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Abstract

Neonatal cerebral hypoxia-ischemia (HI) commonly results in cognitive and sensory impairments. 

Early behavioral experience has been suggested to improve cognitive and sensory outcomes in 

children and animal models with perinatal neuropathology. In parallel, we previously showed that 

treatment with immunomodulator Inter-alpha Inhibitor Proteins (IAIPs) improves cellular and 

behavioral outcomes in neonatal HI injured rats. The purpose of the current study was to evaluate 

the influences of early experience and typical maturation in combination with IAIPs treatment on 

spatial working and reference memory after neonatal HI injury. A second aim was to determine 

the effects of these variables on hippocampal CA1 neuronal morphology. Subjects were divided 

into two groups that differed with respect to the time when exposed to eight arm radial water maze 

testing: Group one was tested as juveniles (early experience, Postnatal day (P) 36 to 61) and adults 

(P88 – 113), and Group two was tested in adulthood only (P88-113; without early experience). 

Three treatment conditions were included in each experience group (HI + Vehicle, HI + IAIPs, 

and Sham subjects). Incorrect arm entries (errors) were compared between treatment and 

experience groups across three error types (Reference memory (RM), Working memory incorrect 

(WMI), Working memory correct (WMC)). Early experience led to improved working memory 

performance regardless of treatment. Combining IAIPs intervention with early experience 

provided a long-term behavioral advantage on the WMI component of the task in HI animals. 

Anatomically, early experience led to a decrease in the average number of basal dendrites per CA1 
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pyramidal neuron for IAIP treated subjects and a significant reduction in basal dendritic length in 

control subjects, highlighting the importance of pruning in typical early life learning. Our results 

support the hypothesis that early behavioral experience combined with IAIPs improve outcome on 

a relativity demanding cognitive task, beyond that of a single intervention strategy, and appears to 

facilitate neuronal plasticity following neonatal brain injury.
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1. Introduction

Premature infants and high-risk full-term babies, exposed to abruptio placenta, prolonged 

labor, umbilical occlusion or prolapse, are at increased risk for cerebral oxygen deprivation 

(hypoxia) and insufficient blood flow (ischemia; [1-4]). Neonatal cerebral hypoxia-ischemia 

(HI) disrupts global physiological function often translating to long-term deficits in learning 

and memory both in humans [3-13] and in rodent models [12,14-20]. At this time, the only 

available treatment for humans following neonatal hypoxicischemic encephalopathy (HIE) 

is controlled hypothermia, which may reduce the body's inflammatory response to injury 

[21,22]. However, this treatment is only approved for use in full term neonates after HIE, 

and even after therapeutic hypothermia, over 40% of babies will suffer from death or 

moderate to severe physical or intellectual impairments [23-25]. Given limited treatment 

options, research has focused on developing alternative and/or complementary therapeutic 

strategies that can improve long-term cognitive function following neonatal HI injury.

Inter-alpha Inhibitor Proteins (IAIPs) are found in relatively high concentrations in human 

and rodent blood plasma and are thought to play an important role in inflammatory 

regulation [26-32]. Recent studies using rodent models have shown that IAIPs play a 

significant role in regulating the inflammatory response and increase cell survival in both the 

central nervous system and somatic cells following infection and brain injury [20,33,34]. 

Our group has shown that administration of human plasma derived IAIPs following neonatal 

HI brain injury in rats leads to neuronal and gross anatomical sparing across distinct 

developmental time windows (72 h post-injury (Postnatal day (P) 10) and adult (P80+)) and 

improves spatial and non-spatial learning outcomes in an age dependent manner in juvenile 

and adult rats [20].

In parallel, studies from our group and others have shown that early experience (enriched 

housing or more domain specific experience (e.g., auditory processing)) can lead to 

improved adult behavioral outcomes in rats with various forms of developmental brain 

injury [16,20,35]. Animals with early life exposure to domain-specific tasks show robust 

improvements in adult performance relative to inexperienced animals allowed to mature 

typically [35]. This is significant because, in humans with neurodevelopmental disorders, 

behavioral training/intervention has been shown to improve long-term cognitive and 

linguistic outcomes and appears to shift brain activation (using fMRI) patterns closer to that 

of typical individuals [36-41]. Furthermore, early life enriched housing or behavioral 
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training has been shown to modify dendritic branching across divergent brain regions in rats 

(e.g., hippocampus, frontal cortex), relating to improved behavioral performance later in life 

[42,43]. Interestingly, the age at which behavioral experience takes place and the length of 

experience may influence whether a reduction/refinement of branching or dendritic 

expansion occurs following brain injury [44]. Taken together, the current literature suggests 

that early behavioral and/or sensory intervention is critical for improving long-term 

functional recovery in at risk developmental populations and is likely to facilitate neuronal 

plasticity.

