenuation
(Extended DataFig. 6g,h). Thisincrease in AgRP firing frequency, pep-
tide expression and subsequent increase in AgRP inhibitory tone to
the melanocortin circuitry of the PVH may explain how neurofibrosis
around AgRP neurons propagates metabolic dysfunction. Overall,
these findings demonstrate that the ARC PNN interacts directly with
insulin, and neurofibrosis impairs the ability of insulin to access and
signalto key neuronal populations, contributing to insulin resistance.

ARC neurofibrosis impairs AgRP insulin signalling

To define whether impaired AgRP insulin receptor signalling caus-
ally underpins neurofibrosis-driven metabolic dysfunction, we

generated amouse model with conditional insulinreceptor deletionin
AgRP neuronsunder adult DIO conditions. We used CRISPR gene editing
withtwo single guide RNAs (sgRNAs) targeting proximal regions of exon
2 ofthemouseinsulinreceptor gene (/nsr), resulting in near-complete
ablation of insulin receptor protein expression (Extended DataFig. 6i-k
and Supplementary Fig.4b,c). Anadeno-associated virus (AAV) express-
ing the two Insr sgRNA sequences (AAV-gIR; Fig. 4g) was delivered to
AgRP-Cas9 (Agrp-IRES-Cre;Rosa26-LSL-Cas9-GFP) mice. Successful
CRISPR-mediated disruption of the insulin receptor was confirmed
by the presence of an approximately 419-bp PCR product (Alnsr“*s™;
approximately 82 bp smaller than the product for the wild type (approx-
imately 501 bp)) in the mediobasal hypothalami of AgRP-Cas9 mice and
by impaired insulin signalling within AgRP neurons (Extended Data
Fig. 6k and Supplementary Fig. 4d-f).

AAV-gIR or AAV-gScrambled was bilaterally injected into the ARC of
DIO AgRP-Cas9 mice (Fig. 4g). One week later, mice received bilateral
intra-ARC administration of chABC or vehicle to disassemble neurofi-
brosis within the ARC. Consistent with our previous findings, chABC
treatment in AAV-gScrambled mice led to weight loss, reduced adi-
posity, decreased caloric intake, enhanced energy expenditure and
improved glycaemic control (Fig. 4h,i and Extended Data Fig. 61-0).
Remarkably, these metabolicimprovements were significantly atten-
uated in chABC-treated AAV-gIR mice (Fig. 4h,i and Extended Data
Fig. 61-0), highlighting the crucial role of functional insulin receptor
signalling in AgRP neurons. These results suggest that neurofibrosis
contributes to metabolic disease through impaired insulin signalling
in AgRP neurons and that degradation of ARC neurofibrosisimproves
whole-body metabolism and glycaemic control, partly by reinstating
insulin signalling within AgRP neurons.

Hypothalamic inflammation drives neurofibrosis

Inflammation is intimately associated with ECM remodelling both
peripherally and centrally, with increased ECM component deposition
atsites ofinflammation?. Hypothalamicinflammation is demonstrated
to precede obesity, positioning it as a possible driver for neurofibrosis
development.

We observed diet-induced hypothalamic inflammation in the
mediobasal hypothalamus of DIO mice (Extended Data Fig. 7a) and
explored its role in neurofibrosis by administering anti-inflammatory
AAVs expressing both soluble TNFR1a (sTNFR1x) and soluble TGF3R
(STGFBR) inthe ARC priorto DIO onset (Extended Data Fig. 7b). Expres-
sionof sSTNFR1acand sTGFR was confirmed, and their effectiveness was
evidenced by significant downregulation of Tnfa, Tgfp, Ikkf and NfkS
expression after eight weeks of HFHS feeding (Supplementary Fig. 5a).
Inhibition of hypothalamicinflammatory factorsled to notable changes
inthe gene expression of ECM-remodelling proteases and their inhibi-
tors, along with a substantial decrease in WFA expression and CS-GAG
abundances in the ARC of treated mice (Extended Data Fig. 7c-e and
Supplementary Fig. 5a,b). These findings demonstrate the capacity of
hypothalamic inflammation to drive ARC PNN remodelling. Attenua-
tion of neurofibrosis by inhibiting inflammation significantly reduced
key metabolic disease markers, including diminished body weight
gain, reduced adiposity, lower food intake, increased satiety, higher
energy expenditure, prevention of BAT whitening, improved glycaemic
control and enhanced insulin sensitivity (Extended Data Fig. 7f-i and
Supplementary Fig. 5c-i). Attenuating hypothalamic inflammation
also improved ARC neuronal insulin responsivity and reduced AgRP
inhibition of the PVH (Supplementary Fig. 5j—m).

To investigate the causative role of inflammation in neurofi-
brosis, we induced hypothalamic inflammation in healthy mice by
co-administering AAV vectors to increase TNFa and TGF[3 expression
inthe ARC of 10-week chow-fed mice. Increased Tnfa and Tgfp expres-
sion was confirmed after eight weeks (Extended Data Fig. 7j and Sup-
plementary Fig. 6a). This inflammation drove ARC PNN remodelling,
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Fig.5|Intranasal delivery of neurofibrosisinhibitors promotes remission
of metabolic disease. a, Twelve-week HFHS-fed male mice received daily
intranasally delivered vehicle or fluorosamine (1or 5 mg) for 14 days. b-i, WFA
staining (b) and quantification (c), body weight (d), adiposity (e), energy
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evidenced by altered gene expression of ECM degrading proteases
andtheirinhibitors, increased ARCPNN area and intensity, and higher
CS-GAG abundances (Extended Data Fig. 7k-m and Supplementary
Fig. 6a,b). Consistent with prior findings that hypothalamic inflam-
mation drives whole-body metabolic dysfunction®2?, we observed
thatinflammation-driven neurofibrosis within the ARC of lean mice
led to weight gain, increased adiposity, hyperphagia, reduced satiety,
lower energy expenditure, BAT whitening (indicated by gross mor-
phology and histology), impaired glycaemic control, systemicinsulin
resistance and disrupted ARC metabolic neurocircuitry (Extended
Data Fig. 7n-r and Supplementary Fig. 6¢-1). Together, using both an
anti-inflammatory and inflammatory approach, these results confirm
that hypothalamic inflammation drives the remodelling of the ARC
PNN, highlighting anovel aspect of the pathogenesis of hypothalamic
inflammation.

These results identify the capacity of inflammation asa causal driver
of ECMremodelling, yet the relative contribution of this remodelling in
the manifestation of inflammation-driven hypothalamic dysfunction
isunknown. To determine whether neurofibrosis is an essential patho-
physiological mechanism by which inflammation drives metabolic
disease, we combined pro-inflammatory AAVs with intra-ARC delivery
of chABC (Extended Data Fig. 7j-1 and Supplementary Fig. 6b). Criti-
cally, attenuation of inflammation-driven ECM remodelling reversed, at
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of mice treated asina. Dataare mean +s.e.m. Two-way ANOVA with multiple
comparisonstest (d,e) and one-way ANOVA with Tukey’s multiple comparisons
(c,f-i). Pvalues compare vehicleto 5 mg fluorosamine (*) or vehicleto1 mg
fluorosamine (#). nrepresentsbiologicallyindependent samples; representative
ofatleasttwoindependent experiments. Scale bars, 100 um.

leastin part, the metabolic dysfunction observed followinginduction
of hypothalamic inflammation (Extended Data Fig. 7n-r and Supple-
mentary Fig. 6¢-1). In summary, these results identify that hypotha-
lamic inflammation promotes pathological PNN remodelling, which
is a causal driver of whole-body metabolic dysfunction.

Inhibiting neurofibrosis promotes weight loss and
improves glycemic control

Developing small-moleculeinhibitorsto reverse fibrotic ECM is amajor
therapeutic challenge. To explore the pharmacological potential for
targeting neurofibrosis, we used fluorosamine (per-O-acetylated-
4-F-N-acetylglucosamine), an enzyme inhibitor essential for CS-GAG
chainassembly and elongation®*!, Fluorosamine was delivered intrac-
erebroventricularly (circumventing actions on peripheral tissues) to
DIO mice for 10 days, leading to significant attenuation of neurofibrosis
within the ARC but not in other brain areas such as the RSG and only
partial attenuationin the habenulaat the highest dose (Extended Data
Fig.8a-h). This effect may be due to the rapid turnover rate of the ARC
PNN. Consistent with enzymatic PNN disassembly in the ARC, central
fluorosamine treatment promoted weight loss, reduced adiposity,
increased energy expenditure (independently of ambulatory acti-
vity), suppressed food intake through enhanced satiety, and improved



glycaemic control (Extended DataFigs. 8i-qand 9a-d). Mechanistically,
fluorosamine improved glycaemic control by restoring ARC insulin sen-
sitivity and enhancing whole-body insulin sensitivity, hepatic glucose
production and tissue-specific glucose uptake in skeletal muscle, BAT
and ingWAT, as shown by hyperinsulinaemic-euglycaemic clampsin
weight-matched obese mice (Extended DataFig. 9e-k). Fluorosamine
also promoted remission of metabolic disease in late-stage type 2 dia-
betes (HFHS plus low dose streptozotocin; Extended Data Fig. 91,m),
highlighting that targeting neurofibrosis may be an effective method
for treating various stages of type 2 diabetes progression.

Although fluorosamine and chABC differ in their mechanisms for dis-
sembling the PNN, fluorosamine phenocopies the metabolic effects of
chABC. Toinvestigate whether the metabolic benefits of fluorosamine
are mediated through insulin receptor signalling in AgRP neurons,
we bilaterally injected AAV-gIR or AAV-gScrambled into the ARC of
DIO AgRP-Cas9 mice, then treated them with vehicle or fluorosamine
(100 pgintracerebroventricularly) daily for 10 days (Extended Data
Fig.9n).Recapitulating our earlier findings, fluorosamine treatmentin
AAV-gScrambled miceled to weight loss, reduced adiposity, decreased
caloricintake, increased energy expenditure (independent of activ-
ity) and improved glycaemic control (Extended Data Fig. 90-r and
Supplementary Fig. 7a,b). However, these metabolic benefits were
largely lost in AAV-IR mice, indicating that insulin receptor signalling
in AgRP neurons is crucial for the metabolic effects of fluorosamine
(Extended DataFig. 90-r).

To explore human therapeutic potential, we delivered neurofi-
brosis inhibitors intranasally in mice for targeted brain delivery. We
assessed the biodistribution of biotin-conjugated fluorosamine deliv-
ered intranasally and found substantial accumulation, particularly
within the ARC (Extended Data Fig. 10a,b). Intranasal fluorosamine
administration to DIO mice for 14 days attenuated ARC neurofibrosis
and achieved metabolic improvements similar to those oberved with
intracerebroventricular administration (Fig. 5a-i and Extended Data
Fig.10c-1). These findings introduce a first-in-class small-molecule
inhibitor of neurofibrosis and establish the therapeutic capacity and
utility of targeting neurofibrosis for the treatment of metabolic disease.

Discussion

The ECM is a dynamic structure that is essential for maintaining tis-
sue function. Whereas controlled ECM remodelling is vital for organ
health, dysregulated turnover—fibrosis—is a pathological feature of
metabolic disease within peripheral tissues>*%. Our study identifies
pathogenic ECM remodelling in the ARC of the brain and highlights it
asakey mechanism underlying the development of metabolic disease.

