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Abstract

Hypoxic-ischemic (HI) brain injury is frequently associated with premature and/or full term birth

related complications. HI injury often results in learning and processing deficits that reflect

widespread damage to an extensive range of cortical and sub-cortical brain structures. Further,

inflammation has been implicated in the long-term progression and severity of HI injury.

Recently, Inter-alpha Inhibitor Proteins (IAIPs) have been shown to attenuate inflammation in

models of systemic infection. Importantly, preclinical studies of neonatal HI injury and

neuroprotection often focus on single time windows of assessment or single behavioral domains.

This approach limits translational validity, given evidence for a diverse spectrum of

neurobehavioral deficits that may change across developmental windows following neonatal brain

injury. Therefore, the aims of this research were to assess the effects of human IAIPs on early

neocortical cell death (72 hours post insult), adult regional brain volume measurements (cerebral

cortex, hippocampus, striatum, corpus callosum) and long-term behavioral outcomes in juvenile

(P38-50) and adult (P80+) periods across two independent learning domains (spatial and non-

spatial learning), after postnatal day 7 HI injury in rats. Here, for the first time, we show that

IAIPs reduce acute neocortical neuronal cell death and improve brain weight outcome 72 hours

following HI injury in the neonatal rat. Further, these longitudinal studies are the first to show age,

task and treatment dependent improvements in behavioral outcome for both spatial and non-spatial

learning following systemic administration of IAIPs in neonatal HI injured rats. Finally, results

also show sparing of brain regions critical for spatial and non-spatial learning in adult animals

treated with IAIPs at the time of injury onset. These data support the proposal that Inter-alpha
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Inhibitor Proteins may serve as novel therapeutics for brain injury associated with premature birth

and/or neonatal brain injury and highlight the importance of assessing multiple ages, brain regions

and behavioral domains when investigating experimental treatment efficacy.

Keywords

neonatal brain injury; spatial and non-spatial learning; rodent model; brain volume estimation;
neuronal cell death; water maze

Introduction

Premature and full term infants with perinatal complications including umbilical cord

prolapse, uterine rupture, and abruptio placenta, etc., are at a high risk for cardiopulmonary

perturbations that are associated with hypoxia and/or cerebral ischemia (Huang and Castillo,

2008, Volpe, 2008, Volpe, 2009). Hypoxic/ischemic (HI) injury can result in impaired

neurological and behavioral outcomes as these insults can affect numerous brain structures

(Hossain, 2008, Huang and Castillo, 2008, Volpe, 2009). HI-related behavioral deficits can

include abnormalities in multiple learning domains including spatial, non-spatial reference

learning and working memory (Conklin, et al., 2008, Hagberg, et al., 2002, Luu, et al., 2011,

McClure, et al., 2007, Ortiz-Mantilla, et al., 2008, Rose and Feldman, 1996, Rose, et al.,

2005, Woodward, et al., 2005). These potential deficits could contribute to the frequently

observed learning disabilities later in life (Conklin, et al., 2008, Luu, et al., 2011, McClure,

et al., 2007, Ortiz-Mantilla, et al., 2008, Woodward, et al., 2005). Long-term follow up

studies suggest that more than 50% of infants at risk for HI injury develop some form of

learning disability with more severe cases leading to cognitive delay and/or cerebral palsy

(Marlow, et al., 2007, Volpe, 2008, Volpe, 2009, Wolke, et al., 2008, Wood, et al., 2005).

Preterm and full term infants can both develop brain injury that results in neurotoxicity

(Ballabh, 2010, Ballabh, 2014, Volpe, 2001, Volpe, 2008, Volpe, 2009). Excitotoxicity and

inflammation leading to neuronal cell death can extend from days to weeks following

perinatal brain damage (Ferriero, 2004, Hagberg, et al., 2002, Rosen, et al., 2006, Volpe,

2008, Volpe, 2009). Elevated pro-inflammatory cytokines are major contributors to the

onset of inflammation in neonatal HI injury, which may cause and/or accentuate neuronal

pathology predisposing neonates to poor neurobehavioral outcomes (Grether, et al., 2003,

Leviton, et al., 2011, Nelson, et al., 1998, Szaflarski, et al., 1995, Yoon, et al., 1997, Yoon,

et al., 1997, Yoon, et al., 1997).

The only currently approved therapy to attenuate brain damage in infants is hypothermia

(Gluckman, et al., 2006, Gunn, et al., 1997, Higgins, et al., 2006, Shankaran, et al., 2005).

This therapeutic strategy is only approved for use in full term infants after hypoxic-ischemic

encephalopathy (HIE) and is only partially protective (Gluckman, et al., 2006, Gunn, et al.,

1997, Higgins, et al., 2011, Shankaran, et al., 2005, Shankaran, et al., 2012). Consequently,

there is an urgent need for additional therapeutic strategies as potential adjunctive treatments

to the currently available hypothermia regimen for full term infants with HIE and as a

primary treatment strategy for preterm infants exposed to HI. Given the critical role of

inflammation in prolonging cell death after neonatal HI, successful treatment strategies to
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improve neuronal survival and long-term behavioral outcomes will most likely require

targeting some aspects of the inflammatory cascade (Ferriero, 2004).

Inter-alpha Inhibitor Proteins (IAIPs) are a family of naturally derived structurally related

proteins found in high concentrations in human plasma that play an important role in

inflammatory regulation and wound healing (Bost, et al., 1998, Businaro, et al., 1992, Fries

and Blom, 2000, Kobayashi, 2006, Lim, 2013, Salier, et al., 1996, Zhuo and Kimata, 2008).

