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Abstract
Hypoxic-ischemic (HI) brain injury is a major contributor to neurodevelopmental morbidities. Inter-alpha inhibitor proteins 
(IAIPs) have neuroprotective effects on HI-related brain injury in neonatal rats. However, the effects of treatment with IAIPs 
on sequential behavioral, MRI, and histopathological abnormalities in the young adult brain after treatment with IAIPs in 
neonates remain to be determined. The objective of this study was to examine the neuroprotective effects of IAIPs at differ-
ent neurodevelopmental stages from newborn to young adults after exposure of neonates to HI injury. IAIPs were given as 
11-sequential 30-mg/kg doses to postnatal (P) day 7–21 rats after right common carotid artery ligation and exposure to 90 min 
of 8% oxygen. The resulting brain edema and injury were examined by  T2-weighted magnetic resonance imaging (MRI) and 
cresyl violet staining, respectively. The mean  T2 values of the ipsilateral hemisphere from MRI slices 6 to 10 were reduced 
in IAIP-treated HI males + females on P8, P9, and P10 and females on P8, P9, P10, and P14. IAIP treatment reduced hemi-
spheric volume atrophy by 44.5 ± 29.7% in adult male + female P42 rats and improved general locomotor abilities measured 
by the righting reflex over time at P7.5, P8, and P9 in males + females and males and muscle strength/endurance measured  
by wire hang on P16 in males + females and females. IAIPs provided beneficial effects during the learning phase of the 
Morris water maze with females exhibiting beneficial effects. IAIPs confer neuroprotection from HI-related brain injury in 
neonates and even in adult rats and beneficial MRI and behavioral benefits in a sex-dependent manner.

Keywords Behavioral tests · Hemispheric tissue volume atrophy · Hypoxic-ischemic brain injury · Inter-alpha inhibitor 
proteins · Magnetic resonance imaging · Neuroprotection

Introduction

Neonatal hypoxic-ischemic (HI) brain injury that results in 
cerebral palsy (CP) and developmental delay are the most 
severe and common disabilities in childhood [1, 2]. CP is 

predominantly characterized by deficits in motor function 
and associated with a greater likelihood of having cognitive 
impairment after exposure to severe HI injury [3, 4]. Hypo-
thermia, the only approved therapy for hypoxic-ischemic 
encephalopathy (HIE) in infants, unfortunately, is only 
partially protective [5–7]. It has a relatively narrow time 
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window up to 6 h after birth, during which hypothermia 
is most efficacious, and can only be used to treat full-term 
infants [8–12]. There is no therapy other than supportive 
care to “treat” or prevent brain damage in premature infants. 
Therefore, adjunctive treatment strategies, which target 
short- and long-term neuropathological damage along with 
motor and cognitive deficits, are critically needed for neo-
nates that have been exposed to HI.

Selective targeting of early indicators of HI brain injury 
such as apoptotic/necrotic cell death, oxidative stress, and 
mitochondrial dysfunction [13, 14] has not yielded effective 
neuroprotective strategies most likely because these inju-
ries are not reversible [15]. However, accumulating evidence 
suggests that modulating immune-mediated inflammation, 
which contributes to the development of delayed injury in 
HI [16], could be an efficacious neuroprotective strategy 
[17–19].

Inter-alpha inhibitor proteins (IAIPs), which are a family 
of structurally related anti-inflammatory immunomodulatory 
proteins, have received increasing attention due to their con-
tribution to many disease states including HI-related brain 
injury in newborn and stroke in adult subjects [20–22]. The 
major forms of IAIPs found in human plasma are inter-alpha 
inhibitor (IaI), consisting of two heavy chains and a single 
light chain, and pre-alpha inhibitor (PaI), consisting of one 
heavy chain and one light chain [23, 24]. The light chain is 
also known as bikunin, which includes two protease inhibi-
tor domains and functions as a serine protease inhibitor [24]. 
The heavy chains stabilize and construct extracellular matrix 
tissues and synergize with the activity of bikunin [23]. Previ-
ous work suggests that bikunin has neuroprotective proper-
ties such as reducing the size of stroke-related infarcts in 
adult rats [25], ameliorating brain damage in young pigs 
exposed to cardiopulmonary bypass [26], decreasing neu-
ronal apoptosis in the hippocampus of adult gerbils after 
carotid artery occlusion [27], and increasing re-myelination 
in experimental autoimmune encephalitis in adult rats [28]. 
However, bikunin has a very short half-life (3–15 min) 
because of its renal clearance [29] when compared with the 
blood-derived complexes of IAIPs, which have a 23.1-h and 
16.2-h half-life in neonatal HI-exposed male and female rats, 
respectively [30].

The blood-derived complexes of IAIPs inhibit destructive 
serine proteases, pro-inflammatory cytokines, and comple-
ment activation during systemic inflammation and improve 
survival after sepsis in neonates and adults [31–33]. In 
recent studies, we have shown that treatment of neonatal 
rodents with human plasma-derived IAIPs decreases neu-
ronal cell death, reduces neuroinflammation, improves neu-
ronal plasticity, and attenuates complex auditory processing 
deficits in neonatal male rodents after exposure to moderate 
HI [20, 21, 34–36]. They also attenuate lipopolysaccharide 
(LPS)–related disruption of the blood–brain barrier and 

reduce LPS-related increases in interleukin-6 in adult male 
mice [37]. In addition, IAIP treatment has been shown to 
improve histopathological outcomes including decreas-
ing the quantity of infarcted brain tissue in both male and 
female neonatal rats after exposure to moderate and severe 
HI-related brain injury [21, 38].

However, our previous studies have mostly examined the 
short-term neuroprotective capacity of IAIPs to attenuate 
HI-related brain injury up to 10 postnatal (P) days in neo-
natal rats [21, 36, 38]. Our earlier studies only examined 
the effects of three doses of IAIPs given immediately, 24 
and 48 h after exposure to HI. P10, 14, 20, 30, and 42 in 
rat pups are roughly equivalent to human term infants at 
full term (birth to 1 month), pre-weaning (6 months), tod-
dler (2–3 years), pre-pubescent (8–9 years), and young 
adult (18 years) stages of brain development, respectively 
[39–42]. Although signs of HIE usually appear in the first 
few months, the neuropathologic processes of HIE continue 
to develop over time after the initial insult [43] and many 
children are diagnosed with CP at 2 years of age or later. 
Therefore, it is necessary to perform long-term follow-up 
at later developmental stages in patients with HIE. Fur-
thermore, the pathological and behavioral outcomes after 
treatment with IAIPs on the progression of HI-related brain 
injury and the functional deficits over time have not been 
previously investigated.

Based upon the above considerations, the objective of 
the current study was to investigate sequential changes and 
later time points on neuropathological and behavioral effects 
of treatment with IAIPs in male and female rats exposed to 
HI brain injury as neonates. We hypothesized that systemic 
treatment with IAIPs has durable beneficial effects in the rat 
brain after exposure to HI injury as neonates, which is sus-
tained throughout development. The Rice-Vannucci method 
was used to induce HI on P7 neonatal rats by exposure to 
right carotid artery ligation and 8% oxygen for 90 min. The 
brain of P7–10 rats is generally considered to be similar to 
the brain of near-term infants [39, 44, 45]. Although our ear-
lier work demonstrated that systemic IAIPs have neuropro-
tective properties after HI in neonatal rats at the molecular, 
pathologic, and neurobehavioral levels [20, 21, 34–36, 38], 
this study is the first to administer repeated sequential doses 
of IAIPs for a total of eleven 30-mg/kg doses in an effort to 
examine the potential durable effects of IAIP administration 
after HI (Fig. 1).

Total body weight, growth rate, and brain weight were 
determined in the present study because they are known to 
be influenced by HI [38, 46, 47]. Brain injury and edema 
were determined by sequential measurements of magnetic 
resonance imaging (MRI) during the evolution of HI-related 
brain injury at P8, 9, 10, 14, 20, 30, and 41, along with 
hemispheric tissue volume atrophy at P42, respectively. Fur-
thermore, a series of behavioral tests over 29 days from P7.5 
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up to P36 in rats, which is roughly equivalent to the human 
brain development from full term infants up to young adult 
ages, were performed to examine the effects of treatment 
with IAIPs on the progression of HI-related motor and cog-
nitive deficits over time.

Materials and Methods

The experimental procedures in this study were performed 
after obtaining approval from the Institutional Animal Care 
and Use Committees (IACUC) of Brown University and 
Women & Infants Hospital of Rhode Island. All experi-
mental procedures were carried out following the National 
Institutes of Health (NIH) guide for the care and use of labo-
ratory animals.

Preparation of IAIPs

IAIPs were produced and purified as previously described 
in detail [38, 48–50]. Briefly, high yield, pure (> 90%), and 
biologically active IAIPs were extracted from fresh frozen 
human plasma (Rhode Island Blood Center, RI, USA) by a 
scalable purification process with an anion-exchange chro-
matographic media (Toyopearl GigaCap Q650M, Tosoh 
Bioscience, King of Prussia, PA, USA) and an additional 
separation step with a proprietary synthetic chemical 
ligand affinity chromatographic media (Astrea Biosepara-
tions, Cambridge, UK). The purity and biological activ-
ity of IAIPs were analyzed using sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE), Western 

immunoblot, protein assay, and competitive immunoassay 
[20, 51]. Endotoxin in the purified products was monitored 
using a Limulus amebocyte lysate endotoxin-based chromo-
genic test (Pierce Biotechnology, Thermo Fisher Scientific, 
Waltham, MA, USA).

