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Abstract

Bisphosphate nucleotidase 2 (BPNT2) is a member of a family of phosphatases that are directly
inhibited by lithium, the first-line medication for bipolar disorder. BPNT2 is localized to the
Golgi, where it metabolizes the by-products of glycosaminoglycan sulfation reactions. BPNT2-
knockout mice exhibit impairments in total-body chondroitin-4-sulfation which lead to abnormal
skeletal development (chondrodysplasia). These mice die in the perinatal period, which has
previously prevented the investigation of BPNT2 in the adult nervous system. Previous work

has demonstrated the importance of chondroitin sulfation in the brain, as chondroitin-4-sulfate

is a major component of perineuronal nets (PNNSs), a specialized neuronal extracellular matrix
which mediates synaptic plasticity and regulates certain behaviors. We hypothesized that the loss
of BPNT2 in the nervous system would decrease chondroitin-4-sulfation and PNNs in the brain,
which would coincide with behavioral abnormalities. We used Cre-lox breeding to knockout
Bpnt2 specifically in the nervous system using Bpnt2floxed (fI/fl) animals and a Nestin-driven
Cre recombinase. These mice are viable into adulthood, and do not display gross physical
abnormalities. We identified decreases in total glycosaminoglycan sulfation across selected
brain regions, and specifically show decreases in chondroitin-4-sulfation which correspond with
increases in chondroitin-6-sulfation. Interestingly, these changes were not correlated with gross
alterations in PNNs. We also subjected these mice to a selection of neurobehavioral assessments
and did not identify significant behavioral abnormalities. In summary, this work demonstrates that
BPNT2, a known target of lithium, is important for glycosaminoglycan sulfation in the brain,
suggesting that lithium-mediated inhibition of BPNT2 in the nervous system warrants further
investigation.
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Introduction

Bisphosphate nucleotidase enzymes metabolize the by-products of intracellular sulfation
reactions (Hudson and York 2012). These enzymes are also inhibitory targets of lithium,
the first-line pharmacologic agent for bipolar disorder (Benard et al. 2016). Despite

an unclear mechanism of action and a vast side effect profile, lithium is an important
therapeutic agent that is continually being investigated as a treatment for an array of
psychiatric and neurologic disorders (Yang et al. 2012; Sacca et al. 2015; Karimi et al.
2017; Forlenza, De-Paula, and Diniz 2014). Understanding the biochemical consequences
of lithium treatment on the bisphosphate nucleotidases therefore could shed light on the
pharmacologic mechanisms or toxic effects of lithium.

Bisphosphate nucleotidase 2 (BPNT2, previously known as IMPAD1 (Nizon et al.

2012), JAWS (Sohaskey et al. 2008), GPAPP (Frederick et al. 2008)) is a Golgi-

resident nucleotidase (Frederick et al. 2008). BPNT2 acts downstream of Golgi-localized
sulfotransferases, which utilize the sulfate group from phosphoadenosine phosphosulfate
(PAPS) to yield sulfated products and the by-product phosphoadenosine phosphate (PAP).
BPNT?2 then catalyzes the breakdown of PAP to adenosine monophosphate (AMP)
(Frederick et al. 2008). Golgi-sulfotransferases are primarily carbohydrate sulfotransferases
which sulfate glycosaminoglycans (Fukuda et al. n.d.). Loss of BPNT2 disrupts sulfation
of glycosaminoglycans (GAGS), especially chondroitin-4-sulfate (Frederick et al. 2008),
which is a major component of cartilage. Bpnt2-knockout mice exhibit a chondrodysplastic
phenotype, characterized by shortened long bones and joint abnormalities (Frederick

et al. 2008; Mitchell et al. 2001; Sohaskey et al. 2008) due to impaired bone and

cartilage development. These mice die in the perinatal period, likely due to pulmonary
insufficiency secondary to an underdeveloped ribcage. Notable, an autosomal recessive
human chondrodysplasia caused by mutations in BPN72has also been identified (Nizon

et al. 2012; Vissers et al. 2011), implicating BPNT2 as an important regulator of
chondrogenesis in humans.