The major forms found in plasma are Inter-alpha Inhibitor (IaI), which consists of two heavy

chains (H1 & H2) and a single light chain (LC), and Pre-alpha Inhibitor (PaI) consisting of

one heavy (H3) and one light chain (LC) (Fries and Blom, 2000). IAIPs are novel anti-

inflammatory molecules that broadly inhibit destructive serine proteases, block pro-

inflammatory cytokines, augment anti-inflammatory cytokine production, block complement

activation during systemic inflammation and improve survival after sepsis in adults and

neonates (Chaaban, et al., 2009, Fries and Blom, 2000, Fries and Kaczmarczyk, 2003,

Kanayama, et al., 1996, Okroj, et al., 2012, Singh, et al., 2010). Recent findings show that

IAIPs are reduced during sepsis (Chaaban, et al., 2009) and necrotizing enterocolitis (NEC)

(Chaaban, et al., 2010 in premature infants (Chaaban, et al., 2010) suggesting that these

proteins are consumed during inflammatory processes. In addition, both of these disorders

are associated with increases in the incidence of brain injury in preterm infants (Shah, et al.,

2008, Stoll, et al., 2004). Therefore, these findings suggest the interesting potential that

sepsis and NEC related decreases in IAIPs (Chaaban, et al., 2010, Chaaban, et al., 2009)

may be associated with the development of inflammation-related brain injury in preterm

infants (Shah, et al., 2008, Stoll, et al., 2004).

In addition to the systemic link between IAIPs and inflammatory regulation following

infection, IAIP related molecules and mRNA have been observed in neurons, astrocytes, and

meningeal cells of the brain (Businaro, et al., 1992, Chan, et al., 1995, Daveau, et al., 1998,

Kato, et al., 2001, Mizushima, et al., 1998, Sanchez, et al., 2002, Takano, et al., 1999,

Werbowetski-Ogilvie, et al., 2006, Yoshida, et al., 1991). Recent evidence also demonstrates

decreases in the Inter-alpha-Trypsin Inhibitor Heavy Chain 4 in the serum of human patients

after acute ischemic stroke (Kashyap, et al., 2009). Although there is no information on the

effects of the complex form of the IAIPs in brain injury, the light chain of IAIPs (also called

bikunin), which are isolated from human urine, may have neuroprotective properties against

ischemic stroke in adult rats (Yano, et al., 2003) and protect oligodendrocytes and promote

re-myelination in an experimental autoimmune encephalitis model in adult rats (Shu, et al.,

2011). Nonetheless, information is not available on the potential neuroprotective efficacy of

the complex form of IAIPs on brain injury in any age group or species.

Importantly, much of the work evaluating effects of neuroprotective strategies on

neuroanatomical and behavioral outcomes after brain injury has focused primarily on single

maturational time points or cognitive/motor domains to determine treatment efficacy

(Fisher, et al., 2009). Such an approach restricts the translational validity of experimental

studies during development. For example, clinical behavioral profiles frequently reflect

pathology in multiple processing and learning domains that vary depending upon the stage

of development (Conklin, et al., 2008, Hagberg, et al., 2002, Luu, et al., 2011, McClure, et

al., 2006, Ortiz-Mantilla, et al., 2008, Woodward, et al., 2005). In addition, neurobehavioral
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outcomes after brain injury in humans and animal models can vary depending on injury

progression, timing of behavioral assessment after initial injury, and the behavioral domains

examined (e.g., motor, working memory, spatial learning, non-spatial learning and/or

sensory processing (Back, et al., 2002, Ferriero, 2004, Fitch, et al., 2013, Friedman, et al.,

2004, Threlkeld, et al., 2009, Threlkeld, et al., 2006)). In order to understand the extent of

possible neuroprotection afforded by IAIPs, comprehensive assessments across multiple

learning domains, brain regions and ages post-insult are essential for understanding the short

and long-term effects of these molecules following developmental brain injury (Fitch, et al.,

2013, Friedman, et al., 2004, Threlkeld, et al., 2009, Threlkeld, et al., 2006). Based upon the

above considerations, we hypothesized that human IAIPs would attenuate early neocortical

cell death, preserve adult regional brain volumes, and improve longitudinal behavioral

outcomes in juvenile (postnatal day (P) 38–50) and adult (P80+) subjects across two

independent learning domains (spatial and non-spatial learning), following HI exposure in

neonatal rats.

Material and methods

Animals and Surgical Treatment

Subjects were 67 male Wistar rats born to time-mated dams (Charles River Laboratories;

Wilmington, MA) at Rhode Island College. Animals were housed using a 12-hour light/dark

cycle with food and water available ad libitum. On postnatal day one (P1), pups were culled

into litters of eight males and two females to control for litter size and sex ratio. On P7, male

subjects were randomly assigned to one of three groups: Sham, hypoxia-ischemic vehicle

treated and hypoxia-ischemic IAIP treated, hereafter designated as sham, HI+Vehicle and HI

+IAIP, respectively. Male subjects were assessed, given prior evidence of behavioral deficits

in male but not female rodents with neonatal brain injury (Hill, et al., 2011, Peiffer, et al.,

2004) – findings that parallel higher diagnostic rates of neurodevelopmental disorders (e.g.,

dyslexia, epilepsy, autism and intellectual disability) in human males as compared to

females (Liederman, et al., 2005, Raz, et al., 1995, Rutter, 2003).

Subjects were weighed and anesthetized using 3% isoflurane and maintained with 1%

during the surgical procedure. Methods for HI brain injury in neonatal rodents have been

extensively described elsewhere (McClure, et al., 2006, Rice, et al., 1981). Briefly,

following a 1 cm midline incision of the neck, the right common carotid artery (RCCA) was

located and completely cauterized [see (McClure, et al., 2006) for further details)]. The pups

were sutured and labeled with paw ink injections for identification. Sham subjects

underwent identical surgical procedures without cauterization of the RCCA. Body

temperature was maintained at 37°C preoperatively, during surgery and during postoperative

recovery. After surgery, the pups were returned to their dams and allowed to feed for 2–3

hours before exposure to hypoxia. All procedures were performed according to the National

Institutes of Health guide for the care and use of laboratory animals and approved by the

Rhode Island College Institutional Animal Care and Use Committee.
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Production and purification of IAIPs