Animal Preparation and Surgical Procedures

Pregnant Wistar rats on embryonic day 15 (E15) or E16 were 
purchased from Charles River Laboratories (Wilmington, 
MA, USA) and housed in a 12-h light/dark cycled facility 
with ad libitum access to food and water in the Animal Care 
Facility at Brown University. The date upon which the rat 
pups were born was designated as P0. On P1, the pups were 
randomly culled to a maximum of 10 and balanced such 
that there were approximately equal numbers of males and 
females to reduce inter-litter variability. The pups were ran-
domized as a block within each litter. Therefore, although 
an attempt was made to balance the sexes within the litters, 
this was not always feasible depending upon the number of 
males and females within the litters.

The Rice-Vannucci method was used to induce HI in 
neonatal rats [21, 52, 53]. On P7, the pups were randomly 
assigned to one of three groups: Sham-operated control 
(Sham), HI placebo-treated (HI-PL), or HI-IAIP-treated 
(HI-IAIP) groups. The pups were anesthetized with iso-
flurane (induction: 4%; maintenance: 2%) in oxygen and 
underwent right common carotid artery ligation, whereas 
the Sham animals were only exposed to a neck incision [52, 
54]. After surgery, the pups were returned to their dams for 
1.5–3 h for feeding and recovery. Then, the subjects exposed 

Fig. 1  Schematic diagram of the study design. The pups were returned 
to the dams for 1.5 to 3 h after right common carotid artery ligation. 
Thereafter, the pups were exposed to 8% oxygen with balanced nitro-
gen for 90 min at a constant temperature of 36  °C. Thirty mg/kg of 
human blood-derived IAIPs (inverted triangles) or an equal volume of 
placebo (PBS) were given intraperitoneally (i.p.) immediately (zero), 
0.5, 1, 2, 3, 4, 6, 8, 13, 20, and 27 days after termination of hypoxia. 
Body weights (number signs) were measured at zero, 0.5, 1, 2, 3, 4, 

6, 8, 9, 13, 15, 20, 27, and 35 days after hypoxia. The MRI scanning 
(gray circles) was performed at P8, P9, P10, P14, P20, P30, and P41. 
Cognitive and motor outcomes (arrows) such as righting reflex (P7.5, 
P8, P9), small open field (P13), wire hang (P16), large open field 
(P23), and Morris water maze (P35, P36) were examined. Thirty-five 
days after HI, a necropsy was performed, and the brain was collected 
for hemispheric tissue volume atrophy measurement (asterisk)
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to HI were placed in a temperature-controlled hypoxia (8% 
oxygen + 92% nitrogen) airtight chamber (BioSpherix, Par-
ish, NY, USA) for 90 min. One non-ligated sentinel pup 
per litter had a rectal temperature probe placed (RET-4, 
Physitemp, Clifton, NJ, USA) to monitor body temperature. 
Rectal temperature was recorded every 10 min during HI 
and maintained close to 36.0 °C [7, 55]. Rectal temperature 
accurately reflects brain temperature after exposure to HI 
in rodents [56, 57]. The sentinel pup was not included in 
further investigations because the stress of the rectal probe 
placement alters the outcome of the HI studies [55, 58]. This 
HI model has been shown to result in approximately 60% 
unilateral brain injury 3 days after exposure to HI injury in 
our laboratory [21] similar to previous reports [59, 60]. The 
Sham subjects were placed in a similar chamber but exposed 
to room air. Only one pup died after surgery and HI with a 
mortality rate less than 3%.

Study Design

The study design is illustrated in Fig. 1. The HI-IAIP group 
received intraperitoneal (i.p.) injections with 30 mg/kg of 
IAIPs (ProThera Biologics, Inc., Providence, RI, USA) at 
zero, 0.5, 1, 2, 3, 4, 6, 8, 13, 20, and 27 days after completion 
of the exposure to HI (Fig. 1, inverted red triangles). The 
30-mg/kg dose of IAIPs (first dose: zero h or 15 min after 
HI) was utilized because our previous studies have shown 
that the same dose of IAIPs ameliorated pathological brain 
injury, infarct volume, and neuroinflammation in neonatal 
rats 3 days after exposure to HI [21, 36]. The second dose 
of IAIPs was given 12 h after exposure to HI because the 
half-life of IAIPs with i.p. injections is 23.1 and 16.2 h fol-
lowing exposure to HI for males and females, respectively 
[30]. Sequential doses were administered in the current 
study because we sought to have a sustained effect of IAIPs 
over the course of these prolonged studies. The pups in the 
Sham-PL and HI-PL groups were given i.p. injections of 
equivalent volumes of phosphate-buffered saline (PBS) at 
the same time intervals.

The early dosing regimen was based upon our previous 
pharmacological findings [30]. The later dosing regimen 
(Fig. 1) was based upon our efforts to achieve sustained 
neuroprotective effects based the literature suggesting that 
HI and other insults early in life result in very prolonged 
effects on brain inflammation and in prolonged injury to the 
brain [61–65].

The neonatal rats were monitored and weighed at the time 
of each IAIP or PBS injection and also at 9, 15, and 35 days 
after HI (Fig. 1, number sign). The unilateral focal brain 
edema and injury formation were examined by MRI at P8, 
9, 10, 14, 20, 30, and 41 (Fig. 1, gray circles). At each MRI 
analysis, 14 individual MRI predetermined brain slices were 
examined across the brain of each rat. In addition, behavioral 

tests including the righting reflex (P7.5, 8, and 9), small 
open field (P13), wire hang (P16), large open field (P23), 
and Morris water maze (P35 and P36) were performed 
(Fig. 1, arrows). On P42 (Fig. 1, star), the pups were sedated 
with a mixture of ketamine (74 mg/kg, i.p.) and xylazine 
(4 mg/kg, i.p.). The brains were perfused with PBS and 4% 
paraformaldehyde (PFA) via cardiac puncture at a flow rate 
of 3 mL/min. Thereafter, the brains were removed, weighed, 
post-fixed in PFA for 24 h, and stored in 30% sucrose in 
phosphate buffer (0.1 M) at 4 °C before cryo-sectioning for 
hemispheric tissue volume atrophy analysis [21, 66].

MRI Protocols

All MRI image findings were obtained using a 3.0 Tesla 
Siemens Prisma scanner (Siemens Medical Solutions, Mal-
vern, PA, USA) at the Brown Magnetic Resonance Facility. 
A Siemens 16 channel hand/wrist array was used for signal 
reception with the two-channel body coil used for transmit-
ting. Anesthesia was delivered using a manifold splitter that 
allowed for simultaneous scanning of up to four rats. Anes-
thesia consisted of isoflurane in oxygen at 4% for induction 
and 1–2% for maintenance during scanning. Each animal 
was placed on a holder with an integral nosecone for gas 
delivery. Once the animals were placed in the array, a circu-
lating water warming blanket was placed over the array to 
maintain body temperature. Scanning was performed at P8, 
9, 10, 14, 20, 30, and 41. Four animals were scanned simul-
taneously up to P20. Three animals were scanned simultane-
ously at P30 because of increases in growth and two scanned 
simultaneously at P41. Animals were aligned such that the 
brains of all animals could be captured with a single multi-
slice acquisition.

After placement into the imaging position of the scan-
ner, a set of gradient-echo scout images were obtained. The 
slice stack position was determined for the acquisition of 
 T1-weighted anatomic reference images from the scouts and 
multi-echo  T2-weighted spin-echo scans for  T2 mapping. 
The anatomic reference data was obtained using an inver-
sion recovery  T1-weighted 3D rapid gradient-echo sequence 
with a field of view of 129 mm and a reconstruction matrix 
of 256 × 256 × 224 giving 0.5-mm in-plane resolution and 
slice thickness with 14 slices providing coverage from the 
frontal to the occipital brain. Timing parameters were rep-
etition time = 2700 ms, inversion time = 952 ms, and echo 
time = 2.96 ms. Read flip angle was 9 degrees. Scan time 
was 6 min 33 s.  T2 data was obtained using a multi-slice 2D 
spin-echo acquisition with a field of view = 112 mm and in-
plane reconstruction matrix = 256 × 256 giving a voxel size 
of 0.44 mm with 1-mm slice thickness. Repetition time was 
2500 ms with echo times of 12.8–153.6 ms in 12.8-ms steps 
(12 echoes). Scan time was 8 min 27 s. No signal averaging 
was used for either the anatomic reference or spin-echo scans.
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T2 maps were computed on a pixel basis using a three-
parameter nonlinear least-squares fit of signal intensity ver-
sus echo time using the expression:

where S(TE) is the pixel intensity at echo time TE, S0 is the 
equilibrium signal, TE is the echo time, T2 is the calculated 
 T2 value, and DC is the offset (noise floor). The intensi-
ties  (T2 values) were averaged over the entire hemispheres 
to reduce possible subjectivity. Maps were computed using 
a MATLAB script (MathWorks, Inc., Natick, MA, USA), 
which read the scanner DICOM data and performed the 
least-squares fitting.