Regardless of how effective new pharmacological treatments may be at improving 

neurological outcome, many infants will not meet criteria for treatment or will miss optimal 

timing windows required for treatment effectiveness. In addition, optimal drug dosage may 

be compromised due to difficulty predicting injury severity in human populations. 

Therefore, behavioral interventions will continue to be a valuable tool to improve long-term 

outcome, even in cases of severe birth trauma. However, given the central role of 

inflammation in neonatal HI injury and evidence for the benefits of early behavioral 

training, combining pharmacological and behavioral interventions will likely provide greater 

improvement in functional recovery than a single intervention alone. Thus, the purpose of 

the current study was to explore the efficacy of a multi-factorial intervention strategy to 

modulate inflammatory mediated brain injury with the use of Inter-alpha Inhibitor Proteins 

(IAIPs) in conjunction with early-life spatial working and reference memory experience in 

an effort to maximize cognitive recovery and facilitate neuronal plasticity. We hypothesized 

that administration of IAIPs in combination with early task-specific experience would 

significantly improve spatial working and reference learning in rats with neonatal HI injury 

beyond improvements from a single treatment. We also predicted that early experience 

would result in morphological changes in basal dendrites of hippocampal CA1 neurons, 

which are central to spatial processes important for navigation in the eight-arm radial water 

maze.

2. Methods

2.1 Subjects

Subjects were 57 male Wistar rats born from time-mated dams shipped on embryonic day 

five of pregnancy and (Charles River Laboratories, Wilmington, MA) housed in the Fogarty 

Life Sciences Vivarium at Rhode Island College. On post-natal day 1 (P1), pups were 

separated into litters of eight males and two females to control for sex ratio and litter size. 

This study was limited to the assessment of male subjects due to prior research showing that 

rodent males exhibit more prominent deficits following neonatal HI brain injury as 

compared to females [45,46], findings that parallel observations in humans [12,47-53]. 

Subsets of subjects were randomly assigned to receive either hypoxic-ischemic (HI) insult or 

Sham surgical procedure on P7. Subjects were weaned on P21, right or left ear marked, and 

pair housed using a 12:12 light/dark cycle with food and water available ad libitum. Prior to 

weaning, approximately half of the subjects from each litter were randomly assigned into 

two groups for behavioral testing on the eight-arm-radial water maze. To minimize between-

litter effects, subjects from all litters were represented in each treatment and experience 
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group. Group 1 (G1; Sham n = 8, HI + Vehicle n = 13, HI + IAIPs n = 9) received 

behavioral testing as juveniles (P36 - P61; G1A) and also as adults (P113 - 138; G1B). 

Group 2 (G2; Sham n = 7, HI + Vehicle n = 12, HI + IAIPs n = 8) was tested only as adults 

(P113 - 138) to assess maturational effects (Figure 1). All procedures were conducted in 

compliance with the National Institutes of Health guidelines for care and use of laboratory 

animals and all protocols were approved by the Rhode Island College Institutional Animal 

Care and Use Committee (IACUC).

2.2 Surgical procedure

Surgery was performed in the Fogarty Life Science Vivarium at Rhode Island College 

(Providence, RI) using aseptic techniques. On postnatal day 7 (P7), subjects were randomly 

assigned to treatment (HI + Vehicle, HI + IAIPs, or Sham) and experience groups (Group 1: 

juvenile and adult testing or Group 2: adult testing only). All treatment conditions were 

balanced across litters. A modified version of the Rice-Vannucci method was followed to 

induce the hypoxic-ischemic injury [54-56]. In summary, each animal was stabilized on a 

surgical surface and anesthetized using 3-4% isoflurane administered through a nose cone. 

