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Abstract

Inter-alpha Inhibitor Proteins (IAIPs) are a family of related serine protease inhibitors. IAIPs are
important components of the systemic innate immune system. We have identified endogenous
IAIPs in the central nervous system (CNS) of sheep during development and shown that treatment
with IAIPs reduces neuronal cell death and improves behavioral outcomes in neonatal rats after
hypoxic-ischemic brain injury. The presence of IAIPs in CNS along with their exogenous
neuroprotective properties suggests that endogenous IAIPs could be part of the innate immune
system in CNS. The purpose of this study was to characterize expression and localization of IAIPs
in CNS. We examined cellular expressions of 1AIPs /in vitroin cultured cortical mouse neurons, in
cultured rat neurons, microglia, and astrocytes, and 7 vivo on brain sections by
immunohistochemistry from embryonic (E) day-18 mice and postnatal (P) day-10 rats. Cultured
cortical mouse neurons expressed the light chain gene Ambp and heavy chain genes Itih-1, 2, 3, 4,
and 5 mRNA transcripts and IAIPs proteins. IAIP proteins were detected by
immunohistochemistry in cultured cells as well as brain sections from E18 mice and P10 rats.
Immunoreactivity was found in neurons, microglia, astrocytes and oligodendroglia in multiple
brain regions including cortex and hippocampus, as well as within both the ependyma and choroid
plexus. Our findings suggest that IAIPs are endogenous proteins expressed in a wide variety of cell
types and regions both /in vitroand in vivo in rodent CNS. We speculate that endogenous IAIPs
may represent endogenous neuroprotective immunomodulatory proteins within the CNS.
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INTRODUCTION

Endogenous proteases are found in all organisms from microbes to mammals and participate
in various physiological and pathological processes including coagulation, immune
responses, and cancer metastasis (Ranasinghe and McManus, 2013). In the central nervous
system (CNS), a subfamily of proteases, serine proteases, and their inhibitors have been
identified in both neurons and glia (Choi et al., 1990, Weinstein et al., 1995, Vivien and
Buisson, 2000). Accumulating evidence suggests that serine proteases play important roles
in neuronal development, plasticity, and pathology (Turgeon and Houenou, 1997) and that
their inhibitors modulate neuronal cell death and exert neuroprotective properties in brain
injury (Vivien and Buisson, 2000, Reuther et al., 2014).

Inter-alpha Inhibitor Proteins (IAIPs) are a group of serine protease inhibitors that have been
detected in many tissues including liver, intestine, kidney, stomach, placenta and brain
signifying their diverse biological functions (Itoh et al., 1996, Daveau et al., 1998, Takano et
al., 1999, Spasova et al., 2014). Although liver is the primary site of IAIPs synthesis and the
major source of the 1AIPs found in blood, our recent findings suggest that IAIPs are also
present in brain and other organs during development (Spasova et al., 2014).

In hepatocytes, IAIP molecules are encoded by an al-microglobulin/bikunin precursor
(Ambp) light chain gene and at least 5 structurally associated inter alpha-trypsin inhibitor
heavy chain genes (Itih 1-5) (Salier et al., 1996, Zhuo et al., 2004). The genes of Ambp and
Itih 1-5 code for the polypeptide precursors of the light chain (AMBP) and heavy chains
(H1P, H2P, H3P, H4P, and H5P), which subsequently undergo post-translational processing
including removal of signal peptides and trimming of C-terminal ends (Kaumeyer et al.,
1986, Salier et al., 1987, Bratt et al., 1993, Salier et al., 1996, Zhuo and Kimata, 2008). The
core mature polypeptide of the light chain (LC) is called bikunin because it contains two
Kunitz type domains making it a serine protease inhibitor (Potempa et al., 1989). Bikunin is
covalently linked to one or two mature polypeptide(s) of the heavy chains (HCs) by a
glycosaminoglycan forming a bikunin-HC complex before secretion by liver into blood
(Jessen et al., 1988, Zhuo and Kimata, 2008). There are two major bikunin-HC complexes
found in blood: Inter-alpha Inhibitor (/a/, 250 kDa), in which bikunin is linked to HC-1 and
HC-2 and Pre-alpha Inhibitor (Pa/, 120 kDa), in which bikunin is linked to HC-3 (Enghild et
al., 1989, Odum et al., 1989). In these complexes, bikunin remains inactive until it is cleaved
by partial proteolytic degradation (Fries and Blom, 2000).

Currently, IAIPs are gaining increasing attention because of their potential therapeutic
beneficial effects. Administration of exogenous bikunin and 1AIPs has been shown to
attenuate systemic inflammation (Lim et al., 2003, Singh et al., 2010) and inhibit tumor
metastasis (Kobayashi et al., 2003, Suzuki et al., 2004). IAIPs exert beneficial effects in
sepsis and systemic inflammatory disorders both in neonates and in adults (Lim et al., 2003,
Singh et al., 2010). Very little information is available regarding IAIPs in CNS. We recently
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have identified endogenous /a/and Pal proteins in cerebral cortex, choroid plexus and
cerebral spinal fluid of sheep during development and have shown that exogenous treatment
with IAIPs reduce neuronal cell death and improve behavioral outcomes in neonatal rats
exposed to hypoxic-ischemic brain injury (Spasova et al., 2014, Threlkeld et al., 2014,
Gaudet et al., 2016). Others have shown beneficial effects of the light chain, bikunin, in
cerebral ischemia-reperfusion injury and experimental autoimmune encephalomyelitis (Yano
et al., 2003, Koga et al., 2010, Shu et al., 2011). Although 1AIPs in blood are mainly of
hepatic in origin, our recent findings have suggested that IAIPs in brain and other tissues
may be endogenously produced (Spasova et al., 2014). Even though it is plausible that IAIPs
might cross the blood-brain barrier via a yet to be demonstrated specific transport
mechanism (Banks, 2015), their ability to readily traverse the blood-brain barrier seems
unlikely given the large size of the IAIPs and the early development of blood-brain barrier
integrity in the fetus (Stonestreet et al., 1996). It is far more likely that endogenous IAIPs
(Spasova et al., 2014). are produced within specific brain cells. Hence, the major goal of this
current study was to determine the presence of IAIPs mRNA and protein within specific cell
types of the immature rodent brain.