In obesity, AgRP neurons exhibit persistent excitability'**, driv-
ing hyperphagia and increased adiposity. The ECM of the brain—for
example, PNN—can directly influence neuronal activity by binding to
receptors, whichenhances neurotransmitter and voltage-gated calcium
activity?®. We have demonstrated here that pathological remodelling
of the ARC PNN around AgRP neurons alters their intrinsic electro-
physiological properties, promoting hyperactivity. Attenuating ARC
neurofibrosis restores AgRP neuron function, reduces their inhibi-
tory tone tothe PVH, and improves hunger regulation, satiety, energy
expenditure and glycaemic control.

The pathogenic effects of fibrosis in the peripheral tissues are well
established, with increased fibrosis correlating with greater insulin
resistance in both humans and mice****, We have shown that neu-
rofibrosis in the obese ARC has a causative role in neuronal insulin
resistance by impedinginsulin penetranceintothe ARC. Thisreduced
insulinsensitivity is linked toincreased insulin binding to the negatively
charged sulfated GAGs of the CSPGs that comprise the PNN*., Addi-
tionally, the PNN may also promote insulin resistance at the receptor
and intracellular levels*. The ECM is crucial for cellular activity, and
influences intracellular signalling pathways by interacting with cell

surface receptors®**. ECM components can activate integrin heter-
odimers, leading to the recruitment, assembly and phosphorylation
of intracellular signalling complexes®“°, and have beenimplicatedin
insulinresistance developmentin skeletal muscle, adipose tissues and
liver'®*#2 Thus, ARC PNN components likely also have a role in regu-
lating intracellular signalling of metabolic hormones such as insulin.

Chronic inflammation in peripheral organs such as adipose tissue
and the liver is marked by recruitment of immune cells and release of
pro-inflammatory cytokines, which promotes fibrosis****¢, Although
hypothalamic inflammation drives metabolic imbalance in response
to overnutrition”?, the role of inflammation-mediated ECM remod-
elling in the brain during obesity is unknown. Here we reveal a novel
mechanism by which inflammation drives fibrotic remodelling of the
ARCPNN, identifying this as akey factor ininflammation-driven hypo-
thalamic dysfunction.

Targeting the ECM surrounding metabolic neurocircuitry rather than
the neurocircuitry itself presents a significant therapeutic opportu-
nity for metabolic disease. Our study underscores the importance of
neurofibrosis as adisease target and validatesits relevance by demon-
strating that fluorosamine®**, a small-molecule inhibitor, effectively
treats obesity and diabetes in pre-clinical models by targeting PNN
depositionin the brain. These findings introduce a small-molecule
inhibitor of neurofibrosis and establish the therapeutic capacity and
utility of targeting neurofibrosis for the treatment of metabolic disease.
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Methods

Animals

Experiments were performed in accordance with ethics guidelines
approved by The University of Melbourne, Monash University and
StVincents Research Institutes Animal Ethics Committee (10323,10324,
10352,10385,10427,21712,22282,22404,25349 and 28097). Mice were
maintained on a12 h light-dark cycle in a temperature-controlled
high-barrier facility with free access to food and water per NHMRC
Australian Code of Practice for the Care and Use of Animals. C57BL/6)
mice were sourced from the Animal Resources Centre, Australia,
whereas Agrp-IRES-Cre (strain 012899), db/db (strain 000697), Npy-GFP
(strain 006417), Pomc-GFP (strain 009593), LSL-Cas9 (strain 028551),
NZO (strain 002105) mice were sourced from Jackson Laboratories.
To generate Agrp-IRES-Cre;;LSL-Cas9-GFP (AgRP-Cas9) mice, hemizy-
gous Agrp-IRES-Cre mice were bred with homozygous LSL-Cas9-GFP
mice. All experimental interventions were performed in male rodents
aged 8-10 weeks old, unless stated otherwise. Male Sprague-Dawley
rats (Animal Resources Centre, Australia) were housed individu-
ally with nesting and enrichment material at a room temperature of
23 +2°C, room humidity 40-70%, on a reverse 12 h light/dark cycle
(lights offat 09:00). Animals were fed astandard chow (Barastoc, Ridley
AgriProducts), a high-fat high-sugar diet (mice: 43% and 20% of total
energy from fat and carbohydrate respectively, SF04-001, Specialty
Feeds; rats: 30% fats of total energy SF17-204, Specialty Feeds) or a
high-fat high-cholesterol diet (40% of total energy from fat and 2%
cholesterol, SF16-033, Specialty Feeds). To induce late-stage type 2
diabetes in mice, male C57BI/6) mice were fed a HFHS diet for 4 weeks
before being receiving up to 6 intraperitoneal injections of strepto-
zotocin (40 mg kg™ (Sigma) in 50 mM sodium citrate buffer pH 4.5)
over the following 2 weeks. Blood glucose levels were monitored and
mice exhibiting stable blood glucose levels of >15 mM were used for
downstream experiments. For allexperiments, random allocation was
used for assignment of individual mice to experimental groups, and
sample sizes were chosen on the basis of prior work and according to
standards in the field.

Genotyping

DNA was extracted from tail biopsies using Tissue Extract-PCR Buffers
(MDX004, Meridian Bioscience) and DNA was amplified by PCR using
MyTaqHS Red Mix (BI0-25048, Meridian Bioscience) with the following
primersto detect cre (forward: 5-GCGGTCTGGCAGTAAAAACTATC-3’,
reverse: 5-GTGAAACAGCATTGCTGTCACTT-3’), LSL-Cas9 (wt for-
ward: 5-AAGGGAGCTGCAGTGGAGTA-3’, wt reverse: 5’-mCAGG
ACAACGCCCACACA-3’, mt forward: 5-TCCCCATCAAGCTGATCC -3/,
mtreverse: 5-CTTCTTCTTTGGGGCCATCT-3’), Npy-GFP (common
forward:5’-TATGTGGACGGGGCAGAAGATCCAGG-3’, wtreverse: 5’-CC
CAGCTCACATATTTATCTAGAG-3’, mt reverse: 5-GGTGCGGT
TGCCGTACTGGA-3’), Pomc-GFP (forward 5’-AAGTTCATCTGCACC
ACCG-3’, reverse 5’-TGCTCAGGTAGTGGTTGTCG-3’) alleles. The
following primers were used to monitor the CRISPR-mediated
deletion of the mouse insulin receptor gene (Alnsr®S™?): for-
ward 5-GAGATGGTCCACCTGAAGGA-3’, reverse 5-GTGAAG
GTCTTGGCAGAAGC-3'.

Immunohistochemistry

For immunohistochemistry on brain, mice were anaesthetized and
perfused transcardially with heparinized saline (10,000 units ™ por-
cine heparin) followed by 10% neutral buffered formalin. Brains were
post-fixed for16 hand kept for three days at 4 °Cin 30% sucrose in PBS
tocryoprotect thetissue, before freezing ondryice. Thirty-micrometre
sections (120 mm apart) were cutin the coronal plane throughout the
entirerostral-caudal extent of the hypothalamus. Sections were stored
incryoprotectant (30% ethylene glycol, 20% glycerolin PBS) at—20 °C
forlong termstorage. For the detection of hyaluronicacid and versican

only, sections were subjected to heat-induced epitope retrieval using
citrate acid buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0)
at 95 °C for 20 min.

For detection of aggrecan, GFP, hyaluronic acid, mCherry, ver-
sican, tenascin C, HAPLN1, neurocan, phosphacan, brevican, WFA,
WFA-FITC, PGP9.5 and AgRP, sections were incubated at room tem-
perature for 1 hin blocking buffer (0.3% Triton X-100, 5% normal goat
serum, Gibco, Thermo Fisher, 0.02% sodium azide) and then overnight
at4 °Cin1% blocking buffer containing either rabbit anti-aggrecan
(1:1,000, AB1031, Millipore), chicken anti-GFP (1:2,000; ab13970,
Abcam), biotinylated hyaluronic acid binding protein (1:100, 385911,
Millipore), rabbit anti-dsRed (1:2,000, 600-401-379, Rockland), rabbit
anti-versican (1:1,000, AB1033, Millipore), tenascin C (1:500, M1-B4,
Developmental Studies Hybridoma Bank), HAPLN1 (1:500, 9/30/8-A-4,
Developmental Studies Hybridoma Bank), neurocan (1:300, 1F6-S,
Developmental Studies Hybridoma Bank), phosphacan (1:300, 3F8,
Developmental Studies Hybridoma Bank), brevican (1:500, 610895,
BD Transduction Laboratories), biotinylated WFA (1:2,000, L1516;
Sigma-Aldrich), WFA-FITC (1:2,000, FL-1351-2, Vector Laboratories),
rabbit anti PGP9.5 (1:1,000, 14730-1-AP, Proteintech), or guinea pig
anti-AgRP (1:500, AS506, Antibodies Australia). After washing with
PBS-T (0.3% Triton X-100 in PBS + 0.02% sodium azide), sections were
incubated with goat anti-chicken-Alexa Fluor 488 (ab150169, Abcam),
goat anti-rabbit-Alexa Fluor 488, goat anti-rabbit-Alexa Fluor 595 or
goat anti-rabbit-Alexa Fluor 647 (ab150077, ab150080 or ab150083,
respectively, Abcam), Streptavidin—-Alexa Fluor 594 or Streptavidin-
AlexaFluor 647 Streptavidin (405240, BioLegend) in 5% blocking buffer
for2 hatroomtemperature. Sections were mounted with Mowiol 4-88
mounting media and visualized with an Olympus BX61 microscope.
Images were captured with an Olympus BX61 camera, acquired using
Olympus cellSens Dimension software v2.1and processed using Image)
software v1.53 s (NIH). Images for cell internalization were captured
using a Zeiss LSM880 Airyscan Fast confocal microscope, acquired
using Zeiss ZEN software v2.1and processed using ImageJ v1.53 s (NIH).
Brightness and contrast have been adjusted to aid in the analysis and
visualization.

ForingWAT, eWAT, liver and BAT immunohistochemistry, tissue was
immediately dissected and fixed in buffered formalin solutionon a
rocking platformfor 48 hatroom temperature. Tissues were embedded
inparaffin, and 5-umsections 100 pm apart were prepared. For haema-
toxylin and eosin histology, sections were incubated in haematoxylin
for3 minfollowed by 30 sineosin. For detection of UCP1, ingWAT sec-
tions were subjected to antigen retrieval in citrate acid buffer (10 mM
sodium citrate, 0.05% Tween 20, pH 6.0) at 95 °C for 20 min. Sections
wereincubated at room temperature for 1 hin 5% blocking buffer and
thenovernight at4 °Cinrabbit anti-UCP1(1:1,000; ab10983, Abcam), in
1% blocking buffer. Following washing in PBS-T, sections were incubated
with goat anti-rabbit Alexa Fluor 488 (ab150077, Abcam) secondary
antibody in 5% blocking buffer for 2 h at room temperature. Sections
were incubated in DAPI (20 ng mI™ in PBS) for 10 min then mounted
with Mowiol 4-88 mounting media and visualized with an Olympus
BX61 microscope. Images were captured with an Olympus BX61 cam-
era, acquired using Olympus cellSens Dimension software v2.1 and
processed using ImageJ software v1.53 s (NIH). Brightness and contrast
have been adjusted to aid in the analysis and visualization.