The extent of the injury was defined based on  T2 maps 
using 150  ms as the threshold for establishing edema 
[67–70]. Injury regions were included within manually 
drawn regions of interest intended to reject the ventricles 
(CSF has  T2 values close to that of pure water and would 
show as injury). Pixels in each slice were automatically 
counted and multiplied by the size of the volume element 
(0.1936  mm3) to give the injury volume for a given slice. 
Injury volumes for all slices were then summed to give the 
total hemisphere injury volume. Identification of pixels 
corresponding to injury was performed using a MATLAB 
(MathWorks, Inc.) script based on the 150-ms threshold. All 
MRI images were analyzed by an examiner who did not have 
knowledge of the study group assignments.

Hemispheric Tissue Volume Atrophy Measurements

To measure the hemispheric tissue volume atrophy after 
exposure to HI, the brains were cut into four or five 2-mm 
coronal sections using a brain slicer matrix (Zivic Instru-
ments, Pittsburgh, PA, USA), immersed in Tissue-Tek opti-
mal cutting temperature (OCT) compound (Sakura Finetek, 
Torrance, CA, USA), and frozen in a metal beaker contain-
ing isopentane (MilliporeSigma, Burlington, MA, USA) 
surrounded by crushed dry ice [21, 38, 66]. Five cryosec-
tions (20 μm) were obtained from each 2-mm section and 
mounted on gelatin coated Superfrost™ Plus microscope 
slides (Fisher Scientific International, Inc., Hampton, NH, 
USA). Every third cryosection (20  μm) was randomly 
selected to be stained with cresyl violet (MilliporeSigma) 
for evaluation of HI cell injury [21, 38, 66]. The images 
of the cresyl violet–stained brain sections were obtained 
using a Micropublisher 6 CCD Camera (Qimaging, Surrey, 
British Columbia, Canada) to quantify the hemispheric tis-
sue volume atrophy of the whole hemispheres and damaged 
areas of the brains in the study groups. The resultant images 
were analyzed with ImageJ (NIH, Bethesda, MD, USA) by 
an examiner who did not have knowledge of the study group 

S(TE) = S
0
e
−TE∕T

2 + DC

assignments. The tissue area atrophy was calculated as a 
percent of the damaged hemisphere to the total contralat-
eral hemisphere with correction for hemispheric edema, 
according to the following formula: tissue area atrophy 
(%) = [1 − (total ipsilateral hemisphere − ipsilateral hemi-
sphere damage)/total contralateral hemisphere)] × 100% 
[21, 38, 46, 71, 72]. The respective volumes were calcu-
lated from each measured area by multiplying the distance 
(2 mm) between the sections. The values calculated by the 
two examiners were averaged and used in the final data 
analysis.

Behavioral Analyses

Rats were brought to the testing area and allowed to acclimate 
for a minimum of 15 min before beginning the behavioral 
procedures. All behavioral tests were digitally recorded with 
a monochrome GigE camera (Noldus, Leesburg, VA, USA) 
and analyzed without knowledge of the treatment group.

Righting Reflex Test

On P7.5, P8, and P9, the test was performed to track poten-
tial improvement in early motor coordination following 
exposure to HI. Briefly, the rat was placed in a supine posi-
tion on a flat surface, and the latency to right itself to a 
prone position (all 4 paws in contact with the surface) was 
measured in seconds. Analysis of the reciprocal of seconds 
(1/s) was determined. The test was repeated for 5 consecu-
tive trials.

Small and Large Open Field Tests

A single rat was placed in the center of a small empty arena 
(38.1 cm × 61.0 cm) on P13 for the small open field test 
and allowed to freely explore the field for 5 min. Similarly, 
a single rat was placed in the center of a large open field 
(43.2 cm × 86.4 cm) on P23 and allowed to freely explore 
the field for 10 min. The behavior of the rat was tracked from 
video files using EthoVision software (Noldus). Dependent 
measures included total distance traveled (cm). These tests 
were repeated on 3 consecutive trials and assessed basal 
motor activity and exploratory behaviors during early life.

Wire Hang Test

The rat was allowed to grasp onto a wire mesh cage top at 
P16. The cage top was then slowly inverted 180 degrees and 
the latency (sec) to fall was measured for 5 consecutive tri-
als. The dependent measure included the maximum time to 
fall and provided an indication of sensorimotor function and 
muscular endurance in young animals after exposure to HI.
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Morris Water Maze Test

Spatial memory and learning were determined by the 
Morris water maze tests in accordance with previously 
published protocols [73, 74] with modifications as fol-
lows. The tasks included a training phase on day 1 (P35) 
and a retrieval phase on day 2 (P36). On day 1 (P35), a 
circular pool (150 cm in diameter, Noldus) was filled with 
clean colored water (25 ± 1 °C) and virtually divided into 
four quadrants: north (N), south (S), east (E), and west 
(W). A platform (14 cm × 14 cm) was placed in the center 
of the S quadrant and rendered invisible as it was located 
approximately 2  cm below the surface of the colored 
water. The rat was first gently lowered into the pool from 
one fixed point (initial start position) in the N quadrant, 
facing the wall, and required to swim until the platform 
was located. The rat was allowed 10–20 s to rest after 
locating the platform. If the rat was not able to locate 
the platform within 2 min, the rat would then be guided 
gently toward the platform. The process was repeated for 
5 additional trials with the identical start position for each 
trial. The objective of this task was to establish the learn-
ing curve for the rats after exposure to HI-related brain 
injury with and without treatment with IAIPs.

Three independent trials were performed on day 2 of the 
water maze tests (P36). Trial 1 was conducted exactly as 
on the first day. The latency (s) to find the hidden platform 
was recorded with tracking EthoVision software (Noldus). 
If the rat was not able to find the platform within 2 min, the 
rat was guided to the platform and permitted a short rest 
period (10–20 s). After completion of trial 1, in order to 
ascertain that the rat was aware of the location of the hid-
den platform, a second trial (a spatial probe trial) was per-
formed as follows: the hidden platform was removed, and 
then the rat was placed at the start position of the pool for 
a total of 2 min. The purpose of trial 2 was to test the abil-
ity of the rat to approximate the location of the platform, 
which was determined by how quickly the rat reached the 
quadrant where the hidden platform had been (S quadrant) 
as well as the time spent swimming in the proximity to the 
location of the previously hidden platform. The percent of 
the time that the rat spent in the S quadrant was calculated 
as follows: time spent in the S quadrant divided by trial 
length (2 min). The platform was returned to the same des-
ignated position for trial 3, except the platform was now 
visible to the rat because it was raised to approximately 
1 cm above the water surface. This trial was to ensure that 
differences in latency to localize the platform were due 
to spatial abilities and not because of impaired ability to 
swim. The test was performed and the time to reach the 
platform was recorded as in trial 1.

Statistical Analyses

Body weight gain between treatment groups was compared 
across time points by a two-factor analysis of variance 
(ANOVA) for repeated measures. The results of the brain 
weight and the hemispheric tissue volume atrophy were first 
tested for a single outlier using Grubb’s test (two-sided) [75, 
76] or outliers from nonlinear regression using the ROUT 
test [77] (GraphPad Prism, San Diego, CA, USA). Then, the 
data distribution was tested using the Shapiro–Wilk normal-
ity test. ANOVA was used for normally distributed data and 
the Kruskal–Wallis test used for data that was not normally 
distributed. The results from the hemispheric tissue volume 
atrophy measurements were analyzed with Kruskal–Wallis 
test followed by Dwass, Steel, Critchlow-Fligner Multiple 
Comparisons Test as a post hoc test. The differences in sex 
and the interactive effects of multiple categorical independ-
ent variables in body and brain weights (sex versus treat-
ment) and hemispheric tissue volume atrophy (sex versus 
treatment) over time were analyzed with factorial ANOVA. 
If a significant difference was detected by ANOVA, Tukey’s 
honestly significant difference (HSD) test for multiple com-
parisons was used as a post hoc test. The results of body 
weight, brain weight, and hemispheric tissue volume atrophy 
measures were expressed as mean ± standard deviation (SD).

The MRI results were analyzed using SAS Software 9.4 
(SAS Inc, Cary, NC, USA). All modeling was accomplished 
with the GLIMMIX procedure. The mean  T2 values (ms) of 
the right and left hemispheres were modeled over time and 
by the slice between treatment conditions and between males 
and females using generalized mixed modeling (GLMM) 
with sandwich estimation assuming a log normal distribu-
tion, where observations were nested within rats. Planned 
comparisons between treatment conditions were compared 
between slices 6–10, where the most edema formed and 
were matched to the parietal cortex. Alpha was established at 
the 0.05 level, and all interval estimates were calculated for 
95% confidence (CI). The Spearman rank-order correlation 
was used to compare the ratio of mean  T2 values of the right 
hemisphere to the left hemisphere (P41) and the hemispheric 
tissue volume atrophy (P42).