In contrast to the increasing number of studies examining the exogenous effects of IAIPs,
the endogenous localization, specific cellular expression, and regional distribution of 1AIPs
in CNS have not been previously examined, particularly in fetal and neonatal subjects. In
addition, the information that is available regarding localization of IAIPs in CNS remains
controversial. Some studies report the presence of the bikunin gene in neurons but not in
astrocytes (Takano et al., 1999), whereas, others report bikunin immunoreactivity in
astrocytes, but not in neurons (Yoshida et al., 1991a, Yoshida et al., 1994). Although we
identified both the /a/and Pa/ proteins in the cerebral cortex of sheep (Spasova et al., 2014),
more detailed information regarding the expression and localization of IAIPs in different cell
types in the fetal and neonatal brain is lacking. Expression of endogenous IAIPs in cortical
and hippocampal neurons may be of great importance given our previous observation that
exogenous treatment with 1AIPs attenuated cortical neuronal loss, improved behavioral
outcomes, and decreased the number of basal dendrites per CA1 pyramidal neuron in the
hippocampus of neonatal rats exposed to hypoxic ischemic brain injury (Threlkeld et al.,
2014, Gaudet et al., 2016). Therefore, we reasoned that it would also be important to
determine whether endogenous 1AIPs were expressed by neurons in these critical brain
regions.

The objective of the current study was to establish the presence and expression of IAIPs in
fetal and neonatal CNS in an effort to begin to elucidate the cellular and regional distribution
of endogenous 1AIPs in the immature CNS. The current study also begins to explore the
concept that endogenous IAIPs could be locally produced in diverse cell types and brain
regions and potentially have paracrine/autocrine modes of action. Therefore, we examined
the cellular expression of 1AIPs /n vitroin cultured cortical mouse neurons, in cultured rat
neurons, microglia, and astrocytes, and /77 vivo in brain sections by immunohistochemistry
from embryonic day 18 (E18) mice and postnatal day 10 rats (P10).
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EXPERIMENTAL PROCEDURES

Experimental Animals

Wild type C57BL/6 mice and Wistar rats were obtained from The Jackson Laboratory (Bar
Harbor, Maine, USA) and Charles River Laboratories (Wilmington, MA, USA),
respectively. The present study was performed with approval by the Institutional Animal
Care and Use Committees of the Alpert Medical School of Brown University and Women &
Infants Hospital of Rhode Island and in accordance with the National Institutes of Health
Guidelines for the use of experimental animals.

Primary cortical neuron, microglia, and astrocyte cultures

Mice on embryonic day 18 (E18) and rats on postnatal day 1-2 (P1-2) were used for the
primary cortical neuronal cultures. The mouse brain samples used in this study were
available from terminal mouse studies that did not use the CNS. The techniques for the
neuronal cultures were performed as previously described in detail (Beaudoin et al., 2012).
Briefly, the mice or rats were decapitated and the brains immediately transferred into a
dissection medium [97.5% Hank’s balanced salt solution (Invitrogen, Frederick, MD, USA,
0.11 mg/ml sodium pyruvate (Invitrogen), 0.1% glucose, 10 mM HEPES (pH 7.3, Sigma-
Aldrich), and 1000 U/ml penicillin/streptomycin (P/S, Invitrogen)]. The meninges were
removed and the cerebral cortices dissected. Cerebral cortical tissues were dissociated with
0.25% trypsin (Worthington Biochemical Corp. Lakewood, NJ, USA) for 20 minutes at
37°C followed by 0.1% DNase (Sigma-Aldrich Inc., St. Louis, MD, USA) treatment for 5
minutes. Then, tissues were carefully triturated and the resulting cells were plated in
minimum essential medium (MEM) with Earle’s Balanced Salt Solution (Invitrogen), 10%
fetal bovine serum (FBS, Invitrogen), 0.45% glucose, 1 mM sodium pyruvate, 2 mM
glutamine, and 1000 U/mL P/S) onto poly-D-lysine (Sigma-Aldrich)-coated 18-mm glass
coverslips at a density of 260 cells per mm2. On the second day of plating, the culture
medium was changed to maintenance media (neurobasal media, Invitrogen) containing 2%
B27 supplement (Invitrogen), 2 mM glutamine, and 1000 U/mL P/S) without added serum
or mitosis inhibitors. Two days after incubation at 37°C with 5% CO,, 5-uM cytosine
arabinoside (AraC, Sigma-Aldrich) was added. The experiments for total RNA and protein
extraction, and immunohistochemical detection of 1AIPs were performed between 10-14
days after cell plating. The purity of the neuronal cultures was verified as 94.8 + 1.4% (mean
+ SD) by immunostaining with the neuronal marker microtubule-associated protein 2
(MAP-2), astrocytic marker glial fibrillary acidic protein (GFAP), and microglial marker
Isolectin 1B4 (data not shown).

Primary microglia and astrocytes were cultured as follows: P 1-2 rats were used and
prepared as previously described (Faustino et al., 2011). Briefly, the brains were gently
placed into a petri dish containing cold Dulbecco’s modified eagle medium (DMEM, Lonza,
Allendale, NJ, USA). Cerebral cortical tissues treated as described above. The cell mixture
was centrifuged for 10 minutes at 168 x g. The pellet was re-suspended in 10 ml of warmed
DMEM 10:10:1 [(DMEM, 10% of FBS, 10% of horse serum (Invitrogen), 1% P/S]. The cell
suspension was seeded on poly-D-Lysine covered 75 cm? flasks (Corning Inc., Corning, NY,
USA). The cells were incubated in a humid incubator at 37°C with 5% CO», for 7 to 10 days
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without changing the culture medium. After incubation, the flask was shaken at 230 rpm for
three hours. The microglial cell pellet was obtained by centrifuging the cell suspension for
10 minutes at 168 x g, and then re-suspending the suspension with warmed DMEM 10:10:1
and plating the cells onto glass coverslips at a density of 280 cells per mm2.