Functional p-AKT and p-STAT3 Immunohistochemistry

Mice were injected intraperitoneally with vehicle (PBS) or insulin
(3muU g™, Actrapid, Nova Nordisk) and mice were transcardially per-
fused (as described above) after 15 min with 10% neutral buffered
formalin. For p-STAT3 signalling, mice were intravenously injected
with vehicle (PBS) or leptin (20 pg per mouse in a volume of 100 pl)
and transcardially perfused after 30 min with 10% neutral buffered
formalin. The brains were post-fixed for 16 h on arocking platform at
room temperature and then kept for two days in 30% sucrose in PBS
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to cryoprotect the tissue, before freezing on dry ice. 30 pm sections
were cut in the coronal plane throughout the entire rostral-caudal
extent of the hypothalamus. Sections were pre-treated for 20 minin
freshly prepared 1% NaOH, 1% H,0, in PBS, washed in PBS, incubated
for 10 minin 0.3% glycine, washed in PBS and incubated for 10 minin
0.03% SDS. Sections were then blocked in 5% blocking buffer for 1 h
at room temperature and incubated for 48 h with rabbit anti-p-AKT
(Ser473) (1:300; 4060, Cell Signaling Technology), rabbit anti p-STAT3
(Tyr705) (1:500, number 9131S, Cell Signaling Technology), or rab-
bit anti fluor in 1% blocking buffer. Sections were then incubated in
5% blocking buffer containing either goat anti-rabbit Alexa Fluor
647 (ab150083, Abcam), goat anti-rabbit Alexa Fluor 594 (ab150080,
Abcam) or biotinylated goat anti-rabbit (BA-1000, Vector Laboratories,
no sodium azide in 5% blocking buffer). Florescence sections were
mounted with Mowiol 4-88 mounting media and visualized using
Olympus BX61 microscope. Images were captured with an Olympus
BX61camera, acquired using Olympus cellSens Dimension software v2.1
and processed using ImageJ software v1.53 s (NIH). For chromogenic
detection, p-AKT signal was amplified using Vectastain ABC-HRP Kit
(1,500, PK-4000, Vector Laboratories) and visualized using 0.1% H,0,
DAB solution (3,30-diaminobenzidine, ICN980681, Thermo Fisher)
Peroxidase Substrate Kits (Vector Laboratories). p-STAT3 and p-AKT
immunopositive cells were visualized with aLeicaDM2000 LED bright
field microscope usingaLeica DMC6200 cameraand Leica Application
Suite X software. Brightness and contrast have been adjusted to aidin
the analysis and visualization.

PNNimmunofluorescent analysis

The ARC PNN was stereologically assessed throughout the entire
rostro-caudal ARC. The ARC was divided into three regions, includ-
ing the rostral ARC (-1.22/-1.58 mm anterior-posterior), medial ARC
(-1.58/-1.94 mm anterior-posterior) and caudal ARC (-1.94/-2.18 mm
anterior—posterior). PNN was quantified in the VMH and RSG cortex
(-1.58/-1.94 mm anterior-posterior).

Allimage quantification was performed inImageJ v1.53 s (NIH). Raw
images underwent background subtraction using a rolling ball algo-
rithm to minimize background and any potential variance in tissue
autofluorescence. To quantify area and intensity of the PNN within each
brain region (ARC, VMH or RSG cortex) images were thresholded and
binarized to create aregion ofinterest (ROI) mask of only the PNN. For
eachbrainarea, PNN ROl area (um?) and intensity was calculated. This
process was automated to minimize bias and to account for differences
in brain nuclei size across multiple images. Brain nuclei were defined
inaccordance with the Paxinos and Franklin Mouse Brain Atlas (http://
labs.gaidi.ca/mouse-brain-atlas/). The area and intensity of PNN within
each region was normalized to the respective control.

To determine the co-localization of ECM components (hyaluronic
acid, HAPLNI, tenascin C, aggrecan, versican, phosphacan, brevican,
neurocan) within the PNN (WFA-positive staining), 2 masks were gen-
erated perimage: one for the total PNN staining and another for com-
ponent staining within the ARC. The overall area and intensity were
calculated for the total PNN structure. The area and intensity for com-
ponents within the PNN was determined by quantifying the expression
within the total PNN mask only. This allowed for the characterization of
ECM components expressed specifically withinthe ARCPNN. The area
andintensity of PNN within each region was normalized to the respec-
tive control. To determine the co-localization of the WFA-labelled ARC
PNN withinthe ARC PNN components, two masks were generated per
image: one for total PNN staining and another for component staining
within the ARC. The overall area and intensity were calculated for the
total componentstructure. The area and intensity for the PNN compris-
ing the components was determined by quantifying the WFA expres-
sion within the total component mask only. The area and intensity
of PNN within each region was normalized to the respective control.
This combined approach further characterizes the specificity of the

components to the PNN region. Brightness and contrast have been
adjusted to aid in the analysis and visualization.

Quantification of ARC neurons within the PNN

To determine which metabolically relevant ARC neurons are encased
within the PNN during the development of metabolic disease we
analysed brains taken from 0, 4- and 12-week HFHS-fed Npy-GFP (to
visualize AgGRP/NPY neurons) and Pomc-GFP (to visualize POMC neu-
rons) mice. ARC sections were stained for GFP and WFA as described
in Immunohistochemistry’ and analysed using ImageJ v1.53 s (NIH)
software. To determine the number of GFP positive neurons encased
withinthe PNN we generated two masks. To define the PNN structurein
the ARC, images were thresholded and binarized to create a PNN mask.
Toidentify individual GFP positive neurons, images were thresholded
and binarized to create a GFP mask. To define individual GFP neurons,
the GFP masks were segmented using awatershed separationalgorithm.
The total number of GFP positive cells were counted within the whole
ARC area and within the PNN mask. This quantified the percent of GFP
cells encompassed by the PNN in the ARC.

To determine the intensity of the PNN that specifically surrounds
individual GFP cellsin the ARC, GFPimages were thresholded and bina-
rized. An ROl of 1.29 um (average size of ECM surrounding cortical
neurons*’) was generated around each GFP cell using dilate, distance
map and Voronoi processes in ImageJ v1.53 s software. This generated
amask capable of specifically analysing PNN bordering individual GFP
cells. Using this mask, PNN staining intensity surrounding GFP cells
present within the ARC PNN was determined.

Behavioural satiety sequence

Mice were fasted overnight and housed individually in transparent
cages with ad libitum access to water. Two hours after the beginning
of the light cycle (at 09:00) pre-weighed food was presented to the
mice and mice were undisturbed and discreetly observed for 90 min.
Momentary behaviour was scored every 30 s over a90-min observation.
Behaviour at each 30 sinterval was recorded according to the follow-
ing classifications: feeding (animal at hopper trying to obtain food,
chewing, or gnawing), drinking (animal licking at the water spout),
grooming (animal scratching, biting or licking any part of its anatomy),
resting (animal curled up, resting head with eyes closed), active (animal
showing activity, including locomotion, sniffing, rearing), or inac-
tive (animal immobile when aware, or signs of sickness behaviour).
Datawere collated into 5-minbins, and several variables were assessed
including the average percentage of time the mice spent engaging in
eachrecordedbehaviour (percentage of total behaviour), food intake,
the transition from eating to resting and the time to satiety (the time
whenthe frequency of eating behaviour intersects with the frequency
of resting behaviour).

Stereotaxic surgery

Allstereotaxic injections were undertaken under isoflurane anaesthetic
using an UltraPrecise StereotaxicInstrument (963 Kopf) or Ultra Precise
Rotational Stereotaxic Instrument (69100, RWD Life Sciences) along-
side stereotaxic nanoinjectors (788130, KD Scientific) with Neurosy-
ringes (Hamilton). To induce hypothalamic inflammation, mice were
bilaterally injected with a 1:1:1 cocktail containing AAVs expressing
GFP (AAV-CMV-eGFP, Addgene) and ligands for TNF (AAV-CMV-TNF)
and TGF3 (AAV-CMV-TGFf) or control AAV alone (AAV-CMV-eGFP,
Addgene). To inhibit hypothalamicinflammation mice received bilat-
eral injections of a 1:1:1:1 AAV cocktail containing expressing soluble
TNF Receptor Superfamily 1 A (AAV-CMV-sTNFR1A), soluble TGFR2
(AAV-TRE-sTGFfR2 and AAV-CMV-TetOFF) and AAV-CMV-eGFP vector,
or control AAV alone (AAV-CMV-eGFP, Addgene). All inflammatory
AAVs we delivered at -10” GU ml™. To disassemble the PNN within the
ARC, mice received bilateral (unless stated otherwise) administra-
tion of 15 mU per side of active chABC (C3667, Sigma; dissolvedin1M
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trehalose) or heat-inactivated chABC protein as a vehicle (chABC in
1M trehalose*® was heat-inactivated at 85 °C for 45 min, as previously
described*) in a total volume of 150 nl per side. To pulse the PNN
within the ARC or RSG, mice received bilateral (unless stated other-
wise) administration of biotinylated WFA (0.3 pg per side, inavolume
of 150 nl). To disrupt the insulin receptor in AgRP neurons, 12-week
HFHS-fed AgRP-Cas9 mice were stereotaxically injected with AAV
vectors expressing U6-driven guide RNA’s targeting the /nsr gene or
ascrambled sequence (5-GTGTAGTTCGACCATTCGTG-3’) alongside
a CAG driven mCherry FLEX switch. Unless otherwise stated injec-
tions were delivered bilaterally into the ARC (coordinates, bregma:
anterior-posterior, —1.70 mm; dorsal-ventral, -5.85 mm; lateral,
+0.18 mm, 200 nl per side) or into the RSG (coordinates, bregma:
anterior-posterior, -1.70 mm; dorsal-ventral, -1.00 mm; lateral,
+0.20 mm, 200 nl per side). WFA-biotin was injected unilaterally into
the cc (coordinates, bregma: anterior-posterior, =1.70 mm; dorsal-
ventral, —1.50 mm; lateral, +0.20 mm, 200 nl per side).

Hyperinsulinaemic-euglycaemic clampsin conscious freely
behaving mice

For hyperinsulinaemic-euglycaemic clamps, mice were anaesthe-
tized under isoflurane and the right jugular vein was catheterized for
infusions, as previously described*. Catheters were attached to an
implant button (BMSW25, RWD Life Sciences). Implant buttons were
capped allowing for group mousing of mice and catheters were kept
patent by flushing daily with 40 pl heparinized saline. On the day of the
experiment, food was removed at 07:00. After 3.5 h fasting, a primed
(1min, 1.25 pCi min™) continuous infusion (0.05 pCi min™) of [3-H]
glucose (NET331A001IMC, PerkinElmer) was administered to measure
whole-body glucose turnover, as described*. Ninety minutes later, mice
received a40 mU kg insulin bolus over 10 min which was followed by
continuousinsulininfusion (4 mU kg™ miningelofusine). Euglycaemia
(-8-10 mM blood glucose) was maintained by a variable infusion of a
30% glucose solution.

Tail blood samples were collected during steady-state conditions
(rate of appearance (Ra) =rate of disappearance (Rd)) and at 80,90, 100,
110, and 120 min for determination of Rd and Ra, as described above.
At120 min,a13 pCi bolus of [*C]-2-deoxy-D-glucose (NEC495A250UC,
PerkinElmer) was injected into the jugular vein, and blood was sampled
at122, 125,135,145 and 155 min. At the end of the experiment tissues
were extracted for glucose uptake determinations.