Total absence of leg withdrawal and tail-pinch reflexes were verified prior to advancing with 

1-2% isoflurane for maintenance. A midline ventral incision was made in the neck. The right 

common carotid artery (RCCA) was located and completely cauterized. Sham subjects 

followed the same procedure except for an absence of RCCA cauterization. The neck 

incision was stitched using vicryl sutures, and each pup was labeled with a footpad ink 

injection (~10 μL). Body temperature was maintained throughout the procedure at 37° C, 

using an isothermal heating pad (Braintree Scientific, Braintree, MA), as reduced 

temperature has been shown to provide a degree of neuroprotection in humans and animal 

models [22,57-59].

Post-surgery, all pups returned to their mothers for 2-3 hours of feeding and recovery prior 

to hypoxia (8% oxygen). Preceding hypoxia, all pups received an intraperitoneal (IP) 

injection of 30 mg/kg of either Inter-alpha Inhibitor proteins (IAIPs; ProThera Biologics, 

Providence, RI) or an equivalent volume of saline (vehicle). IAIPs were extracted and 

purified from human plasma using the methods previously described [20]. HI subjects were 

placed in a hypoxia chamber with 8% humidified oxygen (balanced with nitrogen) for 120-

minutes. Sham subjects were exposed to room air for 120-minutes. All subjects were kept on 

an isothermal heating pad to prevent hypothermia during the 120-minute period. Following 

hypoxia or room air exposure, all pups were returned to their dam until administration of the 

second 30 mg/kg treatment dose of IAIPs or saline 24 hours post-surgery. The pups 

remained with their mother until weaning on P21.

2.3 Behavioral testing

2.3.1 Apparatus—An eight-arm-radial water maze was used for behavioral testing (as 

previously described by [60-66]. Maze dimensions and testing conditions have been 

described extensively elsewhere [66]. The escape platform locations remained fixed relative 

to extra-maze spatial cues for the duration of the study. Extra-maze cues included two 

researchers, a white board, and two walls with high contrast (one white with a black circle 

painted on it and one white with a black triangle). The start arm did not contain an escape 
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platform and no more than two adjacent arms contained a platform, ensuring adequate 

spacing. Water temperature was maintained at 22°C.

2.3.2 Water radial-arm maze testing procedure—Behavioral testing for group 1 (G1) 

began on P36 (juvenile age) and continued until P61 (4 weeks of consecutive testing days 

excluding weekends). Starting on P88, both experience groups (G1 and G2) were tested on 

the same task in the same maze for 4 weeks of adult testing (consecutive testing days 

excluding weekends). Each testing day consisted of 4 trials with an inter-trial interval of 90-

seconds. For each trial, a subject was placed into the start arm facing the middle of the maze. 

Each subject was allotted 120-seconds to locate one of the hidden platforms, while arm 

entries were recorded. If a subject was unable to locate an escape platform during that time, 

he was guided to the closest escape platform and remained there for 10-seconds before being 

returned to the holding cage to start the inter-trial interval. Researchers recorded an arm 

entry (see [66] for details) each time the shoulders of the rat broke the plane of a maze arm. 

During the inter-trial interval, the subject was warmed (37° C) in a holding cage using an 

isothermal heating pad (Braintree Scientific, Braintree, MA), while the platform used for 

escape was removed for the remainder of the subject's testing sessions that day. The 

stepwise reduction in platforms across the four trials each day allowed for the assessment of 

working memory load, given the increased probability for working memory errors (fewer 

correct options) as trials progressed. The first day of testing for all subjects was considered 

an acquisition day and was not included in the analysis. Day 14 was also eliminated after a 

computer malfunction resulted in the loss of data. Thus, a total of 18 days were used for 

analysis.

2.3.3 Quantification of errors—As previously described, orthogonal measures of 

working and reference memory were used to quantify errors [62,64,66-71]. Three error types 

were recorded for each daily session. Reference memory (RM) errors reflected the number 

of first entries into arms that never contained an escape platform. Working memory 

incorrect (WMI) errors were recorded as repeat entries into reference memory arms, which 

were arms that never contained an escape platform. Working memory correct (WMC) errors 

represented the number of first and repeat entries into any arm that previously contained an 

escape platform (removed during preceding trials; [62,64,66-71]). This win-shift strategy of 

avoiding arms previously used for escape (WMC errors) represented the most challenging 

aspect of the task, as rats have a natural tendency to return to locations previously used for 

escape on water-based maze testing [72]. This is counter to the tendency to avoid previously 

explored arms in the land-based version of this task [72].