Astrocytes were isolated as follows. The flask containing the cell suspension was
immediately filled with 10 ml of warmed DMEM 10:10:1, closed and then shaken at 260
rpm overnight. After washing the flask twice with phosphate-buffered saline (PBS), the cells
were treated with five ml of trypsin (0.05%) plus EDTA (0.02%) for 5-10 minutes in the
incubator. The cell suspension was collected by adding five ml of DMEM 5:5:1 (DMEM,
5% of FBS, 5% of horse serum, 1% P/S) into the flask. After centrifugation for 10 minutes
at 168 x g, the pellet was re-suspended with five ml of DMEM 5:5:1 and seeded onto glass
coverslips at a density of 340 cells per mm2. The purity and ratios of microglia and
astrocytes to neurons were verified by immunostaining with specific cell markers. The purity
was 99.1 £ 0.6% and 98.7 + 1.2%, respectively (data not shown).

Primary antibodies

Polyclonal antibodies (pR-21) were raised against rat IAIPs generated by immunizing
rabbits with highly purified IAIPs derived from rat plasma. The pR-21 cross-reacts with
IAIPs including human, mouse, rat, and sheep, and detects both 250 kDa /a./and 125 kDa
Pa./molecules in Western immunoblot (data not shown). The primary antibodies used in this
study are as follows: pR-21 (1:500, ProThera Biologics, Inc., Providence, RI, USA), mouse
anti-Fox3/neuronal nuclei (NeuN) monoclonal antibody (mAb, 1:500, Abcam, Cambridge,
MA, USA), mouse anti-microtubule-associated protein-2 (MAP-2) mAb (1:500, Abcam),
chicken anti-glial fibrillary acidic protein (GFAP) polyclonal antibody (pAb, 1:1000,
Abcam), mouse anti-ionized calcium binding adaptor molecule 1 (Iba-1) mAb (1:200,
Abcam), griffonia simplicifolia anti-isolectin B4 (I1B4) antibody (10 pug/ml, Invitrogen),
mouse anti-A2B5 mAb (1:1000, Abcam), mouse anti-2/, 3’-cyclic nucleotide 3’-
phosphodiesterase (CNPase) mAb (1:500, Abcam).

Total protein and RNA extraction

Total protein and RNA were extracted from the primary cultured mouse neurons. Cells
grown on coverslips were rinsed briefly with PBS three times. One ml of ice-cold RIPA
buffer (150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulphate, 50 mM Tris (pH 8.0) with 1% complete protease inhibitor cocktail
(Roche, Nutley, NJ, USA) was added to each 22 mm diameter well of the culture plates and
incubated with the cells for five minutes on ice. The cells were centrifuged at 10,000-x g for
20 minutes at 4°C. The supernatant was collected and the protein concentration determined
(Bicinchoninic acid protein assay, BCA, Pierce, Rockford, IL, USA).

RNA was extracted from neurons as follows. One ml of TRIZOL (Invitrogen) reagent was
added to the 35 mm diameter culture dish after briefly rinsing the neuronal monolayer with
PBS three times. Adult mouse liver was used as a control. One ml of TRIZOL reagent per 50
mg of liver sample was added. The liver tissues were then homogenized using a glass-
Teflon® homogenizer and centrifuged at 12,000-x g for 15 minutes at 4°C. The
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homogenized liver tissue samples were incubated for five minutes at room temperature.
After the addition of 0.2 ml of chloroform (Sigma-Adrich), samples containing the neurons
and liver were vortexed thoroughly for 15 seconds, incubated at room temperature for three
minutes, and then centrifuged at 12,000-x g for 15 minutes at 4°C. The RNA pellet was
precipitated with isopropyl alcohol (Sigma-Aldrich), washed with 75% ethanol twice, and
air-dried at room temperature. The concentration of resultant RNA was determined by
Spectrophotometer (Nanodrop 2000, Thermo Scientific, Wilmington, DE, USA).

RNA and protein quantitation

Ten and 20 ug protein of total protein extracted from neurons were fractionated by SDS-
PAGE under reducing conditions and transferred onto a Polyvinylidene fluoride (PVDF)
membrane (0.2 mm, Bio-Rad Laboratories, Hercules, CA) using a semi-dry technique.
Membranes were incubated with pR-21 at a dilution of 1:5000 overnight at 4°C. After three
washes with Tris-Buffered Saline-0.1% Tween-20 (TBS-T), membranes were incubated with
HRP-conjugated goat anti-rabbit antibody (1:10,000) for one hour. Binding of the secondary
antibody was detected with enhanced chemiluminescence (ECL plus, Amersham Pharmacia
Biotech, Inc., Piscataway, NJ, USA) before exposure to autoradiography film (Daigger,
Vernon Hills, IL, USA). B-actin (Santa Cruz Biotechnology, Inc. Dallas, Texas, USA) was
used as a loading control.

One g of total RNA was treated with one pl of deoxyribonuclease-1 (DNase, Amp Grade, 1
U/ul, Invitrogen) for 15 minutes before First-Strand cDNA synthesis. First-strand cDNA was
synthesized by SuperScript® 111 First-Strand Synthesis SuperMix (Invitrogen) according to
the manufacturer’s protocol, in which Random hexamer was used and recombinant RNase is
included to protect from target RNA degradation because of RNase contamination. One 7ag
Hot Start DNA polymerase (New England Biolabs Inc, Ipswich, MA, USA) was used to
amplify cDNA sequences according to the manufacturer’s protocol.

Polymerase chain reaction (PCR) amplification was performed in a 25-pl reaction mixture
using a Veriti® 96-Well Thermal Cycler (Grand Island, NY, USA). The mixture contains one
ul of cDNA, 0.625 units One 7ag Hot Start DNA polymerase (New England Biolabs), 1 x
One Tag buffer (New England Biolabs), 200 uM dNTPs (New England Biolabs), 0.2 uM of
forward and reverse specific primers (IDT Inc., Skokie, IL, USA). The touch-down PCR was
programed as follows: 1) step one: initial denaturation at 94°C for 30 seconds; 2) step two:
denaturation at 94°C for 30 seconds, annealing for 45 seconds at 65°C for Ambp, Itih-2 and
Itih-4, 68°C for Itih-1 and Itih-3, and 67°C for Itih-5, elongation at 68°C for 45 seconds for
Ambp, Itih-1 and Itih-3, for 60 sec for Itih-2, Itih-4 and Itih-5; (10 cycles were performed,
and the annealing temperature was decreased by 1°C per cycle); 3) step three: denaturation
at 94°C for 30 seconds, annealing for 45 sec at 56°C for Ambp, Itih-2 and Itih-4, 59°C for
Itih-1 and Itih-3, and 58°C for Itih-5, elongation at 68°C for 45 seconds for Ambp, Itih-1
and Itih-3, for 60 sec for Itih-2, Itih-4 and Itih-5 (40 cycles were performed for Ambp, Itih-1
and Itih-3, 35 cycles were performed for Itih-2, Itih-4 and Itih-5); 4) step four: elongation at
68°C for five minutes and end of reaction at 4°C for long-term storage. The primer
sequences and predicted PCR fragment sizes are listed in Table 1. PCR products were
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separated and visualized on a 2% agarose gel containing 10 ng/ml of ethidium bromide,
ChemiDoc XRS System (Bio-Rad).