Pair feeding

HFHS-fed C57BL/6) mice were bilaterally injected with vehicle or
chABC into the ARC. 24 h food intake was determined for intra-ARC
chABC-treated mice and a cohort of intra-ARC treated vehicle-treated
mice were pair-fed, whereby food availability was restricted to the
average food consumed by intra-ARC chABC-treated mice.

Metabolic assessment

Metabolic measurements were undertaken in the Melbourne Mouse
Metabolic Phenotyping Platform (The University of Melbourne,
Australia). Glucose tolerance tests were performed on 6 h fasted con-
scious mice respectively by injecting D-glucose (2 mg per g of lean
body mass and 1 mg per g lean mass for db/db and HFHS + streptozo-
tocin mice) into the peritoneal cavity and measuring glucose in tail
bloodimmediately before and at 0, 15,30, 45, 60,90 and 120 min after
injection using an Accu-Check glucometer (Roche). The areas under
glucose excursion curves were determined and expressed asmM x min.
Fasted (12 h fast) plasma insulin or glucose levels were determined
using a Rat/Mouse Insulin ELISA (EZRMI-13K, Merck Millipore) or an
Accu-Check glucometer respectively. The HOMA-IR was calculated
using the equation [(glucose x insulin)/405]. Adiposity was measured
using TD-NMR minispec with OPUS 7.0 spectroscopy software (Bruker
Optics).

Mice were acclimated for 24 hand then monitored for 48 hinanenvi-
ronmentally controlled Promethion Metabolic Screening System (Sable
Systems International) fitted with indirect open circuit calorimetry,
food consumption and activity monitors to measure activity, caloric
intake and energy expenditure. Datawere recorded and extracted using
MetaScreen v2.3.15.13 and Macro Interpreter v23.6.0 (Sable Systems
International). Respiratory quotients were calculated as the ratio of
CO, production over O, consumption respiratory exchange ratio and
energy expenditure was calculated using the Weir equation (energy
expenditure (kcal h™) =60 x (0.003941 x VO, + 0.001106 x VCO,). To
account for difference inbody mass/composition energy expenditure
was analysed and adjusted using ANCOVA using scripts available at
the National Mouse Metabolic Phenotyping Centers (MMPC) energy
expenditure analysis page (https:/www.mmpc.org/shared/regres-
sion.aspx).

To provide an index of ingWAT and BAT thermogenesis, infrared
thermography was used to measure temperature changes in the
inguinal and interscapular regions as described previously®. The FLIR
T1010 thermalimaging camera (FLIR Systems Australia) was mounted
onto a tripod and animals were positioned at a standardized distance
of 70 cm from the camera. Animals were anaesthetized, shaved in
the regions of interest and whole-body images were collected in both
the prone and supine positions. Temperatures were analysed using the
FLIR ResearchIT Max 4 program (FLIR Systems). The peak temperatures
within the ingWAT and BAT was determined.

Viral vector production

To generate the AAV-gScrambled (pAAV-U6>mScramble-GTGTAG
TTCGACCATTCGTG)-CAG > LL:rev(mCherry):rev(LL):WPRE) and
AAV-gIR (pAAV[-U6>mInsr[gRNA-TATCGACTGGTCCCGTATCC]-
U6>mInsr[gRNA-GTCTGTCCAGGCACCGCCAA]-CAG > LL:rev(mCherry):
rev(LL):WPRE) viral vectors, sgRNAs were first designed using online
CRISPR tools (http://crispr.mit.edu and http://chopchop.cbu.uib.
no/). Potential off-target gRNA binding was assessed in silico using
Off-Spotter (https://cm.jefferson.edu/Off-Spotter/) and guides
exhibiting >3 mismatch with non-specific genomic regions were
considered. For AAV-gScrambled a pUp-U6>Scrambled gRNA vector
was generated using the Gibson assembly of a pDONR P4-P1R back-
bone and primers 5’-GGGGACAACTTTGTATAGAAAAGTTGGAGG
GCCTATTTCCCATGATTC-3’ and 5’-GGGGACTGCTTTTTTGTACAA
ACTTGAAAAAAGCACCGACTCGGTGCC-3'. For AAV-gIR a pUp-U6>
mInsr[gRNA-TATCGACTGGTCCCGTATCC]-U6>mlInsr[gRNA-GTCTGTC
CAGGCACCGCCAA] gRNA vector was generated using the Gibson
assembly of a Aarl digested pUp-U6-gRNA-Aarl-Stuffer-Aarlbackbone
and primers 5’-ATATCTTGTGGAAAGGACGAAACACCGTATCGACTG
GTCCCGTATCCG-3" and 5-AACTTGCTATTTCTAGCTCTAAAACTT
GGCGGTGCCTGGACAGAC-3'. For both AAV-gScrambled and
AAV-gIR the p-Up vectors were cloned alongside pDown-CAG and
pTail-LL:rev(mCherry):rev(LL) to generate the final vectors by LR reac-
tion using the Gateway method. The AAV plasmids were used to gener-
aterecombinant viral vectors packaged into the AAV-DJ/8 pseudotype
supplied atatitre of >2 x 10" GC mlI™). All vector cloning and AAV pack-
agingwas carried out by VectorBuilder (Chicago, IL). The recombinant
AAV vectors expressing inflammatory factors TNF (AAV-CMV-TNF)
and TGF (AAV-CMV-TGFp), or soluble TNF receptor superfamily
1A (AAV-CMV-sTNFRA1) or TGFp receptor 2 (AAV-TRE-sTGF3R2 and
AAV-CMV-TetOFF), were manufactured in-house as described previ-
ously®.. Inbrief, cDNA constructs carrying the relevant gene expression
cassettes flanked by AV2 terminal repeatsinan AAV expression plasmid
were transfected with the pDGM6 packaging plasmid into HEK293T
cells (Sigma; authenticated by Sigma and not tested for mycoplasma
contamination) by means of the calcium phosphate precipitate method
to produce AAV6 vectors. At 72 h after transfection, the media and cells
were harvested for purification via heparin affinity column (HiTrap, GE
Healthcare) chromatography and overnight ultracentrifugation before
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re-suspensioninsterile physiological Ringer’s solution and titre deter-
mination via quantitative PCR-based reaction (Applied Biosystems) as
described previously*. Purified vectors were stored frozen until the
day of use, at which time they were rapidly thawed at room temperature
and diluted in sterile PBS for administration via stereotaxic injection
asdescribed herein.

Insulin and leptin extravasationin the ARC

12-week HFHS-fed C57BL/6) or aged-matched chow-fed controls
received bilateral injections of vehicle or chABC into the ARC. 3 days
post-injection (before differences in body weights were seen), mice
were fasted for 6 h. To assess insulin extravasation into the ARC mice
were administered insulin-FITC (50 pg per mouseinavolume of 100 l,
intravenousinjection, 13661, Sigma) or FITC (64.3 pumol per mouseina
volume of 100 pl, intravenousinjection, F3651, Sigma). To assess leptin
extravasationinto the ARC, mice were administered leptin-647 (20 pg
per mouse in a volume of 100 pl). Mice were perfused (as described
above) 30 min post-injection. To assess insulin extravasationinto the
ARC irrespective of the BBB, mice were administered insulin-FITC
(1 pg permouseinavolume of 2 pl) directly into the lateral ventricles.
To do this, mice were anaesthetized and stereotaxically injected (as
described above) insulin—FITC at a rate of 200 nl min'into the lat-
eral ventricles (coordinates, bregma: anterior-posterior,—0.20 mm;
dorsal-ventral, 2.4 mm; lateral, +0.10 mm). Mice were perfused (as
described above) 20 min from the start of injection. To assess insulin-
FITC brains were post-fixed overnight and cryoprotected in 30%
sucrose in PBS. To retain spontaneous fluorescence signal, brains
and sections were kept in the dark and were mounted and imaged
immediately after sectioning.

Lateral ventricle cannulations

Under isoflurane anaesthetic 12-week HFHS-fed C57BL/6) or AgRP-Cas9
mice wereimplanted stereotaxically with guide cannulasinto theright
lateral ventricle (0.2 mm posterior, 1.0 mm lateral from bregma). Guide
cannulawas positioned 1.3 mm above the injection site (1 mm ventral
to the surface of the skull). AgRP-Cas9 mice were treated with either
AAV-gScrambled or AAV-gIR and underwent guide cannula place-
ment 7 days post AAV administration. Mice were administered intrac-
erebroventricular vehicle (ddH,0), fluorosamine (100 pg per day or
250 pg per day) in a volume of 2 pl and all compounds were delivered
approximately 1 h before lights off (19:00).

Intranasal drug delivery

Conscious mice were restrained by scruffing and inverted parallel to
the floor withthe chin at ~-180-degree angle with the neck. Using a10 pl
tip, a pipettor was loaded with 5 pl of vehicle (ddH,0) or fluorosamine
(1 mg per mouse in 20 pl or 5 mg per mouse in 20 pl). The tip of the
filled pipettor was placed near the left nostril at a45-degree angle, and
the drug was ejected to form a small 5 pl droplet at tip for the mouse
to inhale. Immediately after the mouse inhaled the first droplet the
remaining solution was ejected to form another small droplet for the
mouse to inhale through the same nostril. The mouse was held in this
position for15 sbefore the procedure was repeated in the right nostril.
The mouse was returned to the cage for 2 min and the process was
repeated so that each mouse received four droplets of 5 pl each, deliver-
ing a total of 20 pl of solution. All drugs were administered delivered
approximately 1 h before lights off (19:00).

PNN tracker validation and quantification

To determine PNN turnover inthe ARC, RSG, or CC, mice received stere-
otaxicinjections of WFA-biotin as described in‘Stereotaxic surgery’. At
experimental endpoints mice were transcardially perfused and assess-
ment of pulse labelled ARC PNN was identified by immunofluorescent
detection of WFA-biotin (PNN at the time of pulse) and WFA-FITC (total
PNN) as described in Immunohistochemistry’.

Tochase the pulsed WFA-biotinin the ARC, sections wereimaged and
analysed using ImageJ v1.53 s (NIH) software. Raw images underwent
background subtraction using a rolling ball algorithm to minimize
background and tissue autofluorescence. To quantify staining area
within the ARC, images were thresholded and binarized to create ROI
masks for WFA-biotin and WFA-FITC. For each image, staining ROI
area (um?) and intensity was calculated.

To validate the PNN tracker technique, C57BL/6) mice were stere-
otaxically injected unilaterally with WFA (0.3 pg per side, in a volume
of150 nl) to pulse the PNNinto one side of the ARC and saline injected
intothe other side. One day later mice were transcardially perfused and
ARC brain sections were stained and analysed for PNN tracker analysis.
To determine how faithfully the pulsed WFA-biotin represents the
current PNN we quantified the percentage area to which WFA-biotin
(pulse labelled) co-localizes with WFA-FITC (total present PNN).

To validate that the chased WFA-biotin signal represents bona fide
PNN staining we stereotaxically injected WFA (0.3 pg per side, inavol-
ume of 150 nl) bilaterally into the ARC of 8-week-old C57BL/6) mice.
3 days later mice received unilateral ARC injections of chABC (15 mU
persideinavolume of 150 nl) or vehicle to disassemble the WFA-biotin
bound PNN. To determine the specificity of pulsed WFA-biotin we
quantified and compared the area and intensity of WFA-biotin staining
in the chABC and vehicle-treated sides of the ARC.