We recently reported that the defects in sulfation seen with Bpnt2-knockout stem from a
loss of the catalytic activity of the enzyme, and that human disease-associated mutations are
located in close proximity to the catalytic motif(Eisele et al. 2021b). We also demonstrated
that lithium impairs sulfation /n7 vitro in a BPNT2-dependent fashion (Eisele et al. 2021).
Given lithium’s relevance in the treatment of neuropsychiatric disease, we wanted to
investigate whether the loss of BPNT2 in the nervous system could elicit alterations in
brain chemistry or behavior.

There is substantial evidence suggesting chondroitin-sulfate is involved in neuronal function
(Miyata and Kitagawa 2016b; Sorg et al. 2016). Multiple populations of neurons are
surrounded by a specialized extracellular matrix known as the perineuronal network: an
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emerging interest for many neuroscientists (Lasek, Chen, and Chen 2017; Berretta et

al. 2015; Dzyubenko, Gottschling, and Faissner 2016; van ‘t Spijker and Kwok 2017;
Donegan and Lodge 2016). Perineuronal nets (PNNSs) consist primarily of condensed
chondroitin sulfate, with chondroitin-4-sulfate being the major species in the adult brain
and chondroitin-6-sulfate comprising the minority (Miyata and Kitagawa 2016a). PNNs

are generally seen as barriers to neuroplasticity (Harry Pantazopoulos and Berretta 2016),
and may be involved in stabilization of neural circuitry (such as that underlying long-term
memories (Thompson et al. 2018; Gogolla et al. 2009) and addiction (Lasek, Chen, and
Chen 2017)). Throughout postnatal development, plasticity tends to decrease; this correlates
with an increase in PNN density over time (Ueno et al. 2018; Briickner and Grosche

2001; Mauney et al. 2013; Miyata and Kitagawa 2016b). Given the “restrictive” nature of
PNNs, they are also believed to negatively regulate neurite outgrowth and axon extension.
Classically, PNNs surround inhibitory interneurons (Baker, Gray, and Richardson 2017), and
they are thus thought to regulate the balance between excitatory and inhibitory signaling in
the brain—a balance which is disrupted in acute mania and psychosis (Harry Pantazopoulos
and Berretta 2016; Benes and Berretta 2001). Interestingly, alterations in perineuronal nets
have been reported in psychiatric diseases (Harry Pantazopoulos and Berretta 2016; Harry
Pantazopoulos et al. 2010; Berretta et al. 2015), including schizophrenia (Mauney et al.
2013) and bipolar disorder (H. Pantazopoulos et al. 2015).

Previous work has shown that disrupting the formation of chondroitin alters PNN
morphology and rodent behavioral characteristics, including performance on tasks of motor
coordination, activity, startle response, and object recognition memory (Yoshioka et al.
2017; Rowlands et al. 2018; Romberg et al. 2013). These traits coincided with decreases in
PNNs throughout the brain, as identified by immunohistochemistry (Yoshioka et al. 2017;
Rowlands et al. 2018; Romberg et al. 2013).

Given BPNT2’s role in chondroitin sulfation, we hypothesized that BPNT2 is important

for the sulfation of GAGs (especially chondroitin-4-sulfate) in the brain, and for the
development of PNNs and PNN-associated behaviors. Because of the perinatal lethality of
the conventional Bpnt2-knockout mouse, we have previously been unable to study BPNT2
in the adult mouse brain. In this work, we generated a nervous system-specific Bpnt2-
knockout mouse (BpntZVf Nestin-Cre), which is viable and does not display gross physical
abnormalities. We then analyzed GAG sulfation patterns, including the chondroitin sulfation
profile. We utilized the common histological PNN marker, Wisteria floribunda agglutinin
(WFA) to analyze PNN histology, and subjected experimental animals to a selection of
neurobehavioral assays which are associated with PNNs.

Materials and Methods

Animals.