Immunohistochemistry of primary cultured cells

Primary cultured cells were rinsed with PBS three times for five minutes each, fixed in 4%
paraformaldehyde/4% sucrose in PBS for 15 minutes, and permeabilized in PBS with 0.3%
triton X-100 (PBS-T) for 10 minutes. Non-specific binding of antibodies was blocked by
incubating cells with 1% bovine serum albumin (BSA, Sigma-Aldrich) and 5% normal goat
serum (Vector Laboratories Inc. Burlingame, CA, USA) in PBS-T for one hour. Cells were
stained with primary antibodies overnight at 4°C. After washing three times in PBS five
minutes each, cells were incubated with appropriate secondary antibodies (Alexa Fluor® 488
goat anti-rabbit 1gG, 1:500, Invitrogen; Alexa Fluor® 555 goat anti-mouse IgG, 1:500,
Invitrogen; Alexa Fluor® 488 goat anti-rabbit 1gG, 1:500, Invitrogen; Alexa Fluor® 555 goat
anti-chicken 1gG, 1:1000, Invitrogen) for one hour in the dark. Coverslips were then
mounted with DAPI containing media (Vector Laboratories).

Immunohistochemistry of paraffin-embedded brain sections

Coronal brain sections (10 um thick) obtained from E18 and P10 rats were treated as
follows. Sections were deparaffinized and rehydrated. Brain sections were immersed in
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) and heated in an
autoclave at 120°C for 10 minutes. After heat-induced epitope retrieval, the slides were
rinsed with Tris-buffered saline (TBS, 10 mM) containing 0.025% triton-X100 (TBS-T,
Sigma-Aldrich) twice for five minutes each. After blocking in buffer (1% BSA and 5%
normal goat serum in TBS-T) for two hours, the brain sections were incubated with the
primary antibodies at 4°C overnight. On the second day, the slides were rinsed with TBS-T
twice for five minutes and incubated with fluorophore-conjugated secondary antibodies for
one hour in the dark. Counterstaining and mounting were performed as described above.
Slides stained with 3,3’-diaminobenzidine (DAB) and were treated with 0.3% H,0, (Sigma-
Aldrich) in TBS for 10 minutes to block the endogenous peroxidase before incubating with
horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibodies (Alpha Diagnostic, San
Antonio, TX, USA) for one hour. Slides were rinsed with TBS three times for two minutes
each, and incubated with DAB solution (R&D Systems, Minneapolis, MN, USA). After
DAB staining, the slides were rinsed in distilled water, dehydrated with 70%, 95%, and
100% ethanol two times for 3 minutes each, cleared in xylene two times for five minutes
each, and mounted with cytoseal (Thermo Scientific, Waltham, MA, USA). The DAB
staining was used in addition to the immunofluorescent methodology to confirm similar
distributions of the reaction product using a different chromogen with greater long-term
stability. No differences in staining patterns were observed between the two methods. Pre-
immune serum (PIS, 1:500, ProThera Biologics) obtained from a rabbit before immunization
with rat IAIPs was used as a negative control in each staining procedure. The images were
digitized and visualized using a Zeiss Axiolmager M2 microscope (Carl Zeiss Meditec,
Peabody, MA, USA) and digital analysis software Stereo Investigator (MBF Bioscience,
Williston, VT, USA). Anatomical descriptions of rodent brain regions as described in the
results for Figs. 3-5 were determined by E.G.S with the use of standard mouse and rat
neuroanatomical references(Paxinos and Watson, 1997, Paxinos and Franklin, 2001).
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Cultured mouse neurons: IAIPs gene and protein expression

Cultured rat

Cultured neurons from E18 mouse cerebral cortex were used to identify the gene and protein
expression of IAIPs in CNS. We used neurons at this embryonic stage because they are more
robust and less susceptible to damage during the culture procedures (Banker and Cowan,
1977, 1979, Beaudoin et al., 2012), and embryonic cultures produce a higher yield of
healthy viable cells with a lower proportion of non-neuronal cells compared with postnatal
cultures (Beaudoin et al., 2012).

The mRNA transcripts of Ambp and Itih-1, 2, 3, 4, 5 were determined by reverse transcript
(RT)-PCR, which was performed on cDNAs prepared from mouse neuronal cultures. As
shown in Fig. 1A, mouse neurons growing in culture express Ambp and Itih-1, 2, 3, 4, and 5
with the expected product base pair size (bp, Table 1). The RT-PCR bands for Ambp and Itih
1, 2, 3, 4, and 5 from mouse neurons and liver were of same bp size, indicating that similar
mMRNA transcripts of IAIPs are expressed in both neurons and liver cells.

IAIP proteins were also expressed in cultured mouse neurons (Fig. 1 B). IAIPs were
detected by Western immunoblot using the polyclonal antibody (pR-21) against the rat
IAIPs. The pR-21 recognizes the IAIP proteins including /a/at 250 kDa and Pa/ 125 kDa
(Fig. 1B). The polyclonal antibody pR-21 binds to the heavy chains as well as the bikunin
light chain of IAIPs. The additional bands at 90, 100, 175 kDa in the Western immunoblot
(Fig. 1B) were most likely protein breakdown products of the IAIP complex including free
heavy chains H1, H2 or H3 and a combination of a single heavy chains and the light chain or
2 heavy chains. Protein bands were not detected in the PIS treated Western immunoblots
(data not shown).