SAS Proc mixed linear modeling was used for the behav-
ioral analyses with the group, time, sex, and group × sex 
interaction used for regression analyses of the righting reflex, 
wire hang, and small and large open field tests. The results 
were expressed as mean ± SD. The data for the righting 
reflex were analyzed as reciprocal of seconds and the data for 
small open field was log-transformed because of non-normal 
distributions. The Cox proportional hazard regression model 
with time-to-event as the outcome and with the group, time, 
sex, and group by sex interactions as independent variables 
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was used for the Morris water maze analysis [78]. Group 
differences were determined with least-squares means, and 
the results were expressed as median ± interquartile range. 
All statistical analyses were performed using the STATIS-
TICA package (TIBCO Software Inc., Palo Alto, CA, USA), 
with the exception of the outlier analysis (GraphPad Soft-
ware Inc.), and hemispheric tissue volume atrophy and MRI 
and behavioral analysis, which used SAS (Version 9.4, SAS 
Institute). P < 0.05 was considered statistically significant.

Results

Body Weight Gain and Brain Weight Changes After 
IAIPs or Placebo Treatment in Neonatal Rats Exposed 
to HI

Figure 2A summarizes the body weight gain changes after 
HI-related brain injury plotted as a percent (%) for the total 
group of males and females (males + females) and sepa-
rately for the males and females in the Sham, HI-PL, and 
HI-IAIP groups. Differences in body weight gain over time 
were observed between Sham, HI-PL, and HI-IAIP groups 
in the group of males + females (ANOVA, males + females: 
F(2, 40) = 4.3328, n = 46, P = 0.0198). The increase in body 
weight gain over time was greater in the Sham than that 
in the HI-PL (Tukey’s HSD, males + females: P = 0.0201) 
group. Moreover, the body weight gain over time was also 
greater in the HI-IAIP than that in the HI-PL (Tukey’s HSD, 
males + females: P = 0.0047) group. However, differences 
were not observed among the Sham, HI-PL, and HI-IAIP 
male subjects (P = 0.2950). The body weight gain over time 
differed significantly between the Sham, HI-PL, and HI-IAIP 
of female subjects (ANOVA, females: F(2, 22) = 6.3416, 
n = 25, P = 0.0067) and was greater in the Sham than that 
in the HI-PL, but not the HI-IAIP females (Tukey’s HSD, 
females: P = 0.0070). Additionally, the total body weight 
at P42 was greater in the males + females of the HI-IAIP 
than in the HI-PL group suggesting that the improvement 
in weight gain was sustained for the duration of the studies 
(Fig. 2B, Tukey’s HSD, females: P = 0.0166).

Figure 2C shows the total brain weights of the Sham, 
HI-PL, and HI-IAIP groups plotted for the combined 
group of males and females and separately for the males 
and females at the end of the study at P42. The brain 
weight differed between Sham, HI-PL, and HI-IAIP in 
the males + females (ANOVA, males + females: F(2, 
45) = 13.6860, n = 48, P < 0.001). The brain weights 
were heavier in the Sham than those in HI-PL (Tukey’s 
HSD, males + females: P < 0.001) group. Furthermore, 
the brain weights in the males + females at P42 (Tukey’s 
HSD, males + females: P = 0.0256) were also heavier in 
the HI-IAIP than those in the HI-PL groups. The brain 

weights differed (ANOVA, males: F(2, 19) = 4.4653, 
n = 22, P = 0.0257) in the males among Sham, HI-PL, 
and HI-IAIP groups. The brain weights were heavier in 
the Sham compared to those of the HI-PL (Tukey’s HSD, 
males: P = 0.0250) males. However, the brain weights did 
not differ (Tukey’s HSD, males: P = 0.6055) between the 
HI-PL and HI-IAIP males. Also, the brain weights differed 
(ANOVA, females: F(2, 23) = 9.2168, n = 26, P = 0.0012) 
between Sham, HI-PL, and HI-IAIP groups in the females. 
The brain weights were heavier in the Sham compared to 
those from the HI-PL (Tukey’s HSD, females: P = 0.0009) 
females. However, the brain weights did not differ (Tukey’s 
HSD, females: P = 0.1458) between the HI-PL and HI-IAIP 
females. Moreover, although the brain to body weight ratio 
differed between the Sham, HI-PL, and HI-IAIP groups 
in the males + females (ANOVA, males + females: F(2, 
45) = 3.2723, n = 48, P = 0.0471), the brain to body weight 
ratio did not differ in the males + females between the HI-PL 
and HI-IAIP groups (Supplementary Fig. 1). The brain to 
body weight ratio was also greater in the Sham than that 
in HI-IAIP (Tukey’s HSD, males + females: P = 0.0424) 
group, but not in the HI-PL (Tukey’s HSD, males + females: 
P = 0.1102) group. The ratio of brain to body weights did 
not differ between the Sham, HI-PL, and HI-IAIP groups in 
males (P = 0.1306) or females (P = 0.2402). Taken together 
these findings suggest that the weight gain was greater 
throughout the 42-day study in the HI-IAIP than that in the 
HI-PL males + females and that the systemic weight gain 
was associated with higher brain weight in the HI-IAIP than 
that in the HI-PL males + females. However, the higher brain 
weight could not be attributed to the heavier body weight 
because the brain weight as a percent of the body weight did 
not differ between the HI-IAIP and HI-PL males + females.

Treatment with IAIPs After HI Attenuated Edema 
Evolution and Formation in Female Neonatal Rats

Effects of IAIP treatment on brain edema/injury formation 
after HI was initially examined by  T2-weighted MRI at P8, 
P9, P10, P14, P20, P30, and P41 ages that are similar to 
human term infants, pre-weaning, toddler, pre-pubescent, 
and young adult developmental stages [39] (Fig. 1). Figure 3 
shows the mean  T2 (ms) values for the total of the 14 scanned 
slices in both the left (systemic hypoxic exposed) and right 
(hypoxic-ischemic exposed) hemispheres.  T2 values changed 
as postnatal age increased differently between treatments and 
hemispheres by males + females and by male and female rats 
(SAS Proc GLIMMIX, P < 0.0001). Specifically,  T2 values 
for the Sham group decreased as postnatal age increased sim-
ilarly across both hemispheres in the males + females and in 
the male and female rats. Likewise,  T2 in the HI-PL and HI-
IAIP groups also decreased with postnatal age similarly to 
the Sham but only in the left hemisphere exposed to systemic 
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hypoxia. In the right hemisphere exposed to HI-related brain 
injury, the  T2 values of HI-PL group were higher than those 
in the HI-IAIP group in both the males + females and female 
rats at P8, P9, and P10 (Fig. 3, asterisks, SAS Proc GLIM-
MIX, P < 0.05) but not at P14, P20, P30, and P41, nor in 
the male rats (SAS Proc GLIMMIX, P > 0.05), suggesting 
that treatment with IAIPs reduced HI-related brain edema 
formation and evolution early after exposure of the female 

rats to HI-related brain injury. The  T2 values in the HI-PL and 
HI-IAIP groups were higher than those in the Sham group in 
the males and females and males + females over entire study 
time periods (SAS Proc GLIMMIX, P < 0.05).

We further investigated the mean  T2 values by slices in 
the right hemisphere, because differences in mean  T2 val-
ues were not detected between the study groups in the left 
hemisphere (Fig. 3, left, SAS Proc GLIMMIX, P = 0.9829). 

Fig. 2  Body weight gain overtime (%) and body and brain weight 
changes at P42 of the Sham (open circles), HI-PL (red squares), 
and HI-IAIP (blue triangles) groups. A Percent body weight gain on 
the y-axis plotted against study time in postnatal days on the x-axis 
for the total group of males + females, males, and females. Body 
weight gain (%) was lower in the HI-PL males + females compared 
to the Sham group during the study periods and greater in the HI-
IAIP males + females compared to the HI-PL group during the stud-
ies. Body weight gain (%) did not differ between the Sham, HI-PL, 
and HI-IAIP males but was greater in the Sham compared to that 
from HI-PL females during the study periods. Sham: male n = 4, 
female n = 6; HI-PL: male n = 5, female n = 12; HI-IAIP: male n = 13, 
female n = 7. B Total body weight at P42 on the y-axis plotted for the 