All animal experiments were carried out in compliance with the Vanderbilt University
Institutional Animal Care and Use Committee (IACUC). Mice were housed on a 12hr
light/dark cycle. All assessments were conducted during the light phase. The originating
mouse strain used for this research project, C57BL/6N-Bpnt2tm1la(KOMP)Wtsi/Mmucd,
RRID:MMRRC_048210-UCD, was obtained from the Mutant Mouse Resource and
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Research Center (MMRRC) at University of California at Davis, an NIH-funded strain
repository, and was donated to the MMRRC by The KOMP Repository, University of
California, Davis; Originating from Ramiro Ramirez-Solis, CSD. Tm1la (targeted allele)
animals were bred with mice expressing FLP recombinase (Jackson Labs, #011065) to
generate BpntZ-floxed (tmlc, conditional allele) mice. Floxed mice were bred with mice
expressing Cre recombinase under the Nestin promoter (Jackson Labs, #003771) to knock
out Bpnt2 (producing the tm1d null allele) in the nervous system (neurons and astrocytes).
Mice were identified by ear-tagging and tail DNA was used for genotyping. Genotyping
primers to detect Bpnt2alleles were: F: 5’-TTAGAAAGGTCCCAGGTTGGCTTCC-3’ and
R: 5’-AAGCTCTGGTACATGCCTACCATCC-3’. For wild-type allele, the primers yielded
a 684 bp product, and for conditional allele, primers yielded a 786 bp product. Nestin-Cre
genotyping was performed with primer sequences available from Jackson Labs. Nestin-Cre
was kept heterozygous in all mice used for breeding and experiments. All mice used for
endpoint experiments were of mixed C57BL/6N and C57BL/6J background. Both male and
female mice were used; sex differences were not detected in molecular or behavioral results.
All analyses were run on adult mice between 12 and 18 weeks of age.

Quantitative PCR.

Mice were sacrificed by decapitation. Brains were extracted and one hemisphere was
immediately dissected and tissues were flash frozen on dry ice. RNA was extracted

using Qiagen RNeasy Mini Kit using Qiagen DNase I. cDNA was synthesized from 1

ug of RNA using iScript cDNA synthesis kit (Bio-Rad). PCR reaction was carried out

using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) according to manufacturer
instructions. Bpnt2 mRNA expression (F: 5’-CGCCGATGATAAGATGACCAG-3’ and R:
5’-GCATCCACATGTTCCTCAGTA-3") was normalized to AHprt mRNA expression (F: 5’-
GCAGTACAGCCCCAAAATGG-3’ and R: 5’- ATCCAACAAAGTCTGGCCTGT-3’) to
determine relative transcript enrichment.

Immunoblotting.

Protein was collected from cells lysed in RIPA buffer with protease inhibitor (Roche).
Protein extracts were quantified using BCA assay and passed through a 25¢g needle to break
up DNA. 10 ug of total protein was loaded per lane onto a 12% SDS-PAGE gel (Bio-Rad),
which was run at 100 V for 90 minutes. Proteins were transferred to a 0.2 um PVDF
membrane (Bio-Rad) using TransblotTurbo (Bio-Rad) at 1.3A for 7 minutes. Blots were
incubated in primary antibodies (sheep anti-BPNT2, 1:1000, Invitrogen #PA5-47893; mouse
anti-Actin, 1:1000, Invitrogen #MA1-744) overnight at 4C, washed 3 times in 0.1% TBS-
Tween then in secondary antibodies (AlexaFluor680 anti-sheep 1:20,000; AlexaFluor800
anti-mouse 1:20,000) for 2 hours at room temperature and washed 3 times in 0.1% TBS-T.
Blots were imaged on LiCor Odyssey and analyzed using ImageJ.

Glycosaminoglycan analysis.

Flash-frozen brain regions (10-15 mg of tissue) were homogenized in 400 ul GAG
preparation buffer (50 mM Tris, pH 8.0, 10 mM NaCl, 3 mM MgCl,) using tissue pestle.
50 ul of homogenate was taken and centrifuged at 12000rpm, and supernatant was used
to determine soluble protein content using Pierce BCA assay. 4 ul of Proteinase K (2
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mg/ml) was added to the remaining homogenate, and sample was incubated overnight at
56C. After digest, the samples were heated at 90C for 30 minutes to denature Proteinase

K. Precipitated material was separated by centrifugation. Dimethylmethylene blue (DMMB)
assay. An aliquot of supernatant was used for DMMB analysis of total sulfated GAGs.