In order to establish that the IAIPs mRNA detected by RT-PCR and protein expression by
Western-immunaoblot did not result from minor glia cell contamination within the neuronal
cultures, the cultured neurons were also double-stained with the dendritic marker, anti-
MAP-2, and the pR-21 antibodies (Fig. 1C). MAP-2 and IAIPs were colocalized in neurons
with the greatest expression detected in the neuronal cytoplasm (Fig. 1C-II, 1V, arrows) and
dendrites (Fig. 1C-11, IV, arrowheads). Specific immunoreactive signals were not detected by
double staining of MAP-2 and PIS (Fig. 1C-VI, VIII, arrows). DAPI also stained some
structures found in the neuronal cultures (Fig. 1C-111, VII, arrows and Fig. 1C-1ll, VII, thick
arrows), which are considerably smaller than neuronal nuclei and probably represented
fragmented cell debris caused by the preparation procedure, and/or non-neuronal dividing
cells undergoing cell death after AraC exposure (Beaudoin et al., 2012).

neurons, microglia, and astrocytes: IAIPs immunoreactivity

IAIPs expression was further confirmed in rat neuronal cultures by co-localization of 1AIPs
with MAP-2 (Fig. 2 A). The confirmation of IAIPs in both mouse and rat neuronal cultures
further validates the presence of IAIPs in neurons because substantial differences exist
between CNS tissues in mice and rats (Giussani et al., 1998, Rosenzweig and Luu, 2010).
Consistent with the results from cultured mouse neurons, immunoreactive signals of IAIPs
are detected in rat neurons and primarily expressed in cytoplasm (arrow) and dendrites
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(arrow head, Fig. 2A-1, 11, IV). Our findings strongly suggest that IAIPs proteins are
expressed in cultured neurons of two different rodent species.

Cultured microglial cells and astrocytes were also double-stained with pR-21 and cell
specific markers in order to define further IAIPs expression in CNS. 1AIPs co-localized with
isolectin 1B4 in microglial cells (Fig. 2B-I, Il, 1V, arrows). IAIPs immunoreactivity was
mainly detected in cytoplasm. IAIPs immunoreactivity was also detected in GFAP-stained
astrocytes, mainly in perinuclear and cytoplasmic distributions (Fig. 2C-1, 11, 1V, arrows).
Interestingly, immunofluorescence for IAIPs was also identified at astrocytic end-feet (Fig.
2C-I1, 1V, arrowheads). Therefore, our findings of IAIPs in the /n vitro cultured neurons,
microglia and astrocytes firmly establish that these cell types endogenously express IAIPs.

E18 mouse CNS: IAIPs immunoreactivity

Embryonic and postnatal stages are the most important periods of mammalian brain
development (Han et al., 2009). Neuronal development is established by E18 in mouse brain
(Han et al., 2009, Watkins et al., 2012). Therefore, we investigated the expression of 1AIPs
in neurons with immunohistochemical staining using Fox3/NeuN as a neuronal marker in
the cerebral cortex and in the hippocampus of the E18 mouse brain (Figs. 3A-B and 3F-G).
IAIPs expression is shown in the neurons of the cerebral cortex such as the entorhinal cortex
(Figs. 3C and E), and hippocampus (Figs. 3H and J) in the E18 mouse brain. Although for
the purposes of illustration, Figure 3 contains select regions of the cerebral cortex and
hippocampus, 1AIPs expression was widely evident in neurons in most brain regions.

Mature astrocytes and oligodendrocytes can be first detected at about E16 and birth,
respectively (Qian et al., 2000), and microglia derived from myeloid progenitors have
already started to infiltrate into mouse brain around E9.5 (Alliot et al., 1999, Ueno et al.,
2013). Consequently, we also examined E18 mouse brain sections for co-localization of
IAIPs with Iba-1 (microglia marker, Figs. 3K-0), GFAP (mature astrocyte marker, Figs. 3P—
T), and CNPase (mature oligodendrocyte marker, data not shown).

IAIPs co-localization was detected in neurons in E18 mouse cortex such as entorhinal cortex
(Figs. 3 C-E, arrows) and hippocampus (Figs. 3 H-J, arrows). The Fox3/NeuN antibody
staining identifies both neuronal nuclei and distal cytoplasmic processes (Kim et al., 2009).
Therefore, we used a DAPI counterstain along with the Fox3/NeuN stain to demonstrate that
IAIPs co-localization was more abundant in the perinuclear and cytoplasmic areas than
within the nucleus (Figs. 3C-E, arrows). We also found that IAIPs are co-localized with
Iba-1 in the medial hippocampus of the mouse brain (Figs. 3L-0, arrows) and with GFAP in
the medial hippocampus (Figs. 3Q-T, arrows) primarily in the perinuclear and cytoplasmic
areas of astrocytes. However, the number of Iba-1- and GFAP-positive cells at this stage of
brain development was relatively low. On the other hand, CNPase-positive cells were not
detected in the E18 mouse brain sections by immunohistochemical staining (data not
shown). Therefore, we examined whether 1AIPs were expressed in glial cells at E18 using an
A2B?5 antibody. A2B5 is a cell surface ganglioside epitope that is expressed on glia cell
progenitors during the early stages of glia differentiation (Bottenstein et al., 1988, Salmaso
et al., 2014). Although cells could be visualized with A2B5 positive expression by
fluorescence microscopy in brain regions such as white matter of the occipital cortex at E18
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mouse (Figs. 3U-V, arrows), IAIP co-localization was not detected in the A2B5 positive
cells (Figs. 3W-Y, arrows).

P10 Rat CNS: IAIPs immunoreactivity

IAIPs expression was also identified in neonatal brain tissue sections from P10 rats in
addition to the primary cell cultures. P10 rats were selected because after primary cells have
been in culture for 10 days, they exhibit some important developmental features such as
synapse maturation (Grabrucker et al., 2009). In addition, oligodendrocyte differentiation
peaks at P10-14 (Richardson, 2009) and the brain development of P10 neonatal rats is
similar to that of full-term human infants (Dobbing and Sands, 1979, Towfighi et al., 1991,
Jansen and Low, 1996).