IAIPs were extracted from fresh frozen human plasma (Rhode Island Blood Center, RI). The

purification process used a monolithic anion-exchange chromatographic method

(CIMmultus, BIA Separation, Villach, Austria) that resulted in highly (>90%) pure

biologically active IAIPs (US Patent #7,932,365, 2011) (Lim, 2013, Opal, et al., 2011,

Spasova, et al., 2014). Following binding, the column was washed sequentially with a buffer

containing 200 mM NaCl and 200 mM acetate buffer, pH 3.0. IAIPs were eluted from the

column using a buffer containing 750 mM NaCl. Eluted IAIPs were concentrated and buffer

exchanged using a tangential flow filtration system (Labscale, Millipore). Purity analysis

was performed by SDS-PAGE, Western immunoblot, competitive IAIP ELISA and

standardized in-vitro trypsin inhibition assay (Lim, 2013, Opal, et al., 2011, Spasova, et al.,

2014). The biological activity is based on the ability of IAIPs to inhibit the hydrolysis of the

substrate N-Benzoyl-L-arginine)-p-nitroaniline HCl (BAPNA, Sigma St. Louis, MO) by

trypsin.

Experiments

This study consists of two separate experiments as described below.

Experiment 1: Short-term survival for cortical cell death and brain weight
analyses—After recovery from surgery, as described above (Animals), subjects were

removed from their home cage and received an intraperitoneal (IP) injection of either 30

mg/kg of human IAIP (HI+IAIP, ProThera biologics, East Providence, RI) or placebo (0.9%

NaCl vehicle; sham and HI). This dose of IAIP was selected based upon studies showing

that the same dose of IAIP reduced the incidence of death from sepsis in neonatal and adult

rats (Opal, et al., 2011, Singh, et al., 2010). After the IP injections, the HI groups were

placed into an acrylic hypoxia chamber and exposed to humidified 8% O2 and 92 % N2 for

90 minutes as shown in Fig.1. Sham subjects received identical treatment but were

maintained in a separate container exposed to room air for 90 minutes and received 0.9%

NaCl vehicle injections. A second dose of treatment (IAIP) or vehicle was administered 24

hours after hypoxia. The total number of neonatal rats examined in experiment 1 was: Sham,

n=10, HI+Vehicle, n=14, HI+IAIPs, n=9.

Experiment 2: Long-term survival/behavioral assessment and adult
histopathology—The surgical procedures, doses, and timing of IAIP or vehicle

administration were identical to those described above for experiment 1. However, subjects

in experiment 2 were exposed to hypoxia for 120 minutes based upon our previous findings

showing robust learning deficits after this duration of HI in neonatal rats (Hill, et al., 2011,

McClure, et al., 2006). The total number of neonatal rats examined in experiment 2 was:

Sham, n=12, HI+Vehicle, n=13, HI+IAIPs, n=9. The study timeline for experiment 2 is

shown in Fig. 1.

Experiment 1: Histopathology on neonatal rats—Seventy-two hours after the

induction of HI at P7, subjects were weighed, deeply anesthetized with pentobarbital 100

mg/kg, perfused with 5 mL phosphate buffered saline (PBS) at 4°C, and fixed with 5 mL of

4% paraformaldehyde. Brains were carefully extracted and weighed prior to paraffin
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embedding. Embedded brains were sectioned at 30 µm in the coronal plane and mounted on

gelatin coated glass slides. One series of every 20th section was stained with Fluro jade B

(FJB). FJB is an anionic fluorescent stain used to identify degenerating neurons (Rosen, et

al., 2006, Schmued and Hopkins, 2000). Our protocol followed methods described by Rosen

et al. (Rosen, et al., 2006). Paraffin embedded samples were submerged in three-15 minute

changes of xylene followed by a 5 minute bath of 100% ethanol. Samples were then moved

to 1% sodium hydroxide/ethanol solution for 5 minutes, followed by 2 minutes in 70%

ethanol. Samples were rinsed using deionized water (dH2O) for 2 minutes and then agitated

on a shaker in 0.06% KMnO4 for 10 minutes. Sections were once again rinsed with dH2O

before staining in FJB working solution (0.004%) for 20 minutes. Tissue was then rinsed

three times for 2 minute each in dH2O, allowed to dry on a slide warmer, cleaned in xylene,

mounted and cover slipped using DPX mounting media.

The number of FJB labeled profiles in the right cerebral cortices was assessed in a treatment

blind manner using digital image analysis software (Fractionator probe, Stereo Investigator,

Burlington, VT). Three serial sections of right cerebral cortex (ipsilateral to RCC ligation)

from each subject, ~600µm apart, were traced under 10x magnification. An automated stage

paired with Stereoinvestigator software was used to systematically step through adjacent

counting frames (Fractionator probe) at 40x magnification. Every FJB labeled profile was

marked within each counting frame with a circular digital counting tool set to a scaled 2 µm

diameter. Profiles smaller than 2 µm in diameter were not included as they were considered

cell fragments. FJB also stains vascular elements, which also were excluded from analysis.

Experiment 2: Water escape, long-term spatial and non-spatial learning—
Methods used to assess spatial and non-spatial learning have been extensively reviewed

elsewhere [for review see, (Hyde, et al., 2002, Threlkeld, et al., 2012)]. All subjects were

first tested on a water escape task as a motor, visual, and motivation control. The water

escape task involved the use of a visible platform (20.3 cm diameter) placed at one end of a

circular tub (122 cm) filled with water (20 cm) at room temperature, 22 °C. Subjects were

released in the opposite end of the tub from the platform, and the latency to reach the

platform was recorded. Behavioral testing began on P38, which is considered the juvenile

period. Subjects received spatial testing first, for five days, followed by a two-day break and

five days of non-spatial testing. Subjects were retested at P84+ in adulthood first on the

spatial task and then on the non-spatial task in the following week to assess age related

changes in learning performance in the presence of HI injury after having received IAIP or

vehicle treatment as neonates on P7. Briefly, testing was conducted in a round 122 cm

diameter tub filled with 22 °C water with a 20.3 cm diameter invisible submerged platform,

consistently placed in the southeast (SE) quadrant, 2 cm below the water surface. Fixed,

extra-maze cues were abundant (computer, sink, door, table), while precaution was taken to

eliminate intra-maze cues. On each of five testing days, subjects underwent four trials, with

each trial starting from a different randomly selected compass point (N, S, E, W). On day

one, trial one, each subject was placed on the platform for 10 seconds, removed from the

platform and then released from one of the starting locations. Each trial had a maximum

duration of 45 seconds. Subjects unable to reach the platform within this time were guided
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to the target and remained there for 5 seconds. The latency to reach the platform for each

trial was recorded.