2.3.4 Data analysis—We planned a priori to investigate main effects using repeated 

measures ANOVAs between each experience group (G1A Juvenile, G1B Experienced 

Adult, and G2 Inexperienced Adult). The eighteen days used for analysis were combined 

into 3 blocks (6 days per block): block 1 (days 2-7), block 2 (days 8-13), block 3 (days 

15-20), based on previous observations of progressive stages of improvement across 

multiple days of testing in this paradigm [64,66,69]. For each error type, repeated measures 

ANOVAs were performed with experience as the between subjects variable and the number 

of errors on each trial as the dependent variable. Planned comparisons using oneway 
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ANOVAs were performed to analyze effects of treatment on total errors within experience 

groups collapsed across block. Further, analyses of treatment across trial within experience 

groups were also planned, as treatment-induced differences on later sessions of water-radial-

arm maze testing have been observed previously, with the most pronounced effects 

occurring on trial 4, (highest working memory load; [60, 63-66,69,71]). When appropriate, 

Tukey's HSD post hoc analyses were used to identify treatment effects within each trial for 

each experience group. Alpha level was set at 0.05. When Mauchly's test of sphericity was 

violated, degrees of freedom were corrected using Greenhouse-Geisser estimates of 

sphericity.

2.4 Histological Analysis

2.4.1 Golgi-Cox staining—Following the completion of behavioral testing, rats were 

deeply anesthetized with sodium pentobarbital (Sleepaway, 100 mg/kg) and transcardially 

perfused with 0.9% saline. Brains were removed and placed in amber vials containing 

Golgi-Cox solution (1% potassium dichromate, 1% mercuric chloride, 0.8% potassium 

chromate dissolved in water), refreshed after two-days, and remained in the dark for an 

additional 12 days. Following impregnation, the Golgi-Cox solution was replaced with 30% 

sucrose. Once the brains equilibrated (as shown by sinking to the bottom of the vial), they 

were blocked at approximate brain coordinates: Bregma 2.76 mm and Bregma -4.80 mm 

[73]. The brains were processed into 200 μm coronal sections using a vibrating microtome 

(Leica VT1000S, Leica Microsystems, Bannockburn, IL), and mounted on gelatin-coated 

slides. The sections were pressed onto the gelatin coated slides using bibulous paper. 

Staining followed the methods described by [74]. After staining, slides were coverslipped 

using DPX mounting medium.

2.4.2 CA1 neuron reconstruction—Neuronal reconstruction and tracing in three-

dimensions was performed using Neurolucida 11.0 (MBF Bioscience, Burlington, VT; 

Figure 5) with a BX53 light microscope (Olympus) and an UPLSAPO 100x oil immersion 

objective of 1.4 NA. Golgi-Cox impregnated pyramidal neurons from CA1 of the left 

hippocampus (contralateral to injury) were identified by their characteristic triangular soma 

shape. The contralateral hemisphere was used for analysis given significant hippocampal 

atrophy and/or the absence of CA1 in the injury hemisphere of HI subjects. Neurons selected 

for analysis were well impregnated with no apparent truncation of the dendritic arbor, had at 

least three basal dendrites with two branching at least once, and a single apical dendrite that 

branched at least once. Inclusion criteria was similar to that described by others 

[18,43,75-77]. Basal pyramidal dendrites were analyzed based on previous observations of 

these neurons involvement in spatial processing and sensitivities to experience and other 

manipulations as compared to apical branches in rats [78-82].

2.4.3 Number of basal dendrites—The numbers of basal CA1 dendrites (dendrites 

projecting from the base of the neuron) were counted for each neuron. The mean number per 

subject was used for comparison between groups. A 3 (treatment; Sham n = 15, HI + 

Vehicle n = 25, HI + IAIPs n = 17) × 2 (experience; G1 n = 30, G2 n = 27) univariate 

ANOVA was performed to assess the average number of basal dendrites per neuron. When 
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main effects were observed, independent samples t-tests were used to evaluate experience 

effects within each treatment.