Figure 4 illustrates that 1 AIPs were detected by the pR-21 antibody on immersion fixed
paraffin-embedded sections of P10 rat CNS and by DAB staining. Although for the purpose
of illustration, Figure 4 contains select regions of the P10 rat brain, IAIPs were diffusely
expressed in the cerebral cortex and in most other brain regions. DAB positive cells are
widely distributed in P10 rat brain including cerebral cortical layers two and three shown in
Figs. 4A-B and the hippocampus (dentate gyrus shown in Figs. 4C-D), striatum (data not
shown), ependymal lining of the CSF-filled ventricles such as the subcommissural organ and
cerebral aqueduct (Figs. 4E—F), choroid plexus (Figs. 4G-H), and vascular structures (data
not shown). Specific staining was mainly observed in the cytoplasm (Figs. 4B, D, F, H,
arrows), and occasionally in the nucleus (Figs. 4B, D, F, H, arrowheads). IAIPs were
detected in ependymal cells (Figs. 4E-F, and Figs. 4G—H) and endothelial cells (data not
shown) by DAB staining. In addition, IAIPs were also found to be widely expressed in
neurons, microglia, astrocytes, and oligodendrocytes in different rat P10 brain regions by
double immunofluorescence staining as described in the methods. For example, IAIPs were
found in neurons (Figs. 5B-E arrows), and microglial cells (Figs. 5G-J arrows), of the
retrosplenial granular cortex, astrocytes of the retrosplenial granular cortex above the corpus
callosum (Figs. 5 L-O arrows) and oligodendrocytes of the medial hippocampus adjacent to
the geniculate body (Figs. 5 Q—T arrows). IAIPs were observed to be more abundant in the
perinuclear areas than in the nucleus of neurons, microglial cells, astrocytes, and
oligodendrocytes (Figs. 5 E, J, O, T arrowheads). Although IAIPs were found in the
oligodendrocyte soma (Figs. 5 Q, R, T arrowheads), co-localization of 1AIPs with CNPase in
the myelin sheaths was not detected.

Overall, positive IAIP cells were widely observed in different brain regions including
cerebral cortex, hippocampus, striatum (data not shown) and corpus callosum (data not
shown). IAIPs immunoreactivity was specific, as it was not detected by DAB or
immunofluorescent staining in PIS control samples (data not shown).

DISCUSSION

The purpose of the current study was to investigate the expression and localization of IAIPs
in the immature CNS as an initial step to understand further the implications of the
widespread abundance of IAIPs in brain (Spasova et al., 2014). In this study, we used
primary cortical cell cultures /n vitro, and E18 and P10 brain sections /in vivo to demonstrate
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the wide range of endogenous expression and localization patterns of IAIPs in CNS. There
were four main findings of our study. First, genes and proteins of IAIPs were expressed in
cultured mouse neurons. Second, IAIPs immunoreactivity was also found in neurons,
microglia cells, and astrocytes in isolated cultured rat cerebral cortical cells. Third, IAIPs
immunoreactivity was detected in discrete brain regions including cerebral cortex,
hippocampus, ependyma, choroid plexus, and microvessels in neonatal rats. Fourth, IAIPs
were detected specifically in neurons, microglia cells, and astrocytes in paraffin embedded
sections from the fetal and neonatal rodent brain. Consequently, there is extensive expression
of endogenous IAIPs genes and proteins in a variety of brain cells and regions /n vitroand in
vivo in both mouse and rat CNS. These findings support our contention (Spasova et al.,
2014) that endogenous IAIPs represent a previously unrecognized important component of
normal brain composition and most likely function. The widespread expression of 1AIPs
both /n vitro cultured cells and /n vivo strongly suggests that these proteins are locally
produced in brain cells.

Tissue-specific expression of one or more IAIPs family-related Ambp and Itih mMRNA
transcripts has been reported in a variety of animal models (Milland et al., 1990, Chan et al.,
1995, Salier et al., 1996, Daveau et al., 1998). The brain has been suggested to be a
predominant extrahepatic site of IAIPs expression (Daveau et al., 1998). However, only
Itih-2 and -3 transcripts have been previously reported in both adult mouse and rat brains at
low levels (Chan and Salier, 1993, Chan et al., 1995, Daveau et al., 1998). We have detected
Ambp, and Itih-1, -4, and -5 transcripts for the first time in cultured mouse neurons in
addition to the Itih-2 and -3 transcripts. Our observation of the presence of Ambp in mouse
neurons is consistent with previous work by Takano, et. a/(Takano et al., 1999). However,
the presence of Ambp and Itih-1 and -4 in mouse neurons is in contrast to the work of Chan,
et. aland Daveau, et al, in which the Ambp transcript was not detected by RT-PCR in
mouse brain (Chan et al., 1995) and Itih-1 and -4 transcripts were restricted to the liver
(Daveau et al., 1998). These discrepancies could be attributed to improved sensitivity and
accuracy of the RT-PCR methodologies. Transcriptions of Ambp and Itih-1, -2, and -3 imply
that the mature 1AIPs protein complexes of /a/and Pa/are present in brain, which we
confirmed by Western immunoblot and by double immunostaining of cultured mouse
neurons. Our findings in rodent cultured neurons are consistent with the same assembly of
IAIPs as found in the liver. Gene expressions of Ambp/Itih-2, -3, -4 and Itih-5 were
apparently also regulated in turpentine-induced systemic inflammation and breast ductal
carcinoma (Daveau et al., 1998, Himmelfarb et al., 2004) suggesting that endogenous gene
expression of 1AIPs in neurons could potentially have an important role in
neuroinflammation and brain tumor metastasis.

The presence of IAIPs immunoreactivity in cultured rat neurons is consistent with our
findings of IAIPs in cultured mouse neurons suggesting that IAIPs genes and proteins are
present in neurons of both rodent species (Daveau et al., 1998). In addition, our finding that
IAIP genes are present within the cultured neurons strongly suggests the potential for local
synthesis of IAIPs with in the neurons. Immunoreactivity of IAIPs was also detected in
cultured rat microglial cells. To the best of our knowledge, our findings are the first
demonstration of immunoreactivity of IAIPs in microglial cells /n vitro. In addition to
neurons and microglial cells, cultured astrocytes also were stained with the pR-21 antibody.