The non-spatial Morris water maze (MWM) has been used to test non-spatial reference

learning (e.g., the ability to consistently locate a hidden platform, using intra-maze visual

cues that are independent of extra-maze space) (Hyde, et al., 2002, McClure, et al., 2006,

Stavnezer, et al., 2002, Threlkeld, et al., 2012). Testing took place in the same 122 cm

diameter tub as the spatial MWM task, with the submerged 20.3 cm diameter platform

located 2 cm below the water surface. However, the non-spatial maze included four vinyl

inserts characterized by four black/white complex visual stimuli, which acted as intra-maze

cues for each quadrant of the outer maze wall; See (Threlkeld, et al., 2012) for details).

Further, the non-spatial maze was isolated from external cues using black curtains, which

eliminated interference from familiar extra-maze spatial cues used for navigation in the

MWM. The intra-maze patterns consisted of black/white vertical stripes; black/white

horizontal stripes; white panel with 10 cm black dots and a black panel with 10cm white

dots. The cues were secured to the inside wall of the maze [for more details, see (Stavnezer,

et al., 2002, Threlkeld, et al., 2012)]. The platform location was always paired with the

vertical lines for each subject, such that learning required an association between the target

intra-maze stimulus (i.e., vertical lines) and the platform, irrespective of extra-maze space.

Therefore, on the four trials presented each day the platform and its associated cue (vertical

stripes) were located in a new quadrant. Subjects were released from the same location on

all trials, across five days of testing. Latency to reach the platform was recorded for each

trial. All other testing parameters were similar to the spatial version of the MWM (number

of trials, testing days, and length of time each subject was left on the platform).

Experiment 2: Histopathology for adult rats—On P164, adult subjects, used for in

behavioral testing, were weighed anesthetized with 100 mg/kg of pentobarbital,

transcardially perfused with 200 ml of PBS at 4 °C, and 200 ml of 10% formalin. All brains

were removed after sacrifice and submerged in 10% formalin until tissue sectioning. Brains

were then embedded in 3% agarose gel using a standard agarose embedding protocol. Each

brain was sectioned using a vibrating microtome (Leica Microsystems, Richmond, Illinois)

at 70 µm in the coronal plane. Every fifth section was mounted on glass slides in preparation

for staining and volume analysis. Sections were stained with 1% thionine following

rehydration in a series of alcohol gradients using a standard thionine staining protocol.

Samples were then cover-slipped using DPX mounting media in preparation for analysis.

Images of each of the right hemispheres of the hippocampus, cerebral cortex, striatum, and

corpus callosum were captured using a Q-imaging camera on an Olympus BX-53 bright-

field microscope (Olympus Corporation, Central Valley, PA). Volumes of the hippocampus,

striatum, cerebral cortex, and corpus callosum were measured with ImageJ using a grid

overlay and point counting procedure (Rosen and Harry, 1990, Threlkeld, et al., 2009). The

boundaries of each structure were defined using a stereotaxic rat brain atlas (Paxinos, 2004).

Cavalieri’s estimator of volume equation was used to calculate volume estimates of each

brain region. Cavaleiri’s rule is widely recognized as an unbiased estimator of volume

derived from serial section reconstruction (Rosen and Harry, 1990).
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Statistical analysis

Experiment 1: One-way analysis of variance (ANOVA) was used to assess group

differences in brain weight. Repeated measures analysis of variance (RMANOVA) was used

to compare FJB labeled profiles for three serial sections of cerebral cortex ipsilateral to

ligation across treatment groups. In experiment 1, we used a one-tail test to evaluate changes

in the FJB counts based upon the fact that HI injury has a unidirectional effect on brain

injury consistent with our previous work (Hill, et al., 2011).

Experiment 2: Main effects were analyzed using repeated measures and oneway ANOVAs.

Tukey’s Honest Significant Difference (HSD) test was used to examine simple effects

between treatment groups. Correlation analysis was also performed between composite

performance on juvenile/adult learning measures and adult histological volume measures.

All results were expressed as means ± standard error of the mean (SEM). P<0.05 was

considered statistically significant.

Results

IAIP reduces cell death and spares brain weight in neonatal HI rats

Results for cell death analysis 72 hours after HI injury revealed a significant effect of

treatment (Sham n = 10, HI+Vehicle n = 14, HI+IAIP n = 9) on the number of FJB positive

cells labeled in sections of cerebral cortex ipsilateral to the ligation [F (2, 30) = 3.209, p =

0.0275, one tail]. Results indicate that HI injury leads to a marked increase in FJB positive

cells as compared to sham subjects (p = 0.019, one tail). In contrast, animals treated with 30

mg/kg IAIP prior to hypoxia and 24 hours after injury showed significantly fewer FJB

labeled profiles as compared to untreated HI subjects (p = 0.023, one tail). In fact, IAIP

treated subjects showed similar labeling to sham subjects suggesting a robust ability of IAIP

to reduce cell death in cerebral cortex 72 hours post HI injury (see Fig. 2).