20 ul of each sample was added to a 96-well clear-bottomed microplate in duplicate. 200

ul of pH 1.5 DMMB reagent (prepared according to Zheng and Levenston(Zheng and
Levenston 2015)) was added to each well using a multichannel pipette. Absorption was
immediately measured at 525 and 595 nm, and 595 measurement was subtracted from

525 measurement to yield final reading. Quantity of sulfated GAG was determined by
comparison to a standard curve of bovine chondroitin-4-sulfate (Sigma) prepared in GAG
preparation buffer. Amounts of sulfated GAG were normalized to protein concentration.
High-performance liquid chromatography (HPLC). Sample buffer was changed to 0.1 M
ammonium acetate, pH 7.0 by using 3 kDa Millipore concentrator by concentration/dilution
until initial concentration of homogenization buffer decreased 500-times. The volume of
concentrated samples was adjusted to 70 ul and 3 ul of Chondroitinase ABC (1.4 U/ml Stock
solution, containing BSA, SEIKAGAKU) was added to each sample. Reaction mixture was
incubated at 37C for 4 hours. After chondroitinase ABC cleavage, 130 ul of water was
added. Released disaccharides were filtered through a 10 kDa concentrator. This procedure
was repeated once more to improve yield. GAG samples were lyophilized using a SpeedVac
at 25 °C overnight. Lyophilized samples were stored at —80C until fluorescent labeling. 2-
AB derivatization. Labeling of disaccharides was performed with 2-aminobenzamide (2-AB)
by published procedure (4). An aliquot of 5-7 ul of labeling mixture (0.35 M 2-AB, 1

M NaCNBHj3 solution in 30% acetic acid in dimethyl sulfoxide) was added to lyophilized
samples or disaccharide standards and the mixture was incubated for 3 hours at 65C.
Labeling reaction mixtures were spotted on a strip of Whatman 3MChr paper and washed
with 1 ml of acetonitrile six times. Cleaned disaccharides were eluted with three aliquots of
50, 75 and 75 ul of water by using 0.2 um centrifugal device. HPLC. The analysis of labeled
disaccharides was performed by HPLC. The HPLC system included Waters 515 Pumps,
Waters 517plus Autosampler, Waters Pump Control Module Il and Shimadzu RF-10AxI
spectrofluorometer detector under Waters Empower software. Samples analysis performed
on Supelco-LC-NH5 25 cm x 4.6 mm (Sigma). Column was equilibrated with 16 mM
NaH,PO4 with flow rate of 1 ml/min. The samples of 50-100 ul were injected and eluted
with 60 min linear gradient 16 mM — 800 mM NaH,PO4 with flow rate of 1 ml/min as

in (5). Disaccharide elution was monitored by fluorescence at 420 nm with excitation at
330 nm. Peak identities were determined by running Adi-0S, Adi-6S, and Adi-4S standards
(Sigma) prior to running samples. Chromatograms were analyzed by Empower software.

Immunofluorescence.

Mice were sacrificed by decapitation. Brains were extracted and one hemisphere was flash
frozen in OCT compound then sectioned into 30-um-thick slices on a Leica cryostat at
—20C. Tissue slices were fixed in 4% paraformaldehyde for 15 minutes then rinsed twice in
1X PBS containing 0.3% Triton X-100 (PBS-T), 10 minutes per wash. Slides were blocked
in blocking buffer (PBS-T containing 10% goat serum) for 30 minutes at room temperature,
then covered in primary antibody (WFA-biotin conjugate, 1:500, Sigma #L.1516) in blocking
buffer diluted 1:3 in PBS-T and incubated for 1.5 hours at room temperature. Slides
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were then washed in diluted blocking buffer 3 x 5 minutes, then covered in secondary
antibody (Streptavidin-AlexaFluor488, 1:500) in diluted blocking buffer for 1 hour at

room temperature in a humidified container, protected from light. Slides were washed in
diluted blocking buffer 3 x 5 minutes. Coverslips were affixed to slides using ProLong™
Gold Antifade Mountant with DAPI (Life Technologies) and allowed to dry overnight
before imaging the following day. Images were taken at 4X and 20X magnification on

a Nikon Eclipse Ti inverted fluorescent microscope. 20X images were taken in z-stacks

of 25 images, 0.4 um apart. Summed-stack images were used for PNN analysis using
commercially available PipsqueakAl software (Rewire Neuro). PNNs from approximately

8 fields of view from each of 2 slices of tissue (per region analyzed) were measured from
each animal (3-7 animals per genotype). PNN fluorescence measurements from each animal
were averaged, and individual animal averages were used for statistical calculations between
genotypes(Lord et al. 2020).

In vivo behavior (in order of testing).