Neuroscience. Author manuscript; available in PMC 2017 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 12

Interestingly, IAIPs expression in cultured neuronal and microglial cells appeared to be
restricted to intracellular compartments, whereas expression was mainly localized to the
perinuclear areas and occasionally on the end-feet area of astrocytes, suggesting that
astrocytes could be a major origin of cellular IAIPs secretion in brain. Yoshida, et. a/also
reported the presence of immunoreactivity for IAIPs in astrocytes (Yoshida et al., 1991b,
Yoshida et al., 1994). However, the presence of immunoreactivity for IAIPs was detected in
astrocytes under pathological conditions such as human brain with tumors (Yoshida et al.,
1994) and Alzheimer’s disease (Yoshida et al., 1991b).

Although the presence of Itih-1 has not been formerly reported in brain, we have previously
demonstrated that the /a/along with Pa/ complex was present in newborn sheep cerebral
cortex and choroid plexus (Spasova et al., 2014). However, in our earlier work the cell types
expressing IAIPs were not determined in fetal or neonatal brain. In the current study, I1AIP
protein expression was detected in numerous brain regions including cerebral cortex,
hippocampus, striatum, corpus callosum, ependyma, and microvessels in P10 rats.
Furthermore, neurons and glial cells including microglial cells, astrocytes, and
oligodendrocytes also exhibited 1AIPs expression by immunohistochemistry consistent with
our results /n vitro.

The timing of neurogenesis and gliogenesis in the developing mammalian CNS are distinct.
In the mouse brain, neurogenesis begins on E10-E11 and is completed around the time of
birth (Bayer and Altman, 1991, Jacobson, 1991), whereas the macroglia including astrocytes
and oligodendrocytes begin to appear in the cortex around mid-gestation at very low levels
(Cameron and Rakic, 1991, Mission et al., 1991, Qian et al., 2000). The first immature
oligodendrocytes that express the O4 marker and GFAP-positive cells can both be detected
at around E17 but remain at low levels throughout the embryonic period (Abney et al., 1981,
Qian et al., 2000). The myeloid progenitor-derived microglia infiltrate into mouse brain
around E9.5 and accumulate along the areas of subcerebral and callosal projection axons
starting from P1 to P3 (Alliot et al., 1999, Ueno et al., 2013). Consistent with our findings in
P10 rats, we detected IAIP protein expression in neurons, microglia, and mature astrocytes
in E18 mice. The presence of IAIPs in GFAP labeled isolated cultured rat astrocytes (Fig.
2C), and by immunohistochemical detection in E18 mouse brain (Figs. 3P-T) and in P10
rats (Figs. 5K-0) brain strongly suggest that IAIPs are expressed in astrocytes (Levitt and
Rakic, 1980, Malatesta et al., 2008) in the developing brain and that they could have
important functions in these supporting cells.

The ubiquitous nature of the expression of IAIPs in a variety of cell types in the brain of two
different rodent species and in sheep brain during ovine development (Spasova et al., 2014),
strongly suggest that IAIPs most likely have important endogenous roles in diverse cell
types during normal brain development. Interactions among neurons, microglial cells, and
astrocytes are important during development because of many critical physiological and
pathophysiological changes occur during development. Thus, taken together with our /n
vitro findings, 1AIPs expression in different brain regions and cell types /n vivo suggest the
potential for diverse functions in healthy brain and potentially in neonatal related brain
disorders. Moreover, our recent finding that exogenous blood derived IAIPs have important
neuroprotective effects (Threlkeld et al., 2014, Gaudet et al., 2016) would appear to suggest
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that endogenous IAIPs could also exert neuroprotective effects analogous to other previously
reported neuroprotective factors such as FGF-2 (Nozaki et al., 1993, Noda et al., 2014).

The source of the endogenous 1AIPs cannot be discerned by the current study. However,
their presence in cultured neurons, microglia, and astrocytes, along with the presence of
genes of 1AIPs within the cultured neurons, would tend to suggest that these molecules are
locally produced in many CNS cell types. Therefore, we speculate that expression of these
molecules in such a wide range of cell types suggest that they could also exert paracrine/
autocrine modes of action. Although IAIPs are large molecules that are unlikely to cross the
developing blood-brain barrier (Stonestreet et al., 1996), we cannot rule out the possibility
that there could be transporters that could also facilitate their entry into the intact brain
parenchyma. However, such a mechanism could not account for their presence in cultured
cells.

The balance between the proteolytic activities of serine proteases and their natural inhibitors
serves an important role in the brain development and synaptic plasticity. Impairment of this
balance could lead to neurological injury such as hypoxia-ischemia-induced brain damage
and neurodegenerative diseases (Sutton et al., 1994, Wang et al., 1998, Vivien and Buisson,
2000). As a canonical protein inhibitor of serine proteases, exogenous IAIPs are gaining
increasing attention based upon their potential therapeutic benefits in sepsis and neonatal
hypoxic-ischemic brain injury (Singh et al., 2010, Threlkeld et al., 2014, Gaudet et al.,
2016).

Binding with hyaluronan (HA) to form a Serum-derived Hyaluronan-Associated Protein
(SHAP)-HA complex is a critical step for the biological functions of 1AIPs, particularly with
regard to the stability and integrity of the extracellular matrix, and in IAIPs anti-
inflammatory actions (Flahaut et al., 1998, Zhuo et al., 2004). Recent work also suggests
that IAIPs and high molecular weight (HMW)-HA co-localized with histones in necrotic
tissues suggesting that IAIPs, chondroitin sulfate, and HMW-HA are potential therapeutic
agents to protect against histone-induced cytotoxicity, systemic inflammation, and organ
damage during inflammatory conditions (Chaaban et al., 2015).

There are several limitations to the present study. We were not able to detect the HC-4 and
HC-5 protein expression in CNS, because the pR21 antibody only recognizes the /a/and Pal
complexes. The expression of IAIPs in multiple cell types and different regions of the brain
that are derived from different embryonic origins within the telencephalon, suggest that it
would be critical to examine the processes and mechanisms govern IAIPs expression. It
would also be of interest to tract the developmental profiles of these proteins within specific
cell types at different stages of brain maturation. Future studies would be required to answer
fundamental questions regarding the endogenous roles and mechanisms of action of these
critical proteins at the cellular and regional levels in the during brain development.