Results for brain weight, using one-way analysis of variance (ANOVA), revealed a

significant effect of treatment [F (2, 27) = 3.66, p < 0.05]. Post hoc analysis showed that

neonatal HI injury resulted in significant reductions in brain weight 72 hours after exposure

to the HI insult as compared to sham control treated subjects (p < 0.05). No significant brain

weight differences were observed between sham control treated and IAIP treated neonatal

HI rats.

IAIP improves spatial and non-spatial water maze performance in an age dependent
manner after neonatal HI injury

No group differences were observed for the water escape task, indicating comparable

performance in swimming skill and finding a visible platform. For the MWM (spatial) task

an overall 3 [(Treatment; Sham n=12, HI + IAIP n=9 and HI + Vehicle n=13) × 2 (Age;

Juvenile (P38) and Adult (P80+) × 5 (Day) repeated measures ANOVA revealed a main

effect of Treatment [F (2,31)= 4.69, p< 0.05], with HI subjects taking longer to locate the

platform as compared to sham treated controls across age. Post hoc analyses of treatment

across the two age conditions using Tukey’s HSD test revealed a significant difference

between HI + Vehicle and sham subjects (p < 0.05). No overall across age difference was
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seen between HI + IAIP subjects and sham treated controls on the MWM. Further, overall

main effects of Age [F (1, 31) = 122.76, p < 0.001] and Day [F (4, 124) = 11.259, p <0.001]

were observed, indicating improved performance for adult as compared to juvenile subjects

and improved performance from day one to day five of testing across both testing ages,

respectively. Simple effects analyses using one-way ANOVAs for each day of juvenile

testing revealed effects of treatment on day three [F (2, 31) = 3.901, p < 0.05 and day four [F

(2, 31) = 3.509, p < 0.05] indicating worse performance for both injury groups as compared

to sham treated controls. In contrast, an overall repeated measures ANOVA for adult MWM

testing revealed a main effect of treatment [F (2, 31) = 5.532, p < 0.01] with Tukey’s HSD

analysis showing a significant difference only between HI + Vehicle and sham treated

control subjects (p < 0.05). These results indicate that spatial learning deficits seen in

juvenile subjects persist into adulthood only in the untreated HI injured group (HI +

vehicle), suggesting that IAIP treatment protects against spatial learning deficits in an age

dependent manner.

For non-spatial water maze (NSWM) testing, an overall 3 (Treatment; Sham n=12, HI +

IAIP n=9 and HI + Vehicle n=13) × 2 (Age; Juvenile (P38) and Adult (80+)) × 5 (Day)

repeated measures ANOVA revealed a main effect of Treatment [F (2, 31) = 4.13, p <0.05],

with HI subjects taking longer to locate the platform as compared to sham treated control

subjects across age. Post hoc analyses of treatment across the two age conditions using

Tukey’s HSD test revealed a significant difference between HI + Vehicle and sham treated

control subjects (p < 0.05). Similar to findings on the spatial MWM, no overall across age

difference was seen between HI + IAIP subjects and shams on the NSWM. Further, an

overall main effect of Age [F (1, 31) = 55.422, p < 0.001] was observed indicating improved

performance for adult as compared to juvenile subjects. For juvenile NSWM testing alone,

an overall 3 (Treatment; Sham n=12, HI + IAIP n=9 and HI + Vehicle n=13) x 5 (Day)

repeated measures ANOVA revealed a main effect of Treatment [F (2, 31) = 4.936, p <

0.05], with HI subjects taking longer to locate the platform as compared to shams. Post hoc

analyses of treatment in the juvenile period using Tukey’s HSD test revealed a significant

difference between HI + Vehicle and sham treated control subjects (p < 0.05) and HI +

Vehicle and HI + IAIP subjects (p< 0.05), indicating impaired performance in HI + Vehicle

subjects as compared to the other groups. In contrast, no effects of treatment were observed

in the adult NSWM task (p was not significant). These results indicate that IAIP

administration in neonatal HI subjects protects against juvenile non-spatial learning

impairments and that juvenile deficits seen in HI + Vehicle subjects may be exhibited in an

age or experience dependent manner.

IAIP improves regionally specific adult histological outcome after neonatal HI injury

Regional volume analyses were performed on 33 brains (Sham n=12, HI + Vehicle n=12, HI

+IAIP n=9) including right hemisphere (primary infarct hemisphere) cerebral cortex,

hippocampus, striatum and corpus callosum from subjects that underwent behavioral testing.

Repeated measures analysis of variance (RM-ANOVA) revealed a significant overall effect

of Treatment [F (2, 30) = 8.991, p < 0.01] across the four regions of interest. Post hoc

analyses using Tukey’s HSD test showed a significant overall reduction in volume across

the four regions in HI + Vehicle subjects as compared to sham subjects (p < 0.01). No
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overall difference was seen between HI+IAIP and sham subjects. Simple effects analysis

using a one-way analysis of variance (ANOVA) revealed an effect of Treatment for right

cortical volume [F (2, 30) = 9.086, p <0.01]. Post hoc analysis showed a significant

reduction in right cortical volume for HI + Vehicle subjects as compared to sham subjects (p

<0.01). No difference was observed for cortical volume between sham and HI+IAIP subjects

suggesting neuroprotection for this region. A one-way ANOVA revealed an effect of

Treatment for right hippocampal volume [F (2, 30) = 4.4, p < 0.05]. Post hoc analysis

showed a significant reduction in right hippocampal volume for HI + Vehicle subjects as

compared to the sham subjects (p < 0.05). Similar to the finding in the cortex, no difference

was observed between HI + IAIP and the sham subjects for hippocampal volume suggesting

neuroprotective effects of IAIP on this structure. In addition, a one-way ANOVA showed a

significant effect of Treatment for right striatal volume [F (2, 30) = 9.917, p < 0.01]. In

contrast to cortical and hippocampal volumes, Post hoc analyses revealed significant

differences in right striatal volumes between sham and HI + Vehicle subjects and HI + IAIP

subjects (p < 0.05). Further, a one-way ANOVA revealed a significant effect of Treatment

on right corpus callosum (CC) volume [F (2, 30) = 8.653, p < 0.05]. Similar to the findings

in the striatum, post hoc analyses revealed significant differences in right CC volumes

between the sham and HI + Vehicle and sham and HI + IAIP subjects (p < 0.05). These

results suggest that IAIPs may exert regionally specific protective effects in the neocortex

and hippocampus following HI brain injury.