2.4.4 Sholl analysis—The Sholl analysis of ring intersections is a widely used method to 

indirectly calculate dendritic length (in μm; [83]). Neurolucida Explorer (MBF Bioscience, 

Burlington, VT) was used to create concentric rings, centered at the cell body of each 

neuron, with 10 μm ring intervals overlaying the neuronal tracings constructed in 

Neurolucida 11.0 (MBF, Burlington, VT). The number of intersections of the neuronal 

tracing with each concentric ring in 3-dimensional space was calculated using Neurolucida 

explorer 11.0.

Each neuron was analyzed separately for the number of intersections. A minimum of three 

neurons were identified for analysis within each subject, with one subject having only two 

neurons that met the criteria. The mean number of dendritic intersections per subject was 

used as the dependent variable for comparison between treatment (Sham n = 15, HI + 

Vehicle n = 25, HI + IAIPs n = 17) and experience groups (G1 n = 30 & G2 n = 27). SPSS 

(IBM, Armonk, NY) was used to evaluate main effects using repeated measures ANOVAs, 

with ring radius as the repeat. Planned comparisons using one-way ANOVAs were used to 

identify simple effects of treatment and experience at each concentric ring. Tukey's HSD 

post hoc analysis was used to distinguish which of the treatment groups (HI + Vehicle, HI + 

IAIPs, or Sham) differed when overall treatment effects were found at each radii. When 

Mauchly's test of sphericity was violated, degrees of freedom were corrected using 

Greenhouse-Geisser estimates of sphericity.

3. Results

3.1 Behavioral Results

3.1.1 Effects of Experience Across Groups (juvenile G1A, adult experienced 
G1B, adult inexperienced G2)—Results from three-separate 2 (age/experience) x 3 

(treatment) x 3 (block) x 4 (trial) repeated measures ANOVAs for overall Reference 

Memory (RM) errors, revealed an effect of Age (G1A (juvenile) versus G1B (adult 

experienced); [F(1,27)=4.48, p=0.044; Figure 2A) but only a trend for Experience (G1B 

versus G2; [F(1,51)=3.27, p=0.076]; Figure 2A]) and no main effect of Maturation (G1A & 

G2 [F(1,51)=0.30, p=0.589]; Figure 2A). Thus, overall, subjects made fewer RM errors as 

experienced adults (G1B) compared to their performance as juveniles (G1A). Mature rats 

without early experience (G2) had comparable error rates to juvenile performance (G1A), 

but were not significantly different from experienced adults (G1B). Overall main effects of 

block across experience groups (G1A versus G2 [F(2,102)=10.484, p<0.001]; G1B versus 

G2 [F(2,102)=8.749, p<0.001]; G1A versus G1B [F(2,54)=12.489, p<0.001]) were 

indicative of fewer errors in the last third of testing as compared to earlier blocks of testing, 

reflecting the progression of RM learning by all subjects across the four weeks of testing. 

There were no overall effects of trial for RM errors (G1A versus G2 

[F(2.42,123.23)=0.80,p=0.50]; G1B versus G2 [F(2.18,111.24)=1.78, p=0.17]; G1A versus 

G1B [F(1.84,49.55)=0.094, p=0.90]).
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In parallel, results from 2 (age/experience) x 3 (treatment) x 3 (block) x 4 (trial) repeated 

measures ANOVAs for overall Working Memory Incorrect (WMI) errors, for each planned 

comparison revealed effects of Age (G1A versus G1B; [F(1,27)=35.97, p<0.001]; Figure 

2B) and Experience (G1B versus G2; [F(1,51)=4.44, p=0.040; Figure 2B]), but no overall 

effect of maturation (G1A & G2 [F(1,51)=2.22, p=0.142]; Figure 2B). Thus, experienced 

adult rats (G1B) made fewer WMI errors overall as compared to their juvenile performance 