CONCLUSION

Neuroinflammation has been recognized as a critical contributor to both normal brain
development and perinatal brain injury (Ferriero, 2004, Harry, 2012, Harry and Kraft, 2012).
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Exogenous IAIPs exhibit anti-inflammatory and neuroprotective effects in neonatal hypoxic-
ischemic brain injury (Singh et al., 2010, Threlkeld et al., 2014, Gaudet et al., 2016). We
have identified the wide spread existence of endogenous IAIPs in brain and other organs
(Spasova et al., 2014), which has suggested the importance of examining the cellular
expression and localization of IAIPs in brain as a first step to understand the physiological
and molecular mechanisms of IAIPs in brain. The current study is the first to demonstrate
systematically that IAIPs genes and proteins are broadly expressed in CNS including in
cultured brain cells in vitroand different brain cells and regions in E18 mouse and P10 rat in
vivo. Our results suggest the importance of further studies, designed to elucidate the
mechanisms of 1AIPs in the neurological disorders particularly as related to neonatal
hypoxic-ischemic brain injury.
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Proteins and mRNA of IAIP light and heavy chains are expressed in mouse
neurons.

Proteins of IAIPs were detected in cultured rat neurons, microglia, and
astrocytes.

IAIP immunoreactivity was detected in different brain regions.

IAIPs are expressed in a wide variety of brain cells and regions in rodent CNS.
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Gene and protein expressions of IAIPs in mouse cultured neurons. (A) RT-PCR shows that
mRNAs of Ambp and Itih-1, 2, 3, 4, 5 are expressed in the neurons with expected bp size.
Water and mRNA of mouse liver were used as negative and positive controls, respectively.
(B) Bands of /a/ (250 kDa) and Pa/ (120 kDa) were detected by Western-immunoblot. (C)
Neurons were double-stained with antibodies against MAP-2 (I: red) and IAIPs (I1: green).
IAIPs are co-localized with MAP-2 and enriched in the cytoplasm (Il and 1V, arrows) and
dendrites (11 and IV, arrowheads). PIS and DAPI were used as negative (VI and VII1), and
counter-stains, respectively (111 and VI1). In addition, neuronal nuclei (111 and V11, arrows),
fragmented cellular debris caused by the preparation procedure, and non-neuronal dividing
cells undergoing cell death caused by AraC were stained by DAPI (111 and VI, thick

arrows).

Neuroscience. Author manuscript; available in PMC 2017 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Fig. 2.
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IAIPs immunoreactivity in cultured rat cortical neurons, microglial cells and astrocytes. (A):
Double immune-staining for MAP-2 (Al) and IAIPs (All) shows that IAIPs were confined to
neurons [cell body (arrow)] and dendrites (arrowhead), AlV). (B): Double immune-staining
for Isolectin 1B4 (BI, arrow) and 1AIPs (BII, arrow) demonstrated the presence of IAIPs in
the cytoplasm of microglial cells (BIV, arrow). (C): Double staining for GFAP (CI, arrow)
and IAIPs (CII, arrow) revealed a perinuclear localization of 1AIPs in astrocytes (CIV,
arrow). Localization of IAIPs in the end-feet area of astrocytes was observed (CIl and CIV,
arrowhead). PIS negative staining and DAPI counter-staining were performed for each
experiments. Bars: 50 um.
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Fig. 3.
Double immune-staining with pR-21 and with specific brain cell markers in paraffin-

embedded E18 mouse brain sections. IAIPs immunoreactive signals were detected in
different brain regions including cortex and hippocampus. Figs. 3E and 3J show co-
localization of 1AIPs with FOX3/NeuN (Figs. 3B and G) in neurons in the entorhinal cortex
and hippocampus, respectively. Figs. 30 and 3T show co-localization of IAIPs with Iba-1
(L) and GFAP (Q) in the microglial cells and astrocytes in the area of medial hippocampus,
respectively. A2B5-positive (U and V) glial progenitors were not found to co-localize with
IAIP (W and Y). Specific IAIPs staining was mainly localized to cytoplasm and perinuclear
of cells (E, J, O, T arrows). DAPI was used as a counterstaining (D, I, N, S, X).
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Fig. 4.
IAIPs DAB staining in P10 rat brain tissues. Immunohistochemistry (peroxidase, DAB) for

IAIPs is positive in different P10 brain regions including cerebral cortex (A), hippocampus
(C), ependyma (E), and choroid plexus (G). Representative images of IAIPs DAB staining
were shown in the molecular layers two and three of cortex (B), dental gyrus of
hippocampus (D), ependyma of subcommissural organ (F), choroid plexus of third ventricle

(H).
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Fig. 5.
Double immune-staining with pR-21 and with specific brain cell markers in paraffin-

embedded P10 rat brain sections. Immunoreactivity of IAIPs were detected in neurons,
microglial cells, astrocytes, and oligodendrocytes in different brain regions. Figs 5E, J, and
O show co-localization of 1AIPs with FOX3/NeuN (B), Iba-1, and GFAP in neurons,
microglial cells, and astrocytes in the retrosplenial granular cortex, respectively. Fig. 5T
shows co-localization of 1AIPs with CNPase (Q) in the oligodendrocytes in the medial
hippocampus adjacent to the geniculate body. Specific IAIPs staining was mainly localized
to perinuclear of cells (E, J, O, T, arrows). DAPI was used to stain nuclei (D, I, N, S).
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Primers used for mouse IAIP nucleotide sequence amplification.

Table 1

Gene Accession No.  Primer sequences (5'-3') Size (bps)
F: GCCTTTGCAGCCCCCGTAGTG

Bikunin (Ambp) NM_007443 208 bp
R: CATGGCCTGCGAGACCTTTCAATA
F: AAGGCGTTCATTGGGGACATAAAG

Itih-1 NM_008406 397 bp
R: TCACAGTGGGGCGGAAGAGC
F: CGCCGATAAGCTGACCGTTGACT

Itih-2 NM_010582 371bp
R: TCCGCTTACTGCCATGGTGATAGA
F: CCATCGGGGGCAAGTTCC

Itih-3 NM_008407 514 bp
R: AGGGCCTCCGCTGTGATGT
F: GCCGAAGCCCAGAAACAATACAGT

Itih-4 NM_018746 295 bp
R: CCGGGGTCATGAAGGTGCTCT
F: ACAACGGGCAAGCACAGGTAGA

Itih-5 NM_172471 247 bp

R: AGCGCATAGCAAGAGCCAAGGTAG
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