To determine PNN turnover inlean and obese mice, we stereotaxically
injected WFA-biotin (0.3 pg per side, in a volume of 150 nl) bilaterally
into the ARC of 12-week HFHS-fed C57BL/6) mice or aged-matched
controls. Brains were extracted either the day after surgery (day 0)
or following1, 3, 5 and 10 weeks post-injection. Brain sections were
stained for the presence of WFA-biotin and WFA-FITC, and we quanti-
fied the area of WFA-biotin staining as described above. To determine
PNN turnover we compared WFA-labelled PNN present at the start of
the experiment (day 0) to that which remained at weeks 1, 3, 5and 10.
WFA-FITC labelling of the PNN was performed at each time point to
validate the presence of the ARC PNN and ensure changesin WFA-biotin
labelling were not due to loss of the PNN over time. The same process
was used to assess turnover in the RSG and blood vessels of the CC.

ARC CS-GAG and hyaluronic acid disaccharide quantification
Microdissected ARC tissues wereincubatedinthe extractionbuffer,con-
taining 8 Murea, 0.5% Triton X-100, 5 mM Tris 2-carboxyethylphosphine
and cOmplete mini ETDA-free protease inhibitor cocktail (Merck) for
30 minwithgentle mixing and then homogenized. Samples were cen-
trifuged for 30 min at 5,000 rpm and the supernatant was collected
and buffer exchanged using Amicon Ultracell-10k MWCO centrifugal
tubes into PBS. Protein concentration of each sample was estimated
using Bradford assay. Thirty pg of each protein extract was reduced
using 5 mMdithiothreitol for 30 minat 50 °C and alkylated with10 mM
iodoacetamide foran hour atroom temperature before blotting onto
0.45pm PVDF membrane (Millipore, IPVH20200) and dried. Each sam-
ple spot was transferred into a 96-well plate and blocked using 1% (v/v)
polyvinylpyrrolidone solution in water.

The disaccharide analysis procedure was adapted from*® with the
following modifications. GAG disaccharides were released from the
PVDF sample spots using an enzyme mix containing 5 mU chABC
(Sigma, Cat# C3667), 50 ng each of heparinase I/1I/1ll (R&D Systems)
in 100 mM ammonium acetate pH 7 with 5 mM calcium chloride
and incubated at 30 °C overnight. An additional mixture of purified
GAG polysaccharides containing 1 pg each of bovine kidney hep-
aran sulfate (Sigma-Aldrich, H7640), 10 pg shark chondroitin sulfate
(Signma-Aldrich, C4382) and 1 pg of Streptococcus equi hyaluronic acid
(Sigma-Aldrich, 53747) were digested alongside samples as enzyme
reaction controls, and as retention time standards. Digested disac-
charides were collected and dried under low pressure for labelling
using 2-AB (2-aminobenzamide), according to a commercially avail-
able protocol (Ludger LT-KAB-VP24-Guide-v2.0). Samples, alongside



astandard mix of 8 common HS (Iduron, HS mix) and 8 common chon-
droitin sulfate disaccharides (Iduron, chondroitin sulfate mix), were
labelled with 2-AB and washed with octanal twice to remove excess
labelling agent. Cleaned samples in the aqueous layer were dried
and resuspended in 75% (v/v) acetonitrile with 10 mM ammonium
acetate, pH 6.8.

Thelabelled disaccharides were separated by liquid chromatography
using a SeQuant ZIC-HILIC column (200 A pore size, 3.5 pm particle
size, 1 mm x 150 mm) at 35 °C using an Agilent 1260 Infinity Il with
fluorescence detection. The mobile phase solvent A (10 mM NH,Ac,
pH 6.8) and solvent B (90% acetonitrile in 10 mM NH,Ac pH 6.8) were run
ata constant flow rate of 60 pl min™ in microflow mode with gradient
parameters as follows: 0-3 min, 100% B; 4-14 min, 94% B; 34 min, 86% B;
47 min, 75% B; 51 min, 60% B; 52-57 min, 60% B; 58- 65 min, 100% B.
Fluorescence detection was carried out with excitation and emission
wavelengths set at 320 nm and 420 nm, respectively. Peaks wereiden-
tified using the standard panel and polysaccharide digest control as
retention time standards and the abundances were quantified manu-
ally by peak area.

Patch clamp electrophysiology. Npy-GFP male mice were placed on
a HFHS diet for 12 weeks before being stereotaxically injected with
either vehicle or chABC in the ARC 3 days before electrophysiologi-
cal characterization. Mice were anaesthetized with isoflurane prior
to brain extraction, and brains were incubated in ice-cold artificial
cerebrospinal fluid (aCSF) of the following composition: 127 mM NacCl,
1.2 mM KH,PO,, 1.9 mM KCl, 26 mM NaHCO,, 3 mM D-glucose, 7 mM
mannitol, 2.4 mM CacCl,, 1.3 mM MgCl, (saturated with 95% O, and 5%
CO,, pH 7.4). Coronal sections (250 pm) of the ARC were cut using a
vibratome (Leica VTS1000S). Slices were heated for 30 min at 34 °C
and thenallowed to cool toroom temperature prior torecording. Slices
were placed in arecording chamber and continuously perfused with
room temperature aCSF.

Npy-GFP neuronsinthe ARC were visualized using fluorescence and
differential interference contrast optics with infrared video micros-
copy (AxioCam MRm, Zeiss) and an upright microscope (BX51WI,
Olympus). For current clamp recordings, patch pipettes (8-11 MQ)
were pulled from thin-walled borosilicate glass (Sutter Instruments,
BF150-86-10) using a horizontal puller (Sutter Instruments) and filled
with intracellular solution containing 140 mM potassium gluconate,
10 mM HEPES, 10 mM KCI, 1 mM EGTA, 4 mM Na-ATP, 0.3 mM Na-GTP
and 10 mM Biocytin (300 mOsm and pH 7.3, with osmolality and pH
adjusted with sucrose and KOH accordingly). In voltage-clamp record-
ings to examine K* currents, patch pipettes (3-6 MQ) were filled with
intracellular solution containing 130 mM potassium gluconate, 6 mM
NaCl,4 mMNaOH, 11 mM EGTA, 1 mM CaCl, 10 mM HEPES, 1 mM MgCl,,
2 mM Na-ATP, 0.2 mM Na-GTP, 0.1% biocytin (295 mOsm and pH 7.3,
with osmolality and pH adjusted with sucrose and KOH accordingly).
Cells with aseries resistance of >20 MQ were notincluded in the analy-
sis. Recordings were made in the presence of tetrodotoxin, where 11
depolarizing pulses applied from =40 to +60 mV for 500 msin10 mV
increments from a holding potential of -80 mV. A 50 ms prepulse
to 0 mV was used to inactivate any residual voltage-dependent Na+
current. Whole-cell recordings were made using a Double IPA Inte-
grated Patch amplifier controlled with SutterPatch software (Sutter
Instruments) with all current clamp data filtered at 5 kHz. Data were
analysed using Sutterpatch (Sutter Instruments) and Clampfit 10.7
(Axon Instruments).

Immunoblotting

The mediobasal hypothalamus was microdissected and snap frozen
in liquid nitrogen. Tissues were mechanically homogenized in 100 pl
ice-cold RIPA lysis buffer (ab156034, Abcam, UK, containing PhosS-
top Phosphatase Inhibitor, 1 tablet per 10 ml; Roche PHOSS-RO) and
clarified by centrifugation (13,000 rpm for 20 min at 4 °C). Tissue

lysates were resolved by SDS-PAGE and immunoblotted as described
previously (PMID: 31509751). Antibodies used are rabbit phospho-IR
(Tyr1162, Tyr1163) polyclonal antibody (1:1,000, 44-804 G, Invitro-
gen, MA), rabbit monoclonal anti-IR (1:1,000, 3025x, Cell Signaling),
rabbit-B-actin polyclonal antibody (1:2,000, 4967, Cell Signaling
Technology), mouse GAPDH monoclonal antibody (1:5,000, 60004-
1-Ig, Proteintech), mouse monoclonal anti-tubulin (1:2,000, T5168,
Sigma).

Real-time PCR
RNA was extracted using TRIzol reagent (Invitrogen) and total
RNA quality and quantity determined using a NanoDrop 3300
v2.8.1 (Thermo Scientific). mRNA was reverse-transcribed using
a High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems) and processed for quantitative real-time PCR using SYBR
Green PCR Master Mix (4309155, Applied Biosystems). The fol-
lowing primers were used for SYBR green expression assays:
Adamst4 (forward-GAACGGTGGCAAGTATTGTGAGG, reverse-
TTCGGTGGTTGTAGGCAGCACA), AdamstS (forward-CTGCCTTCA
AGGCAAATGTGTGG, reverse-CAATGGCGGTAGGCAAACTGCA),
Ikkb (forward-GCAGACTGACATTGTGGACCTG, reverse-ATCTCC
TGGCTGTCACCTTCTG), /6 (forward-GGTGCCCTGCCAGTATTCTC,
reverse-GGCTCCCAACACAGGATGA), Kcna4 (forward-GCAGAT
TGCTGAATGACACCTCG, reverse-GGACAAGCAAAGCATCGAACCAC),
Kcnbl (forward-GAGGAGTTCGACAACACGTGCT, reverse-TGAGTG
ACAGGGCAATGGTGGA), Kcnb2 (forward-GCTGGAGAAACCTAA
CTCGTCC, reverse-CTCGTCGTTTTCTTGCAGCTCTG), Kcnc3 (forward-
GAAGAGGTGATTGAAACCAACAGG, reverse-TGGGCTCTTGTCTTCT
GGAGAC), Kenc4 (forward-CCAGCTCGAATCGCCCATTTAC, reverse-
AGCACCGCATTAGCATCGCCAT), Kcnd2 (forward-CCTACATGCAGAG
CAAGCGGAA, reverse-GTGGTTTTCTCCAGGCAGTGAAG), Kcnd3
(forward-AGAAGAGGAGCAGATGGGCAAG, reverse-CTTGATGGTGGAGG
TTCGTACAG), Kcnj11 (forward-TGCGTCACAAGCATCCACTCCT, reverse-
GGACATTCCTCTGTCACCATGC), Kcnj3 (forward-CAGTTCGAGGT
TGTCGTCATCC, reverse-CCCAAAGCACTTCGTCCTCTGT), Kcnj6
(forward-GGAACTGGAGATTGTGGTCATCC, reverse-TCTTCCAGCG
TTAGGACAGGTG), Kcnj9 (forward-TCTCACCTCTCGTCATCAGCCA,
reverse-GCTTCGAGCTTGGCACGTCATT), Kcnmal (forward-
CCTGAAGGACTTTCTGCACAAGG, reverse-ACTCCACCTGAGTGAA
ATGCCG), Kcnn3 (forward-TCCACCGTCATCCTGCTTGGTT, reverse-
CAGGCTGATGTAGAGGATACGC), Kcng3 (forward-AAGCCTACGCTTTC
TGGCAGAG, reverse-ACAGCTCGGATGGCAGCCTTTA), Mmpi3(forward-
AGCAGTTCCAAAGGCTACAACT, reverse-GGATGCTTAGGGTTGGGGTC),
Mmpi14 (forward-AGCACTGGGTGTTTGACGAA, reverse-CCGGTAGT
ACTTATTGCCCCG), Mmp2 (forward-GTCGCCCCTAAAACAGACAA,
reverse-GGTCTCGATGGTGTTCTGGT), Mmp9 (forward-GCTGACTAC
GATAAGGACGGCA, reverse-TAGTGGTGCAGGCAGAGTAGGA), Nfkb1
(forward-GCTGCCAAAGAAGGACACGACA, reverse-GGCAGGCTAT
TGCTCATCACAG), Rni8s(forward-CAGCTCCAAGCGTTCCTGG, reverse-
GGCCTTCAATTACAGTCGTCTTC), sTgfpr2 (forward-AAGGGTTCAGCCT
ACACCTT, reverse-GTCGGGACTGCTGGTGGTGT), sTnfrla (forward-GG
TTATCTTGCTAGGTCTTTG, reverse-GATCCCTACAAATGATGGAG), Tgfbl
(forward-GGATACCAACTATTGCTTCAG, reverse-TGTCCAGGCTCC
AAATATAG), Tgfb2 (forward-CTAATGTTGTTGCCCTCCTACAG,
reverse-GCACAGAAGTTAGCATTGTACCC), Tgfbr1 (forward-GGACC
ATTGTGTTACAAGAAAGC, reverse-CATGGCGTAACATTACAGTCTGA),
Tgfbr2 (forward-TCCTAGTGAAGAACGACTTGACC, reverse-TACCAGA
GCCATGGAGTAGACAT), TimpI (forward-TCTTGGTTCCCTGGCGTA
CTCT, reverse-GTGAGTGTCACTCTCCAGTTTGC), Timp3 (forward-GCT
AGAAGTCAACAAATACCAG, reverse-TAGTAGCAGGACTTGATCTTG) and
Tnf (forward-CTGTGAAGGGAATGGGTGTT, reverse-GGTCACTGTCCC
AGCATCTT).