Elevated zero maze. Mice were placed individually on the open arm of an elevated zero
maze (Med Associates) and behavior was tracked using AnyMaze software for 5 minutes.
Open field activity analysis. Open-field behavior was examined for 45 min using the
infrared photobeam Med Associates system for mice. Novel object recognition. Mice were
habituated to a Y-maze for 2 days (5 minutes per day). On training day, 2 identical objects
were placed in each of the 2 non-starting arms of the maze, and the mouse was allowed

to explore objects for 5 minutes. On testing day, one of the two objects was replaced

with a novel object, and the mouse was allowed to explore objects for 5 minutes. The

5 minute training and testing phases were recorded using AnyMaze software, and time
spent interacting with objects was measured by 2 independent scorers, blinded to mouse
genotype. Scores were averaged, and averages were used to determine discrimination ratios.
Accelerating rotarod. Mice were placed on a cylinder (~3 cm in diameter) which initially
rotates at 4 rpm and accelerates to 40 rpm. The latency to falling off the rotarod was
measured as an index of motor coordination (maximum trial length of 300 seconds). Trials
were repeated 3 times daily, over a course of 3 days. Tail suspension. Mouse tails were
taped to a vertical aluminum bar connected to a strain gauge inside a commercial tail
suspension test chamber (Med Associates). Motion was recorded over 6 minutes. Startle/
Prepulse inhibition. The startle response to 40-ms 120-dB white noise and its inhibition
by a prepulse was examined using the Acoustic Startle Reflex Package for mice from

Med Associates. Mice were placed in a clear plastic cylinder (~5 cm diam) within a
ventilated sound-attenuating enclosure, and given 5 minutes to acclimate. Startle stimulus
was presented in the presence or absence of a 20-ms prepulse presented at 70, 76, 82,

or 88 dB, 100-ms before the stimulus. The maximal startle amplitude recorded during a
65-msec sampling window after stimulus presentation was used as the dependent variable.
Stimuli were presented in a total of 54 trials, and startle response or prepulse inhibition were
averaged across trials.
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Generation of a nervous system-specific Bpnt2-knockout mouse.

An illustration of the knockout strategy is shown in Figure 1A. The second exon of the
Bpnt2 gene was flanked by loxp sites, generating a “floxed” (fl) allele. When bred with a
Nestin-Cre mouse, the second exon was excised, preventing functional protein expression
in nervous system tissues. A section of cerebral cortex was used to confirm near-absence
of Bpnt2 mRNA expression (Figure 1B) and BPNT2 protein expression (Figures 1C, 1D)
in BpntXM Nestin-Cre mice relative to BpntZf and heterozygous BontZV* Nestin-Cre
controls. BpntZVf Nestin-Cre animals were viable and did not display gross physical
abnormalities.

Glycosaminoglycan sulfation in brain tissue from Bpnt2//fl Nestin-Cre mice is impaired.

Chondroitin

We next investigated whether overall GAG sulfation was altered in the brains of BpntZVfl
Nestin-Cre mice. We analyzed total GAG sulfation in two brain regions associated

with perineuronal nets: visual cortex(Pizzorusso et al. 2002) and hippocampus(Harry
Pantazopoulos et al. 2010). Total sulfated GAG was measured in tissue homogenates

using dimethylmethylene blue assay(Farndale, Buttle, and Barrett 1986), and sulfated GAG
content was normalized to total protein concentration. As predicted, BontZV/fl Nestin-Cre
mice exhibited decreased sulfated GAG (normalized to total protein content) in both visual
cortex and hippocampus relative to Nestin-Cre-only, BontZVfl and BpntZV* Nestin-Cre
controls (Figures 2A, 2B).

sulfation patterns are altered in brain tissue from Bpnt2f/fl Nestin-Cre mice.

To more specifically analyze sulfated moieties, we next sought to analyze alterations in
chondroitin sulfation patterns in the visual cortex and the hippocampus. Because we did
not identify alterations in overall sulfation among the three control groups (Nestin-Cre-only,
Bont2M and BontZV* +Nestin-Cre), we elected to analyze only BpntZVf and BpntV
Nestin-Cre brain tissues. Following digestion of samples with chondroitinase ABC,
chondroitin disaccharides were fluorescently labeled and resolved by high-performance
liquid chromatography (HPLC). We measured ratios of each of the major species of
chondroitin (0S, 4S, and 6S) to the total peak area of all three species. Using this approach,
we identified clear and statistically signficant decreases in 4S disaccharide (Adi-4S),