males + females, males, and females on the x-axis. Body weight was 
higher in the HI-IAIP males + females compared to that of the HI-PL 
group. Body weight did not differ between the Sham, HI-PL, and 
HI-IAIP males and females. Sham: male n = 4, female n = 6; HI-PL: 
male n = 5, female n = 12; HI-IAIP: male n = 13, female n = 7. C Total 
brain weights (g) in the males + females, males, and females plotted 
as dot plots. Brain weights were lower in the HI-PL males + females, 
males, and females than those of the Sham group. Brain weights 
were higher in the HI-IAIP males + females compared to those of the 
HI-PL group, but not separately in the males or females. Sham: male 
n = 4, female n = 6; HI-PL: male n = 5, female n = 13; HI-IAIP: male 
n = 13, female n = 7. Values are mean ± SD. *P < 0.05
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Furthermore, using the SAS GLIMMIX procedure, we ana-
lyzed the right brain sections from slices 6 to 10, because 
these sections represent the frontoparietal lobe, which is 
commonly damaged after HI-related insults [79]. The  T2 
values for the males + females at P8 (SAS Proc GLIM-
MIX, P = 0.0381), P9 (SAS Proc GLIMMIX, P = 0.0285), 
and P10 (SAS Proc GLIMMIX, P = 0.0123), but not P14, 
P20, P30, or P41 (SAS Proc GLIMMIX, P > 0.05), were 
statistically higher in the HI-PL than those in the HI-IAIP 
groups (Fig. 4A, B). There were no significant differences in 
mean  T2 values (ms) between HI-PL and HI-IAIP groups in 
the males at P8, P9, P10, P14, P20, P30, or P41 (SAS Proc 
GLIMMIX, P > 0.05). However, the  T2 values were lower in 
HI-IAIP females at P8 (SAS Proc GLIMMIX, P = 0.0225), 
P9 (SAS Proc GLIMMIX, P = 0.0346), P10 (Fig. 4A, SAS 
Proc GLIMMIX, P = 0.0104), and P14 (SAS Proc GLIM-
MIX, P = 0.0444), but not at P20, P30, or P40 (Fig. 4B, SAS 
Proc GLIMMIX, P > 0.05) compared to the values of the 
HI-PL females. No significant treatment by sex interactions 
was observed (SAS Proc GLIMMIX, P = 0.8691), whereas 
mean  T2 values between slice, treatments, sex, and time were 
statistically significant in the right hemisphere (SAS Proc 
GLIMMIX, P < 0.0001).

Figure 5 shows representative  T2-weighted images demon-
strating the effects of IAIPs on HI-related edema in brain slice 8 
at P10. The hyperintense regions outlined by the yellow dashed 
lines were interpreted as edema.  T2-weighted imaging clearly 
showed edema covering the most of ipsilateral hemisphere in 
the HI-PL group in both the male and female in comparison 

with the Sham group. After IAIP treatment, the amount of the 
edema was reduced in the female but not in the male.

Treatment with IAIPs Reduces Ipsilateral Hemispheric 
Tissue Volume Loss at P42 in the Male + Female Rats 
After Exposure of Neonatal Rats to HI‑Related Brain 
Injury

Figure 6A contains representative cresyl violet images of 
the coronal brain sections from the Sham, HI-PL, and HI-
IAIP males (top row) and females (bottom row) rats at P42. 
Inspection of the coronal images reveals that the HI-PL 
group exhibited increased ipsilateral hemispheric pallor 
compared with the Sham group in both male and female rats. 
The HI-IAIP treated male and female rats did not appear 
to demonstrate major reductions in pallor compared with 
the HI-PL groups after exposure of the neonatal rats to HI-
related brain injury.

Quantitative analysis of the percent hemispheric tissue atro-
phy confirmed the appearance of the cresyl violet–stained images 
in the neonatal rats exposed to HI after treatment with IAIPs 
(Fig. 6B). The hemispheric tissue volume atrophy was greater 
(64.5 ± 13.5%) in the HI-PL (Kruskal–Wallis, males + females: 
P = 0.0018) compared with those of the Sham (7.8 ± 2.9%) 
group for the entire group of males + females. Treatment with 
IAIPs reduced (Kruskal–Wallis, males + females: P = 0.0410) 
the hemispheric tissue volume atrophy to 35.8 ± 26.4% in the 
males + females. Therefore, treatment with IAIPs after expo-
sure to HI reduced the hemispheric tissue volume atrophy by 

Fig. 3  The mean  T2 value (ms) of total 14-brain slices scanned by 
MRI at P8, P9, P10, P14, P20, P30, and P41 on left and right brain 
hemispheres. Sham (open circles), HI-PL (red squares), and HI-IAIP 
(blue triangles) groups. Decreases in mean Sham  T2 values were 
observed with increasing postnatal age across both left and right 
hemispheres for the males + females, males, and females, whereas 
changes in of  T2 were not observed between the Sham, HI-PL, and 

HI-IAIP groups in the left hemispheres. In the right hemisphere, the 
HI-PL values were higher (asterisks) than in the HI-IAIP group in the 
males + females and female rats at P8, P9, and P10. Sham: male n = 4, 
female n = 6; HI-PL: male n = 5–7, female n = 13; HI-IAIP: male 
n = 13, female n = 7. Values are mean ± 95% confidence interval (CI). 
*P < 0.05 vs HI-PL
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44.5 ± 29.7% in the total group of males + females. The hemi-
spheric tissue atrophy was 69.5 ± 5.2% in the HI-PL males 
(Kruskal–Wallis, males: P = 0.0855) and 8.7 ± 2.9% in the Sham 
males and was not reduced (Kruskal–Wallis, males: P = 0.0679) 
by treatment with IAIPs. Similarly, the ipsilateral hemispheric 
tissue atrophy was 60.7 ± 17.4% in the HI-PL and 7.2 ± 3.0% 
in the Sham females (Kruskal–Wallis, females: P = 0.0284), 
but the HI-related hemispheric tissue atrophy was not reduced 
(Kruskal–Wallis, females: P = 0.4385) by treatment with IAIPs 
in the female subjects. Inspection of Fig. 6B suggests that the 
response of both the male and female rats to treatment with 
IAIPs was quite heterogeneous with some animals showing 
almost no injury and others showing injury that was in a similar 
range to those of the HI-PL groups (Fig. 6B, blue triangles). 
Although these findings could be interpreted to suggest that 
treatment with IAIPs in the total group of males and females 
reduces histopathological injury in rats after exposure of neo-
natal rats to HI-related brain injury, the separate findings in the 
males and females were not significant.

The Ratio of Right to Left  T2 MR Images at P41 
Correlate with Hemispheric Tissue Volume Atrophy 
Measures at P42

The Spearman rank-order correlation was used to compare 
the MRI imaging scanned at P41 to the hemispheric tissue 
volume atrophy measured at P42 (Fig. 7). The MRI images 
were expressed as the ratio of  T2-weighted intensity in 
the right hemisphere (R, HI hemisphere) compared to the 
left (L, systemic hypoxic) hemisphere, whereas the hemi-
spheric tissue volume atrophy was calculated as a percent 
ratio of the ipsilateral (right) hemisphere to the contralateral 
(left) hemisphere with correction for hemispheric edema. 
Significant correlations were observed in the total group 
of male + female (R2 = 0.4849, n = 35, P < 0.001), male 
(R2 = 0.4559, n = 20, P = 0.0011), and female (R2 = 0.4605, 
n = 15, P = 0,0054) rats. These results support the contention 
that both MRI and hemispheric tissue atrophy analyses pro-
vide similar determinations of brain injury after exposure to 

Fig. 4  The mean T2 values (ms) for the 14-brain slices scanned by 
MRI on P8, P9, P10, P14, P20, P30, and P41 in the right hemisphere. 
Sham (open circles), HI-PL (red squares), and HI-IAIP (blue trian-
gles) groups. A The mean  T2 values from slices 6 to 10 (gray shaded 
areas) were lower in HI-IAIP males + females than in the HI-PL 
males + females at P8, P9, and P10, but not P14. The mean  T2 values 
from slices 6 to 10 (gray shaded areas) were lower in HI-IAIP than in 

the HI-PL females at P8, P9, P10, and P14. B Statistical differences 
were not observed between the mean  T2 values from slices 6 to 10 
(gray shaded areas) in the study groups. Sham: male n = 4, female 
n = 6; HI-PL: male n = 5–7, female n = 13; HI-IAIP: male n = 13, 
female n = 7. Values are of mean ± 95% CI. Significant P values in 
bold (slices 6–10) on relevant panels
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HI in neonatal rats. In addition, it is important to emphasize 
that at the later stages after HI injury,  T2 is relatively high 
because of the presence of mainly fluid in the injured regions 
with limited amounts of particulate debris [80].

Treatment with IAIPs After HI Improved Short‑Term 
Behavioral Performance in Male and Long‑Term 
Behavioral Performance in Female Neonatal Rats

A battery of neurobehavioral tests was performed to 
examine the effects of treatment with IAIPs on HI-related 
short- and long-term functional outcomes (Figs. 8 and 9 
and Supplementary Fig. 2). We first examined the effects 
of HI-related brain injury on the righting reflex to examine 
basic motor coordination skills during the early postna-
tal period in the neonatal rats 12, 24, and 48 h after the 
exposure to the HI insults (Fig. 8A). An analysis was first 
performed on the group of males + females to examine the 
effects of treatment on the combined group; the compari-
son was then followed up with separate analyses on the 
male and female subjects. The results of righting reflex 
(Fig. 8A) during the study periods (12, 24, and 48 h) are 
exhibited as the response latency time and represented as 
the reciprocal of seconds (1/s). There was a significant 
main effect of treatment in the males + females, with the 
HI-IAIP scoring significantly higher than the HI-PL group 
(SAS Proc mixed linear modeling, P = 0.0265). This effect 
of treatment with IAIPs was also present in the males (SAS 
Proc mixed linear modeling, P = 0.0316) but not in the 
females (SAS Proc mixed linear modeling, P = 0.6704). 
Supplementary Fig. 2 shows the results of righting reflex 

on each day of study. The treatment with IAIPs increased 
(P = 0.0562) the reciprocal response latency time (1/s) 
compared to placebo in the male + female (SAS Proc 
mixed linear modeling, P = 0.0582) group of HI-exposed 
rats on P8, but not on P7.5 or P9. Similarly, treatment with 
IAIPs increased reciprocal response latency time com-
pared with placebo in the male (SAS Proc mixed linear 
modeling, P = 0.0207) neonatal rats that were exposed to 
HI on P8, but not on P7.5 or P9. However, differences in 
latency to right were not observed between HI-IAIP– and 
HI-PL–exposed females on P7.5, P8, or P9 (SAS Proc 
mixed linear modeling, all P > 0.05).