Gene expression was normalized to Rni8s and relative quantification
was achieved using the AAC; method. Reactions were performed using
aBio-Rad CFX 384 touch (Bio-Rad).
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PNN binding assay

To determine the interaction of insulin with PNN components in vitro,
flat-bottom 96-well plates were first coated with 10 ug ml™ poly-L-lysine
overnight, followed by arinsing with water. A purified CSPGs mix con-
taining neurocan, phosphacan, versican and aggrecan (CC117, Merk
Millipore), purified aggrecan (A1960, Merk Millipore) or purified C4S
(S9004, Selleck Chemicals), were coated onto the 96-well plates at a
concentration of 10 pg mi™ for 4 hat room temperature, followed by a
rinse with water. Insulin-FITC wasincubated on plates containing ECM
atconcentrationrangingfrom5-1mg ml*for2 hatroomtemperatureand
protectedfromlight.ControlwellscontainedeithernoECM, bovineserum
albumin (10 pg mI™) or poly-L-lysine alone. Wells were washed 3 times
with water and imaged using a SPECTROstar Nano Microplate Reader
(BMG Labtech, Germany). To digest PNN or to negate PNN negative
charge, wells were incubated with either chABC (0.5 U mI™) or poly-I-
arginine (10 pg ml™, P7762, Merk Millipore) for1 hat 37° C after the ECM
coating, washed 3 times withwater and thenincubated withinsulin-FITC.

Statistics and Reproducibility

Statistical analyses were performed using GraphPad Prism version
10 (GraphPad Software). Statistical significance was determined
by a one-way or two-way ANOVA with multiple comparisons or
repeated-measures, one or two-tailed paired or unpaired Student’s
t-tests, ANCOVA, or simple linear regression as appropriate. P< 0.05was
considered significant: *P < 0.05,*P< 0.01and ***P < 0.001. Statistical
details of individual experiments such as exact values of n and exact
statistical tests can be found in figures and legends.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.
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Extended DataFig.1| The development of neurofibrosis withinthe ARC
acrossdietary and genetic models of obesity. Aged-matched C57BL/6 Jmice
were fed achow or HFHS diet for 12 weeks and brains were processed for
immunohistochemistry monitoring for WFA. Staining area and intensity was
quantified in the a-c) rostral ARC, d-f) caudal ARC, g,h) RSG and i-k) VMH.
C57BL/6 ) mice were fed HFHS diet for 0,3 days, 1,4, 8 or12 weeks and I) the PNN
intensity inthe ARC, m) body weight, n) fat mass and o) glucose tolerance were
assessed. p-r) Sprague Dawley rats were fed achow or HFHS or s-u) C57BL6/)
mice fedachow or HFHC diet for 12 weeks or 30 weeks, respectively, and brains
were processed for WFAimmunostaining and q,t) areaand r,u) intensity within

the ARC quantified. Brains from chow fed v-x) obese db/db or non-obese wt/db
controlsandy,z) obese NZO or non-obese B6 controls were processed for WFA
immunostaining. Results are mean + SEM; significance was determined using
b,c,e,fk,q,rt,u,w,X,z) two-tailed t-test, or I-0) one way ANOVA with multiple
comparisons. n=biologically independent samples and significance is
representative of atleast threeindependent experiments. Scale bar,100 pm.
Abbreviations: 111, 3" ventricle; ARC, arcuate nucleus of the hypothalamus;
HFHC, high-fat high-cholesterol; HFHS, high-fat high-sugar diet; NZO,

New Zealand Obese mouse; RSG, Retrosplenial cortex; VMH, ventromedial
hypothalamus; WFA, Wisteria FloribundaLectin; AUC, area under the curve.
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Extended DataFig. 3 | Validation of PNN Tracker. a-b) 8-week-old C57BL/6]
mice received bilateral administration of WFA-biotininto the ARC. 3-days
postinjection mice received further unilateral administration of vehicle or
chABCintothe ARC. 1-day later brains were extracted and processed for WFA
immunohistochemistry and staining c) area and d) intensity was quantified.
8-week old C57BL/6 ) micereceived e-h) bilateraladministration of WFA-
biotininto the RSG ori-I) unilateral administration of WFA-biotin into the cc.
0-and 5-weeks postinjection brains were extracted and subjected to WFA
immunohistochemistry and staining g, k) areaand h, I) intensity was
quantified.12-week HFHS-fed or aged-matched chow C57BL/6 J male mice
received bilateral administration of WFA-biotininto the ARC. Brains were
extracted 0 days, 1-, 3-, 5- or 10-weeks post-injection, processed for WFA

immunohistochemistry and m, n) PNN turnover, o) WFA-biotin area, p) WFA-
FITCwas quantified within the ARC. q) Extracellular matrix regulation enzymes
gene expression was determined in the mediobasal hypothalamus from12-week
diet-induced obese or aged-matched chow C57BL/6 ) male mice. Results are
mean + SEM; significance determined using ¢, d, g, 0, p, q) two-tailed t-test,

m) one-way ANOVA with Dunnett’s multiple comparisons. n=biologically
independent samples and significanceis representative of atleast two
independent experiments. Scale bar,100 pm. Abbreviations: ARC, arcuate nucleus
of the hypothalamus; cc, corpus collosum; PNN, perineuronal net; FITC,
Fluoresceinisothiocyanate; HFHS, high-fat high-sugar diet; RSG, Retrosplenial
cortex; WFA, Wisteria Floribunda Lectin.
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Extended DataFig. 4 | Effects of enzymatic attenuation of neurofibrosis
onmetabolismand glucose homeostasis. C57BL/6 ) mice were fed aHFHS
dietfor12 weeks and bilaterally injected with vehicle or chABCinto the ARC.
a) Representative images of PNN expression fromindividual mice 10 days
postintraARCinjection of vehicle or chABC. b) Body weight, ¢) adiposity,

d) cumulative food intake, e,f) energy expenditure, g,h) oxygen consumption,
i) RER, j) ambulatory activity, k) BAT dermal thermography, 1) fasted blood
glucose and m) fasted plasmainsulin was measured. Hyperinsulinemic-
euglycemic clamps were performed in HFHS fed mice bilaterally intraARC
injected with vehicle or chABC. Results are shown for n) blood glucose,

0) EGP, p) glucose disposal rate and q) tissue specific insulin-stimulated

uptake.15-week-old db/db mice were bilaterally injected with vehicle or chABC
intothe ARC.r) Body weights, s) adiposity, t) glucose tolerance and u) HOMA-
IR was assessed. Results are mean + SEM; significance determined usingb, ¢, f,
h,o,r,s,) two-way ANOVA with multiple comparisonstestandk,l,m, p, t, u)
two-tailed t-test. n=biologically independent samples and significance is
representative of atleast twoindependent experiments. Scale bar,100 pm.
Abbreviations:2-DG, [*C] 2-deoxyglucose; BAT, Brown adipose tissue; chABC,
chondroitinase ABC; EGP, endogenous glucose production; HFHS, high-fat
high-sugar diet; PNN, perineuronal net; RER, Respiratory exchange ratio; WFA,
Wisteria FloribundaLectin.
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Extended DataFig. 5| Neurofibrosisinteracts withinsulininthe ARC.

a) C57BL/6) mice were fed achow or HFHS diet for 12 weeks and bilaterally
injected with vehicle or chABCinto the ARC and hypothalamiwere processed
forb-e) insulin-induced p-AKT expression and f) body weights. g) Image
demonstratinginsulin-FITC and signaling within the ARC. Chow or HFHS
C57BL/6 ) mice were bilaterallyintraARC injected with vehicle or chABC. 4-days
post-ARC injection, mice administered with h,i) insulin-FITC orr) leptin-647.

h) Representative image and i) quantification of insulin-FITC internalization
into ARC neurons. s) ARC leptin-647 expression was quantified by t) area,

u) intensity v) number of leptin-647 positive ARC cells and w,x) pSTAT3 cells.

j) Lateral ventricle administered insulin-FITC, k) expression, I) area, m) intensity
and n) number of insulin-FITC positive cells was quantified. o-q) Mice were

administered FITC orinsulin-FITC and fluorescent p) areaand q) intensity
was quantified. Results are mean + SEM; significance determined usinge, p, q)
two-tailed t-testandc, f,i,1, m, n, x) one-way ANOVA with Tukey’s multiple
comparisons. Scale bar,100 um. n=biologicallyindependent samples.h)
Scale bar, 5 um. Abbreviations: 111, 3" ventricle; ARC, arcuate nucleus of the
hypothalamus; chABC, chondroitinase ABC; PNN, perineuronal net; DAPI,
4’,6-diamidino-2-phenylindole; FITC, Fluoresceinisothiocyanate; GADPH,
Glyceraldehyde 3-phosphate dehydrogenase; HFHS, high-fat high-sugar
diet; IR, Insulin Receptor; p-AKT, AKT Ser-473 phosphorylation; p-STAT3,
phosphorylated signal transducer and activator of transcription 3; PGP9.5,
Protein gene product9.5; p-IR, phosphorylated IR.
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Extended DataFig. 6 | Neurofibrosis regulates AgRP neuronal activity
inobesity viainsulin signaling deficits. Whole-cell patch clamp
electrophysiology in NPY neurons of HFHS Npy-GFP mice following intraARC
vehicle orchABC.a) Proportion of spontaneously firing neurons, b,c) firing
frequency d) resting membrane potential and e) IV curve showing K’ currents.
C57BL/6 ) mice were fed achow or HFHS diet and bilaterally intraARC injected
with vehicle or chABC.f) 3 dayslater mice were administered vehicle or IR
antagonist (S961) and mediobasal hypothalamic gene expression quantified.
or g,h) PVH AgRPimmunoreactivity was quantified i) CRISPR guide RNA
strategy targeting the mouse IR gene. j) IR knockout was determined using
westernblotting and k) PCR detecting the presence of CRISPR-mediated
excision (Alnsr“sP®), 12-week HFHS fed AgRP-Cas9 mice received bilateral
intraARCinjections of AAV-gScrambled or AAV-gIR, and 1-week later mice