(G1A) and compared to inexperienced adults (G2). Importantly, typical maturation (G2 with 

no early experience) did not significantly influence overall WMI error performance, as 

evidenced by comparable error rates between adult inexperienced subjects and juvenile 

subjects. Overall main effects of block (G1A versus G2 [F(2,102)=21.741, p<0.001]; G1B 

versus G2 [F(2,102)=21.110, p<0.002]; G1A versus G1B [F(2,54)= 12.908, p<0.001]) with 

fewer errors in the last third of testing as compared to earlier blocks of testing were 

indicative of the progression of learning to avoid repeat entries into reference memory arms 

(WMI) for all groups. In contrast to RM performance, trial effects were observed, with the 

number of WMI errors increasing across the four trials for all groups (G1A versus G2 

[F(1.61, 81.87)=195.31, p<0.0001]; G1B versus G2 [F(1.701,86.73)=141.73, p<0.0001]; 

G1A versus G1B [F(3.46,46.75)=3.85, p<0.0001]). Planned comparisons showed Trial x 

Treatment interactions with HI injured groups making more WMI errors as compared to 

shams as working memory load increased (Trail x Treatment interactions, G1A versus G2 

[F(3.21, 81.87)=3.61, p=0.015]; G1B versus G2 [F(3.401,86.73)=3.92, p=0.008]; G1A 

versus G1B [F(3.46,46.75)=3.85, p=0.012]).

In addition, results from 2 (age/experience) x 3 (treatment) x 3 (block) x 3 (trial) repeated 

measures ANOVAs for overall WMC errors, for each planned comparison revealed main 

effects of Age (G1A versus G1B [F(1,27)=31.00, p<0.001; Figure 2C]) and Experience 

(G1B versus G2; [F(1,51)=12.25, p=0.001; Figure 2C]), but did not show an effect of 

Maturation (G1A versus G2; [F(1,51)=0.53, p=0.472]; Figure 2C). Specifically, experienced 

adults (G1B) made fewer WMC errors overall as compared to their juvenile performance 

(G1A) and compared to inexperienced adults (G2). These results parallel effects seen for 

WMI errors, suggesting that experience alone appears to improve later performance over 

and above an influence of typical maturation. A main effect of Block (G1A versus G2 

[F(2,102)=37.520, p<0.001]; G1B versus G2 [F(2,102)=22.290, p<0.001]; G1A versus G1B 

[F(2,54)=15.822, p<0.001]), with fewer errors in the last third of testing as compared to 

earlier blocks of testing was indicative of the progression of learning of all subjects across 

four weeks of testing. Planned comparisons across adult groups (G1B & G2) showed Trial x 

Treatment interactions with HI injured groups making more WMC errors as compared to 

shams, as working memory load increased (G1B versus G2 [F(2.74,69.85)=3.77, p=0.017]. 

Further, planned comparisons across naïve groups (G1A & G2) showed Block x Trial x 

Treatment interactions with HI injured subjects making more WMC errors as compared to 

noninjured controls (G1A versus G2 [F(5.47,139.54)=3.32, P=0.006] as testing progessed 

and working memory load increased.

Finally, latency to reach each platform across trials was recorded to account for potential 

differences in the rate of trial completion across experience and treatment conditions. 

Importantly, there were no treatment effects (Sham, HI+Vehicle, HI+IAIPs) on the latency 

for trial completion within any of the experience groups (G1A, G1B, G2) despite differences 
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in error (RM, WMI, WMC) rates across treatment. However, there were overall effects of 

Age (G1A versus G1B; [F(1,27)=21.63; p<0.001]) and Maturation (G1A versus G2; 

[F(1,55)=4.21, p=0.045]) as both adult groups reached the escape platforms in less total time 

per day as compared to juveniles. The authors take the lack of treatment based latancy 

effects to reflect comparable swimming performance across the treatment conditions.

3.1.2 Effects of Treatment (HI + Vehicle, HI + IAIPs, Sham) Across Experience 
(juvenile G1A, adult experienced G1B, adult inexperienced G2)—Within group 

planned comparisons for Reference Memory (RM) errors showed no overall effects of 

Treatment within Juvenile (G1A; Sham n = 8, HI + Vehicle n = 13, HI + IAIPs n = 9; 

[F(2,27)=1.80; p=0.184]), Experienced Adult (G1B; Sham n = 8, HI + Vehicle n = 13, HI + 

IAIPs n = 9; [F(2,27)=2.28, p=0.122]), or Inexperienced Adult groups (G2; Sham n = 7, HI 

+ Vehicle n = 12, HI + IAIPs n = 8; [F(2,24)=1.85, p=0.180]), likely reflecting the ease with 

which subjects identified and avoided reference memory arms across days of testing.