which corresponded with a significant increase in unsulfated disaccharide (Adi-0S). These
findings recapitulate those seen in the cartilage extracts from germline Bpnt2-knockout
mice(Frederick et al. 2008). Interestingly, we also observed an increase in 6S disaccharide
(Adi-6S), which was not previously observed in tissues from the germline Bpnt2-knockout
mouse. Results from visual cortex are shown in Figure 2C, and results from hippocampus
are shown in Figure 2D. Representative HPLC traces from visual cortex samples are shown
in Figures 2E, 2F.
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Perineuronal nets (as measured by WFA staining) are not grossly altered in Bpnt2f!/fl
Nestin-Cre mice.

Other groups have examined genetic manipulations that affect the development of
chondroitin sulfate proteoglycans in the brain and have identified alterations in perineuronal
nets(Yoshioka et al. 2017; Rowlands et al. 2018), as measured by conventional histological
methods (namely, WFA staining). We therefore decided to evaluate perineuronal net
staining in cortical and hippocampal regions of BontZ/fl Nestin-Cre mouse brain relative

to BpntZVTl controls. Tissues sections were stained with WFA and then analyzed using
commercially available PipsqueakAl software, which automatically detects perineuronal
nets and reports fluorescence intensity relative to background staining(Slaker, Harkness, and
Sorg 2016). We did not observe gross alterations in WFA fluorescence (Figure 3A), nor

did we observe significant alterations in PNN staining measurements in cortical (Figure

3B) or hippocampal (Figure 3C) regions. As a secondary measure, we also analyzed the
number of PNNSs detected by PipsqueakAl per field of view in both cortical (Figure 3D) and
hippocampal regions (Figure 3E), and we did not observe significant differences in number
of PNNs.

Bpnt2f/fl Nestin-Cre mice do not exhibit alterations in behavior across a selection of
behavioral tests.

As a final analysis of the consequences of loss of BPNT2 in the nervous system, we
subjected mice to a series of neurobehavioral experiments, which have been previously
associated with alterations in PNNs, including open-field activity analysis(Yoshioka et al.
2017), novel object recognition(Rowlands et al. 2018; Romberg et al. 2013), accelerating
rotarod(Yoshioka et al. 2017), and acoustic startle response(Yoshioka et al. 2017). We

also performed an elevated zero maze assessment of anxiety-like behaviors as a control
experiment, and the tail-suspension test. (Altered performance on the tail suspension test is
associated with lithium treatment(O’Donnell and Gould 2007), which we deemed relevant
as BPNT2 is a direct inhibitory target of lithium.) However, we did not observe statistically
significant alterations in behavioral performance between BontZVf and BpntZVf Nestin-Cre
mice on any of the assays performed (Figures 4A-4G).

Discussion

BPNT2 is an enzyme that breaks down the by-product of glycosaminoglycan sulfation
reactions. Loss of BPNT2 impairs chondroitin-4-sulfation, which is an important component
of the extracellular matrix across a variety of tissues. BPNT2 is also an inhibitory target

of lithium, which is a widely prescribed mood stabilizer (Cade 1949) used to treat bipolar
disorder, which motivates us to investigate the function of BPNT2 specifically in the brain.
In this work, we report the generation of a nervous system-specific Bpnt2-knockout mouse,
which is viable and does not portray obvious phenotypic aberrations. This is in contrast

to our previous reports of severe skeletal defects in the germline Bpnt2-knockout mouse,
which lead to perinatal lethality (Frederick et al. 2008), presumably due to pulmonary
insufficiency. We now report that absence of functional BPNT2 in the nervous system does
not result in lethality, and was not the cause of lethality in the germline knockout mouse.
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Global knockout of BPNT2 impairs total-body chondroitin sulfation (Frederick et al.

2008). The effect of this impairment in cartilage is abnormal long bone development
(chondrodysplasia) (Frederick et al. 2008; Nizon et al. 2012; Vissers et al. 2011), which

can be observed in the human disorder characterized by homozygous BPNT2 mutations.

To our knowledge, in-depth studies of the neurocognitive profiles of human patients with
homozygous BPNT2 mutations have not been reported, but there is reason to suspect

that brain function could be affected. Of the six published cases of homozygous BPNTZ2
mutation in humans, one patient was noted to have intellectual disability (Nizon et al. 2012).