The small open field test was performed at P13 (pre-
weaning period) to examine the effects of treatment with 
IAIPs on early general locomotive activity and exploratory 
behaviors in neonatal rats after exposure to HI-related brain 
injury. Compared to the Sham group, neonatal HI-related 
brain injury increased total distance traveled in the females 
(SAS Proc mixed linear modeling, P = 0.0137), but overall 
effects of treatment were not observed in the males + females 
or in the males (SAS Proc mixed linear modeling, P > 0.05, 
Fig.  8B). Differences between the HI-PL and HI-IAIP 
groups were not detected in total distance traveled (cm) in 
the overall analysis or in males and females alone (SAS Proc 
mixed linear modeling, all P > 0.05, Fig. 8B). There were no 
effects of sex (SAS Proc mixed linear modeling, all P > 0.05) 
for distance traveled, but a significant treatment vs sex inter-
actions (SAS Proc mixed linear modeling, P = 0.0219) were 
detected.

On P16 (early postweaning period), we performed the 
wire hang test to evaluate both neuromuscular and locomotor 

Fig. 5  Representative 
 T2-weighted images showing 
the HI-related brain edema/
injury in the MRI-scanned slice 
8 at P10. The hyperintense 
regions, which were interpreted 
as edema/injury, were outlined 
by yellow dashed lines. IAIP 
treatment reduced edema size in 
the female, but not in the male 
rat exposed to HI-related brain 
injury
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function in neonatal rats exposed to HI with and without 
IAIP treatment. SAS Proc mixed linear modeling revealed 
that latency time (s) to fall from the wire was decreased in 
the HI-PL males + females (SAS Proc mixed linear mod-
eling, P = 0.0010) and in the females (SAS Proc mixed linear 
modeling, P = 0.0020) compared to those in the Sham group. 
The latency to fall was increased (SAS Proc mixed linear 
modeling, P = 0.0071) in the HI-IAIP males + females and 
females compared with the HI-PL groups with this effect 
likely being driven by the significant effect in the treated 
females (SAS Proc mixed linear modeling, P = 0.0046) 
compared to the HI-PL rats (Fig. 8C). Differences were not 
observed between the Sham, HI-PL, and HI-IAIP groups of 
male rats (SAS Proc mixed linear modeling, P = 0.5010).

We also examined the long-term effects of treatment 
with IAIPs on motor function by examining the large open 

field test at P23 (early pre-pubescent period) to assess the 
late general locomotive activity and exploratory behaviors 
in rats after neonatal HI brain injury. No significant differ-
ences in total distance traveled (cm) were detected between 
the HI-PL and HI-IAIP groups in the overall analysis or in 
males or females separately (SAS Proc mixed linear mod-
eling, all P > 0.05, data not shown). No main effect of sex 
and no treatment-related × sex interactions were observed 
(SAS Proc mixed linear modeling, all P > 0.05).

Long-term cognitive impairment can result from expo-
sure to HI-related insults [81]. Therefore, we also performed 
the Morris water maze test to examine the long-term effects 
of treatment with IAIPs on spatial learning and memory at 
P35 and P36 rats (pubescent period) after neonatal HI brain 
injury. At P35 (day 1), using Cox’s proportional hazards 
regression analysis, treatment with IAIPs decreased the mean 

Fig. 6  Hemispheric tissue 
volume atrophy measure-
ment after IAIP treatment. A 
Representative images of brain 
sections stained with cresyl 
violet 35 days after exposure 
to HI in the males (top row) 
and females (bottom row). 
Scale bar = 3 mm. B Percent 
hemispheric tissue volume 
atrophy plotted on the y-axis for 
the Sham (open circles), HI-PL 
(red squares), and HI-IAIP (blue 
triangles) groups on the x-axis 
for the males + females, males, 
and females. The hemispheric 
tissue volume atrophy was 
higher in the males + females 
of the HI-PL compared to the 
Sham and HI-IAIP groups. 
The hemispheric tissue volume 
atrophy was higher in HI-PL 
compared to the Sham group, 
but not in HI-IAIP females or 
males. Values are mean ± SD. 
*P < 0.05. Sham: male n = 4, 
female n = 6; HI-PL: male n = 3, 
female n = 4; HI-IAIP: male 
n = 13, female n = 5
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latency (s) to find the platform and led to improved perfor-
mance in the HI-IAIP male + female group (hazard ratio HI-
IAIP vs HI-PL = 1.6963, CI = 1.1386–2.5272, P = 0.0094), 
with the effect being observed in HI-IAIP females (hazard 
ratio HI-IAIP vs HI-PL = 1.9012, CI = 1.0152–3.5607, 
P = 0.0448) compared to HI-PL over the entire period of 
six trials. In the males, there was variability in perfor-
mance on later trials, with no significant effect of treatment 
found for the day 1 performance (hazard ratio HI-IAIP vs 
HI-PL = 1.4517, CI = 0.8577–2.4570, P = 0.1650, Fig. 9A). 
At P36 (day 2), no statistical differences were observed 
between HI-PL and HI-IAIP groups during trial 1 (latency 
measure), trial 2 (spatial probe trial measure), and trial 3 
(latency measure) in the males + females or separately in the 
male and female rats (Fig. 9B, Cox’s proportional hazards 
regression, all P > 0.05). Furthermore, no main effects of 
sex or treatment × sex interactions were found at P35 or P36 
(Cox’s proportional hazards regression, all P > 0.05).

The results of the neurobehavioral tests are schematically 
summarized in Fig. 10. The behavioral tests are listed on 
the specific postnatal days on which the test was performed, 
and the arrows compare the findings in the HI-IAIP and 
HI-PL groups. Treatment with IAIPs resulted in improved 
righting reflex from P7.5 to P9 in the males + females and 
in the males but not the females. Treatment with IAIPs did 
not affect the outcomes of the small open field on P13 or the 
large open field on P23. Treatment with IAIPs improved the 
results of the wire hang test at P16 in the males + females 
and females. Treatment with IAIPs improved the perfor-
mance in the Morris water maze in the males + females 

and in the females during learning (P35), but not during 
the recall test (P36). Taken together, the results of the neu-
robehavioral tests suggest that treatment with IAIPs after 
exposure to HI in neonatal rats has significant protective 
effects in some but not all behavioral domains and that there 
is sex-related differential effects such that IAIPs have prefer-
ential effects for some tests in males and others in females.

Discussion

The primary objective of the current study was to determine 
whether treatment with human blood-derived IAIPs attenu-
ates neuropathological brain injury characterized by MRI 
determined measures and the percent of total hemispheric 
tissue volume atrophy in young adult rats, along with behav-
ioral outcomes during rodent development from neonates 
up to young adults after exposure of the neonates to HI. The 
study extends our previous work in which we have shown 
that treatment with IAIPs reduced neuronal cell death and 
brain infarct volumes within a relatively short time frame 
after treatment in P10 rats subsequent to exposure of P7 
rats to HI [20, 21, 38]. In addition, we also have formerly 
shown that IAIPs improved juvenile non-spatial learning 
and adult spatial learning and working memory in rats after 
exposure of neonates to HI [20, 34, 35]. However, treatment 
with IAIPs in those studies was only given to male rats and 
administrated as a peri-insult paradigm prior to exposure 
to hypoxia [20, 34, 35]. Moreover, the effects of IAIPs on 
brain edema formation and evolution and locomotor deficits 

Fig. 7  Correlational analyses between  T2 MRI image analysis obtained 
on P41 and hemispheric tissue volume atrophy measured on P42. 
Sham (open circles), HI-PL (red squares), and HI-IAIP (blue triangles) 
groups. The ratio of mean  T2 values (ms) in the right hemisphere (R) 
to the left hemisphere (L) on the y-axis plotted against the hemispheric 
tissue volume atrophy as a ratio of the ipsilateral (R) hemisphere to 

the total contralateral (L) hemispheres with correction for hemispheric 
edema on the x-axis. Sham: male n = 4, female n = 6; HI-PL: male 
n = 3, female n = 4; HI-IAIP: male n = 13, female n = 5. The solid line 
designates the regression line. Gray shaded area is 95% CI. Statistical 
analysis by Spearman rank-order correlation
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were not examined in the previous reports. These are two 
common sequelae of HI-related brain injury during early 
development [82, 83].