Regional brain volume measures correlate with behavioral performance

Combined performance on the juvenile and adult spatial and non-spatial water mazes as well

as anatomical measures were converted to z- scores for behaviorally assessed animals, and

Pearson product–moment correlations were performed between anatomical and behavioral

measures. Significant negative correlations were observed between scores on the spatial

water maze task and the following anatomical measures: right cortex, right hippocampus,

right striatum, and right corpus callosum (see Table 1). Further, significant negative

correlations were seen between scores on the non-spatial water maze and right hippocampus,

right striatum, and right corpus callosum. No significant correlation was observed on the

non-spatial task for right cerebral cortex. These findings indicate that overall HI related

reductions in the neuroanatomical structures predict worse performance for tasks assessing

both spatial and non-spatial learning.

Discussion

The primary objectives of this series of studies were to determine the effects of IAIPs on

neurobehavioral and anatomical outcomes across distinct developmental time widows ((72

hours post injury, juvenile (P38) and adult (P80+)) and learning domains (spatial and non-

spatial) following neonatal HI brain injury in rats. Historically, studies examining

neuroprotection following brain injury have focused on either cellular markers of outcome

or single behavioral measures within a constrained time window (Fisher, et al., 2009, Fitch,

et al., 2013). However, research into the effects of maturation on long-term performance in

learning disabled populations and in children with birth related complications has revealed

complex relationships between treatment, age of assessment and long-term functional,

Threlkeld et al. Page 10

Exp Neurol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



anatomical and behavioral outcomes (Hautus, et al., 2003, Threlkeld, et al., 2009, Threlkeld,

et al., 2006).

Although information is not available on the neuroprotective properties of the blood plasma

derived IAIP complex (Lim, 2013), the light chain of IAIP exhibits neuroprotective

properties and blocks production of inflammatory cytokines after ischemic injury in somatic

organs (Cao, et al., 2000, El Maradny, et al., 1996, Kaga, et al., 1996, Kakinuma, et al.,

1997, Koga, et al., 2010, Nakahama, et al., 1996, Shu, et al., 2011, Wang, et al., 2013, Yano,

et al., 2003). Therefore, findings of the present study are the first to demonstrate that the

blood plasma derived complex form of IAIP exhibits important neuroprotective properties.

In addition, our results highlight the complex interactions among developmental brain

injury, experimental treatment with IAIPs, behavioral domain, and age of both behavioral

and neuroanatomical assessment. Here, we have shown that neocortical cell death was

markedly reduced 72 hours after HI injury following administration of two doses of IAIP, as

evidenced by fewer FJB positive cells in sham and IAIP treated HI injured subjects as

compared to vehicle treated HI animals. The profile of reduced neocortical cell death

ipsilateral to the ligation was complemented by results showing brain weight sparing in IAIP

treated subjects 72 hours after the HI insult. In contrast, HI animals had significantly

reduced brain weights as compared to sham control subjects 72 hours after the injury.

Analyses of regional brain volume measures, ipsilateral to the ligation, in the adult subjects

paralleled the results from the short-term survival study showing overall larger regional

brain volume measures across the right cerebral cortex, hippocampus, striatum and corpus

callosum (CC) in shams as compared to HI Vehicle subjects. However, independent

analyses for each of these regions showed significant reductions in right striatal and CC

volumes for both HI injured and IAIP treated HI subjects as compared to sham subjects.

There were no differences in regional volumes between sham and IAIP treated animals in

the neocortex and hippocampus. Even though histopathology findings in adult subjects

suggest that IAIP treatment appears to produce both short and long-term protection against

brain injury, some structures, such as the striatum and corpus callosum, could be more

vulnerable after exposure of neonates to HI injury. A number of studies indicate that

differences in developmental time course across brain regions and/or unique cellular

properties (e.g., oligodendrocytes versus neurons) may contribute to differences in

vulnerability that could account for the observed volume profiles (Andersen, 2003, Back, et

al., 2002, Lodygensky, et al., 2011, Riddle, et al., 2012, Volpe, 2009). Furthermore, mRNA

of bikunin, the light chain of IAIP, was localized to hippocampi and cerebral cortices in rats

but not the striatum suggesting differential distribution across distinct brain regions (Takano,

et al., 1999). How brain regional vulnerabilities or variations in the endogenous distribution

of IAIPs, or related molecules, influence the effects of IAIP treatment is beyond the scope of

the current study. However, future research with neonatal HI injury will explore possible

differences in survival across various brain cell types (e.g., neurons, oligodendrocytes) and

brain regions (e.g., cortex, hippocampus, striatum, corpus callosum) as a function of age at

sacrifice.

In addition to our findings of improved histological outcome following early (72 hours) and

late (Adult) assessment of HI injury, behavioral results indicated robust improvements in
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both spatial and non-spatial learning that were mediated by the age of assessment and task

type. Specifically, we showed that spatial learning deficits seen in juvenile subjects persisted

into adulthood only in the vehicle treated HI injured group, suggesting that IAIPs protect

against spatial learning deficits in an age dependent manner. In contrast, IAIP treatment

prevented non-spatial learning impairments in juvenile HI as compared to sham control

subjects. However, when all groups were retested as adults, HI + Vehicle subjects no longer

showed non-spatial learning deficits relative to the sham control or IAIP administered HI

subjects. These findings provide support for the concept that HI injuries exert differential

effects on distinct learning domains, which are likely mediated by differing brain regional

vulnerabilities (Stavnezer, et al., 2002);(Threlkeld, et al., 2012); (Fitch, et al., 2013).