Because chondroitin sulfate is an abundant glycosaminoglycan in the central nervous
system, we sought to determine whether the loss of BPNT2 specifically in the nervous
system would alter chondroitin sulfate biology in the brain. Analysis of brain tissue

from BontZVl Nestin-Cre mice indeed demonstrated diminished chondroitin-4-sulfation,
which corresponded to an increase in unsulfated chondroitin, as expected. However, we
also identified a correspondent increase in chondroitin-6-sulfate. While such an increase
was not identified in the cartilage of somatic Bont2-knockout mice, we did observe

this increase in fibroblast cell lines taken from the Bpnt2-knockout mouse (Eisele et al.
2021). Chondroitin-6-sulfate is the next most abundant form of chondroitin sulfate after
chondroitin-4-sulfate, and the two have been show to have opposing roles in regulating
synaptic plasticity (Miyata et al. 2012). Chondroitin-6-sulfate promotes plasticity and is the
predominant species in the brain in early life, while chondroitin-4-sulfate inhibits plasticity
and is more abundant in adult brain (Miyata et al. 2012).

What is especially noteworthy about our observed increase in chondroitin-6-sulfate in the
brains of our experimental animals is that changes in chondroitin-6-sulfate have been
identified in the brains of human patients with bipolar disorder (H. Pantazopoulos et

al. 2015). Specifically, decreases in chondroitin-6-sulfate were identified in patients with
bipolar disorder relative to healthy controls, and exposure to lithium appeared to have a
corrective effect; that is, lithium was associated with an increase in chondroitin-6-sulfate, as
measured by immunohistochemistry (H. Pantazopoulos et al. 2015). We now report that the
loss of a lithium-inhibited enzyme increases chondroitin-6-sulfation in the brain. Because
we have previously shown that alterations in sulfation seen with Bpnt2-knockout stem from
a loss of the enzyme’s catalytic activity, we postulate that lithium-mediated inhibition of
BPNT2 could underlie the effects on chondroitin-6-sulfate seen with lithium treatment of
human patients.

Given the biochemical alteration of the chondroitin sulfation profile seen in brain tissue
from BontZVl Nestin-Cre mice, it is interesting that we did not observe differences in PNN
histology. Previous work has analyzed the consequences of nervous system-specific deletion
of the proteoglycan core protein aggrecan, which plays a critical role in glycosaminoglycan
biology (Rowlands et al. 2018). Somatic homozygous mutations in aggrecan cause skeletal
malformations as well as perinatal lethality (Watanabe et al. 1994), very similar to what

is seen with homozygous Bpnt2-knockout. Nervous system-specific deletion of aggrecan
(using the Nestin-Cre driver) completely abolishes WFA staining in the brain (Rowlands

et al. 2018). When undertaking the studies presented in this work, we considered it

possible that we would observe a similarly dramatic effect in a nervous system-specific
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Bpnt2 knockout. The somatic deletion of another gene relevant for chondroitin synthesis
(CSGalNacT1, an enzyme critical for sugar chain synthesis), results in milder skeletal
abnormalities, but still produces measurable disruption of WFA staining in brain tissue

as well as behavioral anomalies (Yoshioka et al. 2017). The absence of such changes in

a nervous system-specific Bpnt2 knockout mouse is therefore an unexpected finding that
could indicate a unique role of the BPNT2 enzyme. We can measure significant alterations
in cerebral chondroitin sulfation that coincide with loss of BPNT2, but these are not so
severe as to result in concomitant alterations in the PNN number or intensity. Nevertheless,
chondroitin-sulfates (especially chondroitin-4-sulfate) are one of the major components of
adult PNNs (Miyata and Kitagawa 2016b); where, then, is the loss of chondroitin-4-sulfate
occurring?