In the current study, multiple doses of IAIPs were admin-
istered in an effort to maximize their efficacy over the pro-
longed time interval of the study and to demonstrate a dura-
ble effect in the young adult rats. The early treatment strategy 
was based on our previous work [21, 30, 36]. However, there 
was no information available to guide a strategy for long-term 
treatment with IAIPs. Therefore, we empirically elected to 
administer IAIPs during weeks 2–4 based upon the literature 
suggesting that early life HI and other insults result in very 
prolonged effects on brain inflammation and in prolonged 

injury to the brain. In fact, more recent information from 
studies in fetal sheep suggest that inflammation and injury 
is prolonged up to 1 to 3 weeks after an in utero insult [61, 
62, 64, 65]. In addition, previous data in humans suggest 
that children with cerebral palsy have altered inflammatory 
responses even at school age [63]. Additionally, recent con-
cepts indicate that there could be potential for late treatment 
after therapeutic hypothermia further to reduce inflammation 
and improve outcomes [61, 65]. Nonetheless, we cannot be 
certain that the IAIP treatment strategy that we have selected 
is the most optimal approach.

Given the above considerations, the overall goal of the 
current study was to extend our previous work by examining 

Fig. 8  The short-term effects of IAIP treatments on neurobehav-
ioral outcomes in neonatal rats exposed to HI brain injury. Sham 
(open circles), HI-PL (red squares), and HI-IAIP (blue triangles) 
groups. A The general locomotor abilities over the study periods 
(P7.5, P8, and P9) were higher in the males + females and males in 
the HI-IAIP compared with the HI-PL group by the righting reflex 
test. The reciprocal response latency time (1/s) increased after treat-
ment with IAIPs in the males + females and males compared to the 
HI-PL group, but not in the HI-PL females. Sham: male n = 4, female 
n = 6; HI-PL: male n = 7, female n = 13; HI-IAIP: male n = 13, female 
n = 7. (B) IAIP treatment did not affect the early general locomo-

tive activity and exploratory behaviors in the small open field tests 
of the male + female, male, or female of the HI-PL groups. Sham: 
male n = 4, female n = 6; HI-PL: male n = 7, female n = 13; HI-
IAIP: male n = 13, female n = 7. C Treatment with IAIP improved 
muscle strength/endurance by the wire hang test at P16 in the 
males + females and females compared to the HI-PL group, but not in 
the males. Sham: male n = 4, female n = 6; HI-PL: male n = 5, female 
n = 12; HI-IAIP: male n = 13, female n = 7. Values are mean ± SD. * 
P < 0.05 vs HI-PL group. Statistical analysis by SAS Proc mixed lin-
ear modeling

1 3

Inter‑alpha Inhibitor Proteins Ameliorate Brain Injury and Improve Behavioral Outcomes in… 541



the effects of IAIPs during development from the neonatal 
to young adult ages on brain edema formation and evolu-
tion and locomotor deficits. The major findings of the cur-
rent study are that systemic treatment with IAIPs after HI-
related injury in neonates (1) improves body weight gain 
over time and attenuates HI-related reductions in brain 
weight in the entire group of young adult males and females 
rats (males + females); (2) reduces brain edema formation 
and evolution in the hemisphere ipsilateral to HI injury in 
the newborn and pre-weaning males + females and females; 
(3) attenuates brain hemispheric tissue volume atrophy in 
young adult rats; and (4) improves basic motor coordina-
tion abilities in the newborn male + female and male rats, 
and sensorimotor function and muscular endurance in the 
toddler-equivalent males + females and females, and spatial 
memory and learning in the young adult males + females and 

females. Consequently, treatment with IAIPs protects the 
brain from HI injury in neonates across neurodevelopmental 
stages in a sex-dependent fashion.

Previous work shows that HI-related insults impair 
somatic growth [84–86]. In the present study, we only 
observed HI-related reductions in body weight gain over 
time in the males + females and in the females (Fig. 2A), but 
not in the males, suggesting that body weight in young adult 
female rats was more sensitive to the impact of HI than that 
of the male rats. Our results are consistent with our previ-
ous findings showing that exposure to HI impaired short-
term growth in both male and female neonatal rats [21, 38]. 
However, the current findings differ from a previous report 
showing that the growth rate in mice exposed to HI became 
more compromised as age was advanced and that males 
were more sensitive to the impact of HI than females after 

Fig. 9  Memory and learning 
assessment of the long-term 
effects of IAIPs on rats with 
neonatal HI brain injury using 
Morris water maze. Sham (open 
circles), HI-PL (red squares), 
and HI-IAIP (blue triangles) 
groups. A Treatment with IAIPs 
increased mean latency (s) in 
the males + females and females 
and had beneficial effects com-
pared to the HI-PL group over 
the entire period of six trials at 
P35 (day 1), but not male rats. 
B On day 2 of the trial at P36, 
statistical differences between 
HI-IAIP and HI-PL groups were 
not detected in trials 1, 2, and 3 
in the males + females, male, or 
female rats. Sham: male n = 4, 
female n = 5–6; HI-PL: male 
n = 5, female n = 12–13; HI-
IAIP: male n = 13, female n = 7. 
Values are median ± interquar-
tile range. * P < 0.05, statistical 
analysis by Cox's proportional 
hazards regression model
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exposure of neonates to HI [87]. Nonetheless, weight was 
more impaired in young adults in both males and females 
[87]. Moreover, the trends in weight gain during the stud-
ies resulted in a lower total body weight in the total group 
of males and females that had been exposed to HI as neo-
nates (Fig. 2B). In addition, treatment with IAIPs appeared 
to result in a higher total body weight at sacrifice (Fig. 2B). 
Combined with our previous findings suggesting that treat-
ment with IAIPs improved body growth in neonatal male 
rats 3 days after HI injury [21, 38], our results suggest that 
treatment with IAIPs after exposure to HI as neonates could 
facilitate overall well-being such that the growth rate and 
resultant weight gain in young adults are improved by treat-
ment with IAIPs. However, although the mechanism(s) by 
which IAIPs improved growth cannot be determined by the 
current study, the improved energy metabolism/balance and 
increased intake potentially play an important role [21, 38].

Treatment with IAIPs after exposure to HI in the 
neonates also appeared to exert beneficial effects on the 
brains of the young adults at P42 because the HI-related 
decreases in brain weight were attenuated by treatment 
with IAIPs (males + females, Fig. 2C). Brain weight is a 
reasonable measure of brain injury, because it correlates 
with morphometric changes after HI in neonatal rats and, 
therefore, is a representative indicator of overall brain 
damage [88]. The present findings are consistent with our 
previous report showing short-term brain weight sparing 
after treatment of male rats with IAIPs that were exposed 
to HI [21]. Consistent with the changes in absolute brain 

weight in the young adult rats, the HI-related changes in 
the MRI determined edema and/or injury formation and 
evolution (Figs. 3, 4 and 5), and brain hemispheric tissue 
volume atrophy (Fig. 6) was also attenuated by treatment 
with IAIPs.

In the current study,  T2-weighted MRI image analysis 
was used to examine brain tissue damage, edema forma-
tion, and evolution during rodent development in neonates 
from P8 up to P41 in young adult rats after exposure of P7 
neonates to HI. Repeated scanning sessions were performed 
during development in the same rats over the periods cover-
ing major milestones during rodent brain development [39]. 
MRI has been considered as the most promising noninva-
sive tool to detect brain edema formation and evolution and 
injury in real time and the most effective method for detect-
ing HI-related brain injury in neonates [89, 90]. A major 
strength of our study was that the MRI image analysis was 
performed in vivo during development in rats surviving 
HI as neonates rather than as terminal postmortem sample 
analysis [91, 92]. This was facilitated by the development 
of our specifically designed anesthetic manifold splitter that 
allowed for simultaneous repeated scanning of multiple rats 
over the course of development from P8 to P41.

T2 decreases to a greater extent in white matter than in 
gray matter in the developing brain [93, 94]. There are at 
least two water compartments that contribute to the observed 
signal in white matter; these are the water contained within 
the myelin sheath (with short  T2) and the intra-axonal, intra-
cellular, and the interstitial water (with longer  T2). Decreases 

Fig. 10  Schematic summary of 
behavioral tests in the neonatal 
rats with and without expo-
sure to IAIPs. ↑ indicates the 
improvement in behavior in 
the HI-IAIP compared with the 
HI-PL group. ↔ indicates no 
differences between the HI-IAIP 
and HI-PL groups
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in  T2 values accompany the decreases in water concentration 
by two distinct mechanisms, one of which relates to changes 
in water compartmentalization [95], whereas the other 
mechanism involves increases in protein and lipid contents 
[96, 97]. The decreases in  T2 with development correspond 
to chemical changes in the myelin sheath [96, 98, 99]. Con-
sistent with the known decreases in  T2 during development, 
which are associated with increases in white matter content, 
the measured  T2 values decreased in the Sham, HI-PL, and 
HI-IAIP groups on the hypoxic left side of the brain but 
only in the Sham group on the right side of the brain over 
the MRI scanning sessions (Figs. 3 and 4).