These results also highlight the potential roles of early experience and/or maturation, which

likely contributed to some component of improvement seen for both IAIP and vehicle

treated HI injured subjects. Previous studies from our group and others have assessed both

spatial and non-spatial learning across multiple models of developmental brain injury,

including models of neocortical microgyria and neonatal hypoxia-ischemia (Alexander, et

al., 2012, Hill, et al., 2011, Hyde, et al., 2002, McClure, et al., 2007, Threlkeld, et al., 2012).

Specifically, McClure et al. (McClure, et al., 2007) showed that P7 neonatal HI rats, but not

HI animals treated with erythropoietin (Epo), were impaired in both spatial and non-spatial

learning as compared to sham treated control counterparts, when tested as adults (P60+).

Similarly, others have observed deficits in neonatal HI injured animals on spatial and non-

spatial water maze paradigms (similar to those used in the present studies; (Alexander, et al.,

2012, Hill, et al., 2011)). However, these studies assessed performance only in adult subjects

(P83+), which resulted in residual questions regarding the influence of age at assessment on

task performance. Recently, we showed a disassociation between spatial and non-spatial

learning, in which rats with neocortical microgyria (postnatal day 1 induced neocortical

lesions) showed significant impairments in spatial but not in non-spatial learning as

compared to sham control subjects, regardless of which task was initially presented

(Threlkeld, et al., 2012). In addition, Stavnezer and associates (Stavnezer, et al., 2002)

described differential learning strategies in C57BL/6J mice for spatial and non-spatial

versions of the MWM, similar to the tasks employed in the present studies. These findings

support the contention that spatial and non-spatial water maze paradigms reflect distinct

learning domains and that performance on these tasks is likely to provide important clues to

long-term outcome that parallel behavioral systems influenced by HI injury in humans

(Conklin, et al., 2008, Hagberg, et al., 2002, Luu, et al., 2011, McClure, et al., 2007, Ortiz-

Mantilla, et al., 2008, Woodward, et al., 2005). However, the present study is the first to our

knowledge to evaluate these learning domains across two distinct developmental windows

(juvenile/adult) following neonatal HI injury, highlighting both age and IAIP dependent

improvements in task performance.

Behavioral assessments in preterm and very low birth weight infants (<1250g), and in full

term infants exposed to perinatal HIE also exhibit a diverse deficit profile, which correspond

to findings in animal studies including impairments in non-spatial recognition memory

(Rose and Feldman, 1996, Rose, et al., 2005), spatial learning (Curtis, et al., 2002) and

working memory (Conklin, et al., 2008, Luu, et al., 2011, Woodward, et al., 2005). Several

longitudinal studies of preterm infants and children with risk factors for learning
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impairments have shown age dependent changes in deficit severity across multiple cognitive

domains (de Vries and Jongmans, 2010, Hautus, et al., 2003, Tideman, 2000). Both

maturation and experience dependent factors are very likely to modify such changes, which

are difficult to isolate in studies of human development. In contrast, we have previously

shown that, early life auditory training after neonatal cortical injury can ameliorate auditory

impairments compared with lesioned subjects that were not exposed to such early life

training (Threlkeld, et al., 2009). Although the present study did not directly address the

specific roles of maturation or experience on performance outcomes following neonatal

brain injury, our assessments during both the juvenile and adult periods revealed the

influence of developmental test timing on long-term behavioral performance. We found that

age of assessment differentially influenced observed spatial and non-spatial learning profiles

in both IAIP and vehicle treated neonatal HI injured rats as compared to sham subjects.

The present findings also emphasize that even after robust evidence of treatment related

neuronal cell survival during the early phase of brain injury (72 hours), longer-term metrics

including histological and behavioral outcomes are essential to consider because

developmental brain injury has an extended time course (weeks-months), which is likely to

interact with changing behavioral and environmental conditions (Allan and Rothwell, 2001,

Andersen, 2003, Becker, 1998, Ferriero, 2004). Future studies will specifically isolate these

variables in order to clarify the possible combinatorial benefits of early life experience/

training and experimental treatments following neonatal HI injury.

Given the importance of inflammation in prematurity and HI related brain injury (Brochu, et

al., 2011), novel treatment strategies (Lim, 2013) designed to target core inflammatory

mediators common to these pathologies offer great advantages to improve long-term

neurobehavioral outcome in neonates (Brochu, et al., 2011, Dammann, et al., 2001, Shah, et

al., 2008, Stoll, et al., 2004). The present results along with increasing evidence suggesting

the efficacy of the IAIP derived light chain (e.g. urinary trypsin inhibitor (UTI)) also known

as ulinastatin or bikunin, to attenuate inflammation and reduce brain injury, emphasize the

great potential for the blood plasma derived IAIP to attenuate neonatal brain injury (Baek, et

al., 2003, Chaaban, et al., 2010, Chaaban, et al., 2009, Koga, et al., 2010, Singh, et al., 2010,

Wang, et al., 2013, Yano, et al., 2003). We have previously demonstrated high levels of

IAIPs in the brain of fetal, newborn, and adult sheep and in cerebral spinal fluid of fetal

sheep (Spasova, et al., 2014). Based upon these findings, we speculated that IAIPs represent

endogenous immunomodulators that could be important in brain development and represent

endogenous neuroprotective agents (Spasova, et al., 2014). The present study taken together

with our previous work (Spasova, et al., 2014) suggests that IAIPs could have an important

role in brain development and in the evolution of brain injury after neonatal HI injury.

Several previous studies have suggested that the light chain derivative of IAIPs, (urinary

trypsin inhibitor or UTI), could have important neuroprotective properties (Abe, et al., 1996,

Shu, et al., 2011, Wang, et al., 2013, Yano, et al., 2003). Treatment with UTI attenuated

brain damage and reduced inflammatory markers in young pigs after exposure to

hypothermic low-flow cardiopulmonary bypass induced brain injury (Wang, et al., 2013).