received bilateralinjections of vehicle or chABC to disassemble neurofibrosis
inthe ARC.1) Adiposity, m) food intake, n) energy expenditure and 0) HOMA-IR
was assessed. Results are mean + SEM; significance determined using b, m)
unpaired t-tests (two-tailed), d) unpaired t-tests (one-tailed), f, h, n, 0) one-way
ANOVA with Tukey’s multiple comparisons, e) two-way ANOVA with Holm-Sidak’s
multiple comparisons and[) two-way ANOVA with Tukey’s multiple comparisons
test. n=biologicallyindependent samples and significance represents atleast
twoindependent experiments. Scale bar, 100 um. Abbreviations:1l1,3" ventricle;
AgRP, agouti-related peptide; ARC, arcuate nucleus of the hypothalamus;
chABC, chondroitinase ABC; GFP, green fluorescent protein; HFHS, high-fat
high-sugar diet; HOMA-IR, Homeostatic Model Assessment for Insulin
Resistance; IR, Insulin Receptor; NPY, neuropeptide-Y; PNN, perineuronal net;
PVH, paraventricular hypothalamus; WFA, Wisteria Floribunda Lectin.
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Extended DataFig.7|See next page for caption.
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Extended DataFig.7|Inflammation drives ECMremodeling within the ARC
to promote metabolic dysfunction. a) C57BL/6 J mice were fed aHFHS diet
for12 weeks and brains were extracted for assessment of pro-fibrotic gene
expression. b)10-week-old C57BL/6]) mice received bilateralintraARC injections
of anti-inflammatory AAV vectors expressing soluble receptors for TNFR1a
and TGFBR or control, before being placed ona HFHS for 8-weeks. Brains were
extracted and processed for c,d) ARC WFA immunofluorescence and e) CS-GAG
abundance.f) Body weight, g) fastinginduced 2-hour food intake, h) energy
expenditure and i) glycemic control were assessed. j) 10-week-old C57BL/6 )
micereceived bilateralinjectionsinto the ARC to administer inflammatory AAV
vectors expressing TNFaand TGFSligands, or control. 6-weeks later mice
received bilateralintraARC injections of vehicle or chABC to enzymatically

digestthe ARC PNN and k,I) brains were processed for WFA immunostaining or
m) quantitative analysis of CS-GAG abundance. n) Body weight, o) adiposity,

p) fastinginduced 2-hour food intake, q) energy expenditure and r) glycemic
control was assessed. Results are mean + SEM; significance determined using
0, p, q,r) one-way ANOVA with Tukey’s multiple comparisons, f, n) two-way
ANOVA with multiple comparisons, a,d, e, g, h,i, m) two-tailed t-tests.
n=biologicallyindependent samples and significanceis representative of two
independent experiments. Scale bar, 100 pm. Abbreviations:111, 3" ventricle;
ARC, arcuate nucleus of the hypothalamus; AUC, area under the curve;

BW, body weight; chABC, chondroitinase ABC; CS-GAG, chondroitin sulfate
glycosaminoglycans; GFP, green fluorescent protein; HA, hyaluronanacid; HFHS,
high-fat high-sugar diet; IF, inflammatory; WFA, Wisteria Floribunda Lectin.
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Extended DataFig. 8| Pharmacologically targeting neurofibrosis
promotesweightlossin obesity. a) 12-week HFHS fed male C57BL/6 ) mice
received daily 1.C.V. administration of vehicle or fluorosamine for 10 days. PNN
expressionintheb-d) ARC, e,f) RSG and g,h) habenula was assessed. Effects on
i) body weight, j k) adiposity, I) energy expenditure, m) ambulatory activity,
and n) food intake was assessed. HFHS fed mice received I.C.V.administration
ofvehicle or fluorosamine (100 or 250 pg/animal) for 10 consecutive days,
fasted overnight then givenaccesstofood ad libitum and o) behaviour, p)

transition point from feeding to resting/satiety and q) the time to satiety was
determined. Resultsare mean + SEM. Significance determinedc,d, h,k,1,n,q)
one-way ANOVA with Tukey’s multiple comparisons, i) two-way ANOVA with
multiple comparisons. n=biologically independent samples and significance
isrepresentative of at least twoindependent experiments. Scale bar, 100 pm.
Abbreviations:1l1,3 ventricle; HFHS, high-fat high-sugar diet; 1.C.V.,
intracerebroventricular; PNN, perineuronal net; WFA, Wisteria Floribunda
Lectin.
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Extended DataFig. 9|See next page for caption.



Extended DataFig. 9 |Neurofibrosisinhibition protective effects on
metabolicdisease are dependentuponinsulinreceptor expressionin
AgRP neurons. 12-week HFHS fed male C57BL/6 ) mice received daily I.C.V.
administration of vehicle or fluorosamine for 10 days and a) glucose tolerance,
b) fasted blood glucose, ¢) fasted plasmainsulin, d) HOMA-IR and e f) insulin-
induced p-AKT expression was assessed. Hyperinsulinemic-euglycaemic
clamps were performed in HFHS fed mice following administration of
fluorosamine daily for 5 days1.C.V.and g) GIR, h) glucose disposal, i) EGP,

j) tissue specificinsulin-stimulated uptake and k) body weight was determined.

C57BL/6 ) mice fed HFHS diet and treated with low dose STZ to phenocopy
aspectsof late stage T2D received daily I.C.V. administration of vehicle or
fluorosamine for 14 days. 1) Daily blood glucose and m) glucose tolerance
was assessed. n) 12-week HFHS fed AgRP-Cas9 mice received bilateral
injections of AAV-gScrambled or AAV-gIR.12-week later mice received daily
1.C.V.administered vehicle or fluorosamine for 10 days and o) body weights,

p) foodintake, q) energy expenditure and r) glucose tolerance was assessed.
Results are mean + SEM. Significance determineda, b, ¢, d, f, p-r) one-way
ANOVA with Tukey’s multiple comparisons, g, h, 1, 0) two-way ANOVA with
multiple comparisons, andi, j, k, m) two-tailed t-tests. n=biologically
independent samples and significanceis representative of atleast two
independent experiments. Scale bar,100 um. * = Vehicle to Fluorosamine
100 pg, or AAV-gScrambled + Vehicle to AAV-gScrambled + Fluorosamine;
#=Vehicle to Fluorosamine 250 pug, or AAV-gScrambled + Fluorosamine to
AAV-gIR +Fluorosamine, and $ = AAV-gIR + Vehicle to AAV-gIR + Fluorosamine.
#,$,*p < 0.05; ##,**p < 0.0L; ###,**p < 0.001. Abbreviations:ll, 3" ventricle;
AUC, areaunder curve; GIR, glucose infusion rate; HFHS, high-fat high-sugar
diet;1.C.V.,intracerebroventricular; IR, Insulin Receptor; p-AKT, AKT Ser-473
phosphorylation; PNN, perineuronal net; STZ, streptozotocin; WFA, Wisteria
FloribundalLectin.
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Extended DataFig.10|Intranasal administration of fluorosamine
promotes weightloss through enhanced energy expenditure and satiety.
a) 12-week-old male C57Bl6/) mice received daily intranasal administration
ofabiotin-conjugated vehicle or fluorosamine (5 mg/animal) for 3 days and

b) abundant fluorosamine-biotin expression was observed inthe ARC.12-week
HFHS fed C57Bl6/) male mice received daily intranasal administration of
vehicle or fluorosamine (1or 5 mg/animal) for 14 days and c,d) adiposity,

e) energy expenditure and f) ambulatory activity were assessed. Following 14
days of intranasally delivered vehicle or fluorosamine (1or 5 mg/animal) mice
were fasted overnight then given ad libitum access to food and g) behavior

(feeding, drinking, grooming, active, inactive, and resting) was monitored. h)
Thetransition point from feeding to resting/satiety was assessed and i) the
time to satiety was determined. Following 14 days of vehicle or fluorosamine
treatment mice were administered insulinand brains processed for
immunohistochemistry monitoring of k,I) insulin-induced p-AKT expression.
Results are mean + SEM; significance determined usingc, d, i,j, |) one-way
ANOVA with Tukey’s multiple comparisons and e) two-way ANOVA with
repeated measures. n=biologicallyindependent samples. Abbreviations:
L.N.,intranasal; ingWAT, inguinal adipose tissue; BAT, brown adipose tissue;
epiWAT, epididymal adipose tissue; p-AKT, AKT Ser-473 phosphorylation.
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Data collection  Olympus cellSens Dimension software v2.1, Zeiss ZEN v2.1, Leica Application Suite X, Sutterpatch software, Bruker OPUS 7.0 spectroscopy
software, Sable Systems Macro Interpreter v23.6.0 and MetaScreen v2.3.15.13
Data analysis GraphPad Prism?7 statistical analysis software, ImageJ v1.53s software, Sutterpatch software, Clampfit 10.7 software
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes are indicated for each experiment and were chosen based on prior work by authors and according to standards in the field
(examples of previous experimental techniques using similar or smaller sample sizes can be seen previously reported PMID: 30814586; PMID:
38378998; PMID: 38378998; PMID: 29670283; PMID: 30283080; PMID: 28377875; PMID: 25662011; PMID: 29670283; PMID: 32532984,
PMID: 25626735). For immunostaining pilot data using the antibodies/staining to be quantified was conducted to provide an estimate of
inter-subject variability.

Data exclusions  Due to variability across stereotaxic injections, only intraARC chABC or AAV treated animals that showed respective attenuated CSPG-ECM
expression in the ARC or mCherry in the ARC were included. For HFHS+STZ mouse model only mice exhibiting stable blood glucose
measurements of >15mM were included for experiments.

Replication Each experiment was performed across several animals (numbers indicated in manuscript). Data from each individual animal
is shown in the manuscript indicating the distribution of the results. Immuostaining for CSPG-ECM was confirmed across multiple independent
experiments including different mouse strains, different mouse models of metabolic disease and in diverse species (mouse, rat). The effects of
intraARC chrondroianase and intracerebroventriulcar fluorosamine treatment on metabolism have been recapitulated in at least 3
independent experiments and are demonstrated several times across the manuscript. For IHC 4 to 10 slices per individual animal were
quantified and averaged for a data point.

Randomization  For all experiments random allocation was used for assignment of individual mice to different surgical and experimental groups.