Although  T2 changes have been extensively examined 
during development and after exposure to HI in neonates 
[89, 91, 100–102], less information is available regarding 
the effects of therapeutic agents on changes in MRI image 
analysis after exposure to HI. In the current study, male and 
female rats were scanned for  T2 mapping changes in the 
brain at P8, P9, P10, P14, P20, P30, and P41 after exposure 
to HI at P7 with and without treatment with IAIPs (Fig. 4). 
Systemic treatment with IAIPs attenuated HI-related 
increases in the  T2 values in the ipsilateral parietal cortex 
at P8, P9, P10, and P14 in females and at P8, P9, and P10 
in the males + females compared with those in the HI-PL 
group but did not affect the  T2 values after HI in the males. 
 T2-weighted MRI is considered a very reliable measure of 
injury in various neonatal rodent models [100, 103–106]. 
Therefore, our findings suggest that treatment with IAIPs 
attenuates the development of edema formation and evo-
lution and/or injury relatively early after the exposure of 
neonatal rats to HI. In addition, we have shown a reasonably 
good correlation between injury measured by the ratio of 
right to left  T2 values at P41 and the histopathological hemi-
spheric tissue volume atrophy at P42 (Fig. 7). Therefore, 
these findings suggest that treatment with IAIPs ameliorates 
the early effects of injury after HI, which may have impor-
tant implications for the timing of treatment with IAIPs as 
alternative or adjunctive treatment to hypothermia for HIE.

Histopathological analysis is a standard method used 
to define tissue damage as an important end point of brain 
injury [107]. We have previously demonstrated that meas-
urements of percent of infarct volume that account for the 
injury across the whole brain are more likely to exhibit supe-
rior sensitivity and accuracy and are more comprehensive 
than the semi-quantitative histopathological scoring [21]. 
The histopathological hemispheric tissue volume atrophy 
analysis confirmed a prolonged neuroprotective efficacy of 
IAIPs in the young adult male + female rats after exposure 
of neonates to HI (Fig. 6). The reductions in the percent 
of hemispheric volume atrophy confirmed that IAIPs have 
durable neuroprotective effects in young adult rats even 
35 days after exposure of the neonates to HI. However, the 
 T2 MRI imaging analysis was not able to identify significant 

IAIP-related beneficial effects between the study groups on 
P41 (Fig. 4). The discrepancy between the histopathological 
hemispheric volume atrophy measures and the MRI image 
analysis could be related to the fact that the hemispheric 
volume atrophy measures represent direct measures of the 
extent of overall injury to the whole brain, whereas the MRI 
measures depend upon indirect  T2 image analysis measures 
of discrete slices across the brain. Therefore, the potential 
greater sensitivity of the hemispheric tissue volume atrophy 
measures most likely accounts for our ability to detect the 
protective effect of treatment with IAIPs in the young adult 
rats. Nonetheless, our correlations between the  T2-weighted 
MRI and the histopathological hemispheric volume atro-
phy measures showed reasonable R2 values, suggesting that 
both measures are satisfactorily able to detect the HI-related 
brain injury (Fig. 7). Taken together, our findings suggest 
that treatment with IAIPs attenuate HI-related brain injury as 
determined by MRI imaging early after injury but the effects 
of IAIPs were durable because their ability to attenuate the 
extent of the injury was still apparent in young adult rats.

Although we did not examine the mechanism(s) of action 
of the IAIPs in the current study including inhibition of 
destructive serine proteases or proinflammatory cytokines, 
previous work has shown that IAIPs protect the blood–brain 
barrier and downregulate circulating interleukin-6 in LPS-
exposed mice [37] and block pro-inflammatory cytokines 
in sepsis in neonates and adults [31–33]. Consequently, it 
would be of interest to examine the ability of treatment with 
IAIPs to attenuate proinflammatory cytokines after exposure 
to HI in developing rats in future studies.

Accurate assessment of neurobehavioral outcomes 
is important because after exposure of neonates to brain 
injury, motor and cognitive deficits represent key sequelae 
in children [108, 109]. Many studies have utilized the Rice-
Vannucci model of exposure to HI to examine neurode-
velopmental outcomes after HI [20, 34, 35, 42, 110–113]. 
Systemic administration of IAIPs improved early motor 
coordination skills over time as measured by the right-
ing reflex test in the males + females and in the male rats, 
whereas changes were not detected in the female rats 
(Fig. 8). A similar finding was previously reported in the 
same animal model because the administration of acetyl-L-
carnitine improved righting reflex latencies after exposure 
to HI in males, but not in females [114]. Systemic treat-
ment with IAIPs also improved early neuromuscular and 
locomotor function as determined by the wire hang test in 
the males + females and in the females and long-term spatial 
learning and memory determined by the Morris water maze 
test in the males + females and in the females (Fig. 10). 
However, we did not observe any effects of treatment with 
IAIPs on early general locomotive activity and explora-
tory behavior (small open field test). Similar findings have 
been reported, in which overall locomotive function was 
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not affected by HI injury in neonates [115, 116]. There-
fore, the beneficial effects of treatment with IAIPs varied 
by sex for the different tests with the females appearing to 
benefit more in the tests performed later (Fig. 10). We have 
previously shown that IAIPs reduce neutrophil infiltration 
and microglia activation preferentially in male pups after 
exposure to HI [36]. Therefore, in the current study, we 
cannot rule out the possibility that the lack of effect on some 
of the behavioral outcomes selectively in the male pups 
could be due to the limited numbers of male pups or to the 
potential relatively lower amounts of IAIP suppression of 
neuroinflammation in the females compared with the males, 
thereby selectively resulting in improvements in behavioral 
outcomes in the females.

The extent to which the improvements in the behavio-
ral outcomes could be attributed to the beneficial effects of 
IAIPs on brain weights, MRI changes, and decreases in the 
hemispheric tissue atrophy cannot be determined by the cur-
rent study because the improvement in brain weight was 
observed in the males + females but not in either sex alone, 
the improvement in the MRI determinants was observed 
in the males + females and in females, and the improve-
ment in hemispheric tissue atrophy was observed in the 
males + females but not in the individual sexes. Moreover, 
some of the differences with regard to the males + females 
could also relate to the larger number of animals examined 
when the sexes were combined.

Two different injury hemispheric atrophy patterns were 
observed after IAIP treatment particularly in the males. This 
is probably a result of the known variability in the Rice-
Vannucci HI model [54, 117–119], the limited number of 
rat pups studied, and the different responses of the male 
and female pups to the treatment with IAIPs after expo-
sure to neonatal HI. Therefore, a larger number of rat pups 
would be needed in order to reduce the variability in future 
studies. The mechanisms underlying the sex differences in 
response to treatment with IAIPs remain to be determined 
[21, 36, 38]. One possibility that could account for differ-
ential responses of the males and females could be different 
responses to HI as neonates [120]. However, sex-related dif-
ferences from a neuropathological perspective have not been 
previously reported as the basis for sex-related differences 
in behavioral outcomes [120]. In the present study, we used 
our previous protocol to introduce a moderate severity of HI 
in the neonatal rats [21, 36]. We observed that the female 
neonatal rats benefited more from treatment with IAIPs 
with regard to relative improvement MRI detected edema/
injury formation and later motor function. However, our 
findings differ somewhat from previous reports suggesting 
that female neonatal rats are often more resistant to injury 
compared with their male counterparts [120–122].

There are several limitations to our study and opportu-
nities for future study. Although the pups were randomized 

as a block within each litter, we were not able to balance 
the groups by sex because there were more females than 
males born in some litters. Therefore, the numbers of 
males and females were not balanced in our study, which 
could have resulted in false-negative differences in some 
comparisons. Cresyl violet staining represents an estimate 
of neuronal loss and more specific immunohistochemi-
cal staining for studying mechanisms of actions of IAIPs 
using neuronal, astrocytic, microglia, and oligodendrocyte 
markers were not performed in the current study, espe-
cially at the different neurodevelopmental stages at which 
the behavioral tests were performed. However, we have 
previously shown that treatment with IAIPs reduces the 
effects of HI on these specific markers of brain injury in 
neonatal rats exposed to HI [21, 36]. In contrast to our 
previous studies, we administered 11 doses of IAIPs in 
an effort to facilitate exposure to IAIPs over the longer 
duration of the current studies [21, 36, 38]. However, 
we cannot be certain the increased number of doses had 
additional beneficial effects beyond or original treatment 
paradigm [21, 36, 38].

Conclusions

Systemic treatment with human blood-derived IAIPs pro-
vides short- and long-term protective effects on HI-related 
edema formation and evolution, attenuate hemispheric tissue 
loss, and neurobehavioral outcomes in rats after neonatal HI 
injury in a sex-dependent manner. Consequently, the findings 
of the current study, along with our former work [20, 21, 36, 
38], can be interpreted to suggest that IAIPs could represent 
potentially important neuroprotective agents that could serve 
as alternative or adjunctive treatments to hypothermia.
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