Similarly, pretreatment with UTI before the induction of ischemic stroke in adult rats

reduced neutrophil infiltration and infarct size in the ipsilateral hemisphere (Yano, et al.,
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2003). UTI also suppressed jugular venous superoxide radical generation, oxidative stress,

early inflammation, and endothelial activation after exposure to forebrain ischemia induced

by bilateral common carotid artery occlusion and hemorrhagic hypotension followed by

reperfusion (Koga, et al., 2010). Likewise, the light chain of IAIPs also has been shown to

reduce neuronal apoptosis in the hippocampal CA1 region of adult gerbils 6 days after

exposure to bilateral common carotid artery occlusion (Abe, et al., 1996) and to protect

oligodendrocytes from apoptosis and promote re-myelination in an experimental

autoimmune encephalitis model in adult rats (Shu, et al., 2011). Taken together with the

findings in the current study, these studies suggest that urine derived light chain molecules

and the plasma-derived complex IAIPs could have important anti-inflammatory, anti-

oxidant neuroprotective, anti-apoptotic and robust neuroprotective properties that improve

neurobehavioral outcomes.

Although evidence to support a protective role of these molecules has increased in recent

years, studies supporting the potential neuroprotective role have utilized the light chain of

IAIPs (UTI/bikunin/ulinastatin), but there are no previous studies examining the effects of

the blood derived IAIP complex on brain injury. In typical blood plasma, the light chain

(bikunin) is covalently linked to two polypeptide chains constituting IAIPs (Enghild, et al.,

1989). Even though the light chain is thought to be responsible for the serine protease

inhibitory activity of IAIPs, one important advantage of administering IAIPs is their longer

latency to metabolism and physiological clearance (Lim, et al., 2003). Specifically, IAIPs

have a reported half-life of 12 hours as compared to the much shorter (3–15 minute) half-life

of the light chain because of rapid clearance by the kidney (Fries and Blom, 2000). In

addition, recent evidence suggests that the heavy chains of IAIP have important biological

functions that synergize with the anti-inflammatory and immunomodulatory activity of the

light chain (Zhuo and Kimata, 2008). The increased half-life and the additional synergetic

anti-inflammatory functions of the heavy chains of IAIPs, make it an especially robust

candidate for clinical application given the already strong evidence supporting these

molecules as anti-inflammatory mediators of infection and brain injury (Abe, et al., 1996,

Koga, et al., 2010, Lim, et al., 2003, Shu, et al., 2011, Yano, et al., 2003). Taken together,

our results reinforce and extend the emerging evidence supporting a neuroprotective role for

IAIPs. Further, our findings emphasize the importance of assessing multiple behavioral

domains and markers of neuronal injury, at varying time points during injury progression, in

order to frame a more accurate picture of a therapeutic agent’s potential for long-term

neurobehavioral protection.
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Highlights

- IAIPs reduce cortical cell death and spare brain weight 72 hours after

neonatal HI

- IAIPs improve adult spatial learning after neonatal HI injury

- IAIPs improve juvenile non-spatial learning after neonatal HI injury

- IAIPs protect cortex and hippocampus from atrophy after neonatal HI injury
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Fig. 1.
Study 1 timeline showing age of injury, treatment timing and age at sacrifice. Study 2

timeline showing age of injury, treatment timing and order of juvenile spatial (MWM) and

non-spatial (NSWM) water maze testing and age at sacrifice.
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Fig. 2.
Line tracings from right cerebral cortices showing FJB positive cell distributions across

three serial sections from representative sham (AI) HI+vehicle (AII) and HI+IAIP (AIII)

subjects. Representative photomicrographs showing FJB positive cells from sham (BI) HI

+vehicle (BII) and HI+IAIP (BIII) subjects at 10x and 40x (C) magnification. White arrows

indicate FJB positive cells. Yellow markers indicate vascular elements. Histograms showing

FJB labeled cells (D) and brain weight (E) differences across the three treatment groups.

Comparisons show an effect of HI injury between HI+vehicle and sham subjects and an

Threlkeld et al. Page 23

Exp Neurol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



effect of treatment between HI+vehicle and HI+IAIP subjects (*P < 0.05, one tail). Brain

weight comparisons show an effect of injury between sham and HI+vehicle animals (*P <

0.05).
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Fig. 3.
Line graphs showing juvenile (A, P38) and Adult (B, P80+) spatial water maze performance

and juvenile (C) and adult (D) non-spatial water maze performance. Results for juvenile

spatial learning (MWM) showed effects of treatment for both injury groups on day three and

four of testing (*p <0.05) as compared to shams (A). For adult MWM performance, results

showed an effect of injury for HI+vehicle as compared to sham subjects (*p <0.05),

indicating a persistent spatial learning impairment in the vehicle treated HI group (B).

Results for juvenile non-spatial learning showed an effect of injury for HI+vehicle subjects
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as compared to both sham and HI+IAIP groups, with vehicle HI subjects taking significantly

longer to locate the hidden platform across the five days of testing (C). As adults neither of

the injury groups showed impairments in NSWM performance as compared to shams (D).
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Fig. 4.
Histogram showing adult brain regional volume measures ipsilateral to the injury

hemisphere. Brain volume sparing was seen for IAIP treated subjects in the right neocortex

and hippocampus while reductions were observed in the striatum and corpus callosum as

compared to shams (*p<0.05). For HI+vehicle subjects, significant volume reductions were

observed as compared to shams, in all areas measured (*p<0.05).

Threlkeld et al. Page 27

Exp Neurol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Threlkeld et al. Page 28

Table 1

Correlational matrix of z-scores from combined juvenile and adult performance on the spatial (ZMWM) and

non-spatial water maze (ZNSWM) and from adult histology.

R Cortex R Hippocampus R Striatum R Corpus callosum

ZMWM −.609** −.551** −.656** −.646**

ZNSWM −.339 −.365* −.371* −.406*

*
p <0.05,

**
p < 0.01
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