Blinding Experiments investigating the effects of intracerebroventriulcar fluorosamine treatment conducted with the operator blinded to treatment
groups. Metabolic phenotyping and images were de-identified with the investigator performing quantifications blinded to the study groups.
The analysis of CSPG-ECM expression was performed blinded to the effect on metabolism.
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Antibodies used Rabbit anti-aggrecan (1:1000, AB1031, Millipore, MA),
chicken anti-GFP (1:2000; ab13970, Abcam, Cambridge, UK),
Biotinylated HABP (1:100, 385911, Burlington, MA),
rabbit anti-dsRed (1:2000, 600-401-379, Rockland, PA),
rabbit anti-versican (1:1000, AB1033, Millipore, MA),
biotinylated WFL (1:2000, L1516; Sigma-Aldrich, MO),
rabbit anti-p-AKT (Ser-473) (1:300, 4060, Cell Signaling Technology, Beverly, MA),
WFL-FITC (1:2000, FL-1351-2, Vector Laboratories, CA),
Tenascin-C (1:500, M1-B4, Developmental Studies Hybridoma Bank, lowa),
HAPLN1 (1:500, 9/30/8-A-4, Developmental Studies Hybridoma Bank, lowa),
neurocan (1:300, 1F6-S, Developmental Studies Hybridoma Bank, lowa),
phophacan (1:300, 3F8, Developmental Studies Hybridoma Bank, lowa),
brevican (1:500, 610895, BD Transduction Laboratories),
guinea pig anti AgRP (1:500, AS506, Antibodies Australia, Melbourne, AUS),
goat anti-chicken Alexa Fluor 488 (1:1000, ab150169, Abcam, Cambridge, UK),
goat anti-rabbit Alexa Fluor-488, 595, 647 (1:1000, ab150077, ab150080, ab150083, Abcam, Cambridge, UK),
Alexa Fluor 594, 647 Streptavidin (1:1000, 405240, BioLegend, CA),
rabbit anti-UCP-1 (1:1000; ab10983, Abcam, Cambridge, UK),
goat anti-rabbit Alexa Fluor 488 (1:1000, ab150077, Abcam, Cambridge, UK),
rabbit anti-p-AKT (Ser-473) (1:300; #4060, Cell Signaling Technology, Beverly, MA,
goat anti-rabbit Alexa Fluor 647 (1:1000, ab150083, Abcam, Cambridge, UK) or
biotinylated goat anti-rabbit (1:1000, BA-1000, Vector Laboratories, CA).
p-STAT3 (Tyr705) (1:500; #9131S, Cell Signaling Technology, Beverly, MA)

Validation All primary antibodies have been previously used by authors and in several publications. Citation numbers determined from CiteAb
unless otherwise specified.
« rabbit anti-aggrecan (1:1000, AB1031, Millipore, MA): cited 211 times, validated for IF, IH(P), IP, WB & other. https://
www.merckmillipore.com/AU/en/product/Anti-Aggrecan-Antibody, MM_NF-AB1031
e chicken anti-GFP (1:2000; ab13970, Abcam, Cambridge, UK): cited 4257 times, validated for WB, ICC/IF. https://www.abcam.com/
products/primary-antibodies/gfp-antibody-ab13970.html
« Biotinylated HA (1:100, 385911, Millipore, MA): cited 148 times, validated for ELISA, ICC/IF. https://www.merckmillipore.com/AU/
en/product/Hyaluronic-Acid-Binding-Protein-Bovine-Nasal-Cartilage-Biotinylated, EMD_BIO-385911#overview
* rabbit anti-dsRed (1:2000, 600-401-379, Rockland, PA): cited 1333 times, validated for WB, ELISA, IHC, IF, FC, EM, FISH, IP,
Multiplex & other. https://www.rockland.com/categories/primary-antibodies/rfp-antibody-pre-adsorbed-600-401-379/
« rabbit anti-versican (1:1000, AB1033, Millipore, MA): cited 62 times, validated for IH, IF, IP, WB. https://www.sigmaaldrich.com/
AU/en/product/mm/ab1033
« biotinylated WFA (1:2000, L1516; Sigma-Aldrich, MO), cited 54 times on manufacturer website, validated for IHC/IF. https://
www.sigmaaldrich.com/AU/en/product/sigma/l1516
* rabbit anti-p-AKT (Ser-473) (1:300, 4060, Cell Signaling Technology, Beverly, MA). Cited 10,713 times, validated for WB, IP, IHC, IF.
https://www.cellsignal.com/products/primary-antibodies/phospho-akt-ser473-d9e-xp-174-rabbit-mab/4060
o WFA-FITC (1:2000, FL-1351-2, Vector Laboratories, CA). Cited 89 times on manufacturer website, validated for IHC/IF. https://
vectorlabs.com/products/fluorescein-wisteria-floribunda-lectin
» Tenascin-C (1:500, M1-B4, Developmental Studies Hybridoma Bank, lowa). Cited 52 times, validated for IHC, IF, ICC, WB, Elisa.
https://dshb.biology.uiowa.edu/M1-B4
e HAPLN1 (1:500, 9/30/8-A-4, Developmental Studies Hybridoma Bank, lowa). Cited 38 times, validated for IHC, IP, WB. https://
dshb.biology.uiowa.edu/9-30-8-A-4
e neurocan (1:300, 1F6-S, Developmental Studies Hybridoma Bank, lowa). Cited 30 times, validated for IHC & WB. https://
dshb.biology.uiowa.edu/1F6
» phosphacan (1:300, 3F8, Developmental Studies Hybridoma Bank, lowa). Cited 32 times, validated for IHC & WB. https://
dshb.biology.uiowa.edu/3F8
* brevican (1:500, 610895, BD Transduction Laboratories). Cited 20 times, validated for IHC & WB. https://www.bdbiosciences.com/
en-au/products/reagents/microscopy-imaging-reagents/immunofluorescence-reagents/purified-mouse-anti-brevican.610895
e guinea pig anti AgRP (1:500, AS506, Antibodies Australia, Melbourne, AUS), validated for IHC in house in conjunction with reporter
lines and KO models. Validated for IHC in several publications including PMID: 30995667; PMID: 21418339.
e goat anti-chicken Alexa Fluor 488 (1:1000, ab150169, Abcam, Cambridge, UK). Cited 213 times, validated for IHC, IF, ICC, Elisa &
others. https://www.abcam.com/products/secondary-antibodies/goat-chicken-igy-hl-alexa-fluor-488-ab150169.html
e goat anti-rabbit Alexa Fluor-488, 595, 647 (1:1000, ab150077, ab150080, ab150083, Abcam, Cambridge, UK). Cited 3358 times,
validated for IHC, Flow, ICC/IF & others. https://www.abcam.com/en-au/products/secondary-antibodies/goat-rabbit-igg-h-l-alexa-




fluor-488-ab150077

« goat anti-rabbit Alexa Fluor-595 (1:1000, ab150080, Abcam, Cambridge, UK). Cited 708 times, validated for WB, IHC, ICC/IF &
others. https://www.abcam.com/en-au/products/secondary-antibodies/goat-rabbit-igg-h-l-alexa-fluor-594-ab 150080

« goat anti-rabbit Alexa Fluor-647 (1:1000, ab150083, Abcam, Cambridge, UK). Cited 188 times, validated for IHC, Flow, ICC/IF &
others. https://www.abcam.com/en-au/products/secondary-antibodies/goat-rabbit-igg-h-l-alexa-fluor-647-preadsorbed-ab150083
 Alexa Fluor 594, 647 Streptavidin (1:1000, 405240, BioLegend, CA). Cited 9 times on manufacturer website, validated for ICC/IF, IHC
& others. https://www.biolegend.com/fr-ch/products/alexa-fluor-594-streptavidin-9707

e rabbit anti-UCP-1 (1:1000; ab10983, Abcam, Cambridge, UK). Cited 865 times, validated for WB, IHC/IF. https://www.abcam.com/
en-au/products/primary-antibodies/ucpl-antibody-ab10983

« goat anti-rabbit Alexa Fluor 488 (1:1000, ab150077, Abcam, Cambridge, UK). Cited 3348 times, validated for IHC, ICC/IF, Elisa &
others. https://www.abcam.com/en-au/products/secondary-antibodies/goat-rabbit-igg-h-l-alexa-fluor-488-ab 150077

« rabbit anti-p-AKT (Ser-473) (1:300; #4060, Cell Signaling Technology, Beverly, MA). Cited 10713 times, validated for WB, IHC, ICC/IF
& others. https://www.cellsignal.com/products/primary-antibodies/phospho-akt-ser473-d9e-xp-174-rabbit-mab/4060

« biotinylated goat anti-rabbit (1:1000, BA-1000, Vector Laboratories, CA). Cited 3695 times, validated for IHC, ICC/IF, WB & others.
https://vectorlabs.com/products/biotinylated-goat-anti-rabbit-igg

e p-STAT3 (Tyr705) (1:500; #9131S, Cell Signaling Technology, Beverly, MA). Cited 1473 times, validated for WB, IHC & others.
https://www.cellsignal.com/products/primary-antibodies/phospho-stat3-tyr705-antibody/9131

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HEK293T: source Sigma

Authenticated by manufacturer (https://www.sigmaaldrich.com/AU/en/product/sigma/cb_12022001)

Mycoplasma contamination Not tested for mycoplasma contamination

Commonly misidentified lines  n/a

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

C57BL/6J mice (male, aged 8-22 weeks), db/db mice(male 8-14 weeks), Npy-GFP mice (male, 8-20 weeks), Pomc-GFP mice (male,
8-20 weeks), NZO mice (male, 8-20weeks), AgRP-Cas9 mice (male, 8-22 weeks), Sprague Dawley rats (8-24 weeks).

The study did not involve use of wild animals
All experiments were performed on male mice and are specified in methods and results.
The study did not involve use of field-collected samples

Experiments were approved by The University of Melbourne, Monash University and St Vincents Research Institutes Animal Ethics
Committee (10323, 10324, 10352, 10385, 10427, 21712, 22282, 22404, 25349, 28097).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

N/A

N/A

N/A

>
Q
=)
e
(D
O
@)
=4
o
=
—
(D
O
@)
=
)
(@]
wv
C
=
=
)
<




	Pathogenic hypothalamic extracellular matrix promotes metabolic disease

	Neurofibrosis develops in metabolic disease

	Aggrecan is a key CSPG component of neurofibrosis

	Neurofibrosis develops around AgRP neurons

	A method to determine site-specific PNN turnover

	ARC PNN exhibits dynamic and rapid turnover

	Reduced PNN turnover in obesity drives neurofibrosis

	Abrogating ARC neurofibrosis protects against obesity

	Neurofibrosis impedes ARC insulin entry and signalling

	Insulin-dependent AgRP hyperactivity in neurofibrosis

	ARC neurofibrosis impairs AgRP insulin signalling

	Hypothalamic inflammation drives neurofibrosis

	Inhibiting neurofibrosis promotes weight loss and improves glycemic control

	Discussion

	Online content

	Fig. 1 Obesity drives neurofibrosis within the ARC.
	Fig. 2 Attenuated PNN turnover in the ARC drives neurofibrosis.
	Fig. 3 Disassembly of neurofibrosis within the ARC promotes the remission of metabolic disease.
	Fig. 4 Neurofibrosis in obesity promotes ARC insulin resistance.
	Fig. 5 Intranasal delivery of neurofibrosis inhibitors promotes remission of metabolic disease.
	Extended Data Fig. 1 The development of neurofibrosis within the ARC across dietary and genetic models of obesity.
	Extended Data Fig. 2 Obesity driven ARC neurofibrosis is underscored by compositional changes in the PNN.
	Extended Data Fig. 3 Validation of PNN Tracker.
	Extended Data Fig. 4 Effects of enzymatic attenuation of neurofibrosis on metabolism and glucose homeostasis.
	Extended Data Fig. 5 Neurofibrosis interacts with insulin in the ARC.
	Extended Data Fig. 6 Neurofibrosis regulates AgRP neuronal activity in obesity via insulin signaling deficits.
	Extended Data Fig. 7 Inflammation drives ECM remodeling within the ARC to promote metabolic dysfunction.
	Extended Data Fig. 8 Pharmacologically targeting neurofibrosis promotes weight loss in obesity.
	Extended Data Fig. 9 Neurofibrosis inhibition protective effects on metabolic disease are dependent upon insulin receptor expression in AgRP neurons.
	Extended Data Fig. 10 Intranasal administration of fluorosamine promotes weight loss through enhanced energy expenditure and satiety.