Not all chondroitin-4-sulfate in the brain is localized to the WFA-reactive perineuronal

nets themselves. Much of the chondroitin-4-sulfate in the brain is present in the loose
extracellular matrix, which is not aggregated around specific cells. It could be that this
loose matrix, which does not have as robust of a marker as condensed, pericellular

PNNs do, is where the decrease in chondroitin-4-sulfate is physiologically relevant. To
again contrast BPNT2 with other proteins that are important for chondroitin biology, the
loss of aggrecan and CSGalNacT1 would be expected to affect the chondroitin species
regardless of their locus of sulfation. However, this work and our prior work (Eisele

et al. 2021b) suggest that of the three predominant species of chondroitin-sulfate, only
chondroitin-4-sulfate is decreased with loss of BPNT2, while the ratios of chondroitin-6-
sulfate and unsulfated chondroitin to total chondroitin are both elevated. While the increase
in unsulfated chondroitin is to be expected, the increase in chondroitin-6-sulfate could be an
attempt at a compensatory response. As WFA does not stain a specific sulfation moiety, this
could explain why we did not observe alterations in WFA staining. There is also some work
which suggests that the WFA-reactive, condensed PNNSs are richer in chondroitin-6-sulfate
and unsulfated chondroitin than the loose extracellular matrix is (Deepa et al. 2006), despite
the major component of condensed PNNSs still being chondroitin-4-sulfate. It may be that
the degree of decrease in chondroitin-4-sulfate, coupled with the correspondent increase in
chondroitin-6-sulfate, is not sufficient to alter PNNSs histologically.

The lack of apparent alteration in PNNs could, in part, explain why we did not observe
behavioral alterations in BontZVfl Nestin-Cre mice. If the PNNs are robust to the changes
we observed in chondroitin-4-sulfate, then we would expect them to function normally, and
behaviors associated with PNNs would be unchanged in the absence of BPNT2. However,
the selection of behavioral assays used in this work is by no means exhaustive. One
analytical metric that is strongly associated with PNNs is ocular dominance plasticity, which
is the ability to shift which eye is dominant by occluding vision in the dominant eye. This
propensity for plasticity is typically present in juvenile animals, but not adults. Disruption
of PNNs is associated with renewed ocular dominance plasticity, even after the closure of
the juvenile critical period(Pizzorusso et al. 2002; Rowlands et al. 2018). Future studies
may investigate whether BpntA/fl Nestin-Cre animals display differences in assessments of
ocular dominance plasticity, given their altered chondroitin sulfation profile.
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Figure 1. Generation of conditional and nervous system-specific Bpnt2-knockout mouse.
A. Schematic of knockout strategy. Tmla mice obtained from UC-Davis KOMP and bred

with FLP0-10 mice (Jackson #011065) to generate Tmlc (floxed) mice, which were then
crossed with Nestin-Cre mice (Jackson #003771) to yield knockout (Tm1d allele) in nervous
system tissues (neurons and astrocytes). B. mRNA expression of Bpnt2in cortical brain
tissue. C. Quantification of protein expression from western blot and D. Western blot
showing BPNT2 protein expression in cortical brain tissue. P-values are results of one-way
ANOVA: ***p<0.001, ****p<0.0001.
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Figure 2. Bpntzf'/fI Nestin-Cre mice exhibit altered glycosaminoglycan sulfation in brain tissues.
Quantification of total GAG sulfation in A. visual cortex tissue and B. hippocampal

tissue using DMMB assay. C. Quantification of chondroitin sulfate disaccharides in visual
cortex tissue as measured by HPLC. D. Quantification of chondroitin sulfate disaccharides
in hippocampal tissue as measured by HPLC. E. and F. Representative HPLC traces

from chondroitin disaccharide HPLC performed on cortical tissue. Adi-0S: unsulfated
chondroitin disaccharide, Adi-6S: chondroitin-6-sulfate disaccharide, Adi-4S: chondroitin-4-
sulfate disaccharide. P-values denote results of Tukey’s post-hoc analyses following
significant one-way ANOVA. **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3. BpntZﬂ/fI Nestin-Cre mice do not exhibit gross alterations in perineuronal net staining.
A. Representative PNN staining from BpntZVf and BpntZVfl Nestin-Cre animals.

Quantification of perineuronal net intensity from tissue sections from B. cortical and C.
hippocampal brain regions using Pipsqueak Al. D. and E. Analysis of number of PNNs
detected per tissue section using Pipsqueak Al software. For B/C, p-values indicate results of
two-sided student’s t-test. For D/E, p-values indicate results of Mann-Whitney U-test.
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Figure 4. Bpntzf'/fI Nestin-Cre mice do not exhibit gross abnormalities on key behavioral assays.
A. Elevated zero maze. B. Open field activity assessment, performed over 45 minutes. C.

Novel object recognition. D. Accelerating rotarod motor learning assay. E. Tail suspension
test. F. Acoustic startle. G. Prepulse inhibition.
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