In contrast, within group planned comparisons for WMI errors revealed an overall 

Treatment effect within G1A Juveniles [F(2,27)=6.54, p=0.005; Figure 3A] and G1B 

Experienced Adults [F(2,27)=4.46, p=0.021; Figure 3B] with HI injured subjects making 

more WMI errors as compared to sham subjects. However, no treatment effect was observed 

across Inexperienced Adults (G2) [F(2,24)=1.02, p=0.377; Figure 3A], likely reflecting the 

moderate difficulty of this component of the task. Tukey's post hoc analysis, within G1A, 

showed that IAIPs treated juvenile subjects made significantly more WMI errors overall as 

compared to uninjured juvenile controls (p=0.048; Figure 3A). Although untreated juvenile 

HI subjects were not significantly different in WMI error performance, there was a trend 

toward more overall errors as compared to uninjured controls (p=0.068; Figure 3A). Tukey's 

post hoc analysis, within G1B (Adult experienced), revealed that untreated HI subjects were 

significantly impaired (more WMI errors) as compared to Sham subjects (p=0.008; Figure 

3A), whereas IAIPs treated HI subjects were no longer impaired in adulthood as compared 

to shams (Figure 3A).

Within group planned comparisons for WMC errors, revealed an overall Treatment effect 

within G1B Experienced Adults [F(2,27)=6.54, p=0.005; Figure 3B], but no overall 

treatment effects within G1A Juveniles [F(2,27)=3.04, p=0.065; Figure 3B] nor G2 

Inexperienced Adults [F(2,26)=388.69, p=0.287]. Tukey's post hoc analysis for G1B showed 

significant impairments (more WMC errors) by HI subjects compared to uninjured Shams 

(HI + Vehicle p=0.008, HI + IAIPs p=0.011; Figure 3B]. Treatment effects for WMC errors 

seen within the experienced adult group likely reflected the increased demand of WMC 

component of the task as compared to the other error types, were only intact sham animals 

with early experience showed improved performance (fewer WMC errors) as compared to 

injured subjects. These results further highlight the stepwise level of difficulty seen across 

the three error types.

3.1.3 Treatment Effects (HI + Vehicle, HI + IAIPs, Sham) by Trial Across 
Experience (juvenile G1A, adult experienced G1B, adult inexperienced G2)—
For planned comparisons within trial, when trial by treatment interactions were present, both 

untreated HI and IAIPs treated HI subjects made significantly more WMI errors on trial 3 
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(HI + Vehicle p=0.035; HI + IAIP p=0.034; Figure 4-AI) compared to shams, as juveniles 

(G1A). However, as experienced adults (G1B), when working memory load was at its 

highest (trial 4), only the untreated HI subjects showed significant impairments (more WMI 

errors; p=0.004; Figure 4-AII) while the IAIPs treated HI subjects showed no difference in 

WMI errors as compared to Shams (p=0.305; Figure 4-AII).

As juveniles (G1A), both untreated and IAIPs treated HI subjects made significantly more 

WMC errors on trials 2 (HI + Vehicle p=0.01; HI + IAIPs p=0.009; Figure 4-BI) and 3 (HI 

+ Vehicle p=0.009; HI + IAIPs p=0.036; Figure 4-BI) as compared to sham subjects. As 

experienced adults (G1B), only IAIPs treated HI subjects made significantly more WMC 

errors on trial 3 (p=0.037; Figure 3-BII) as compared to shams. However, as experienced 

adults (G1B), when working memory load was at its highest (trial 4), both untreated HI 

subjects (p=0.006) and IAIPs treated HI subjects (p=0.042) made significantly more errors 

as compared to Shams.

3.2 Histological Assessment

3.2.1 Number of basal hippocampal CA1 pyramidal dendrites—A 2 (experience; 

G1 n = 30 & G2 n = 27) x 3 (treatment; Sham n = 15, HI + Vehicle n = 25, HI + IAIPs n = 

17) univariate ANOVA was computed to assess the number of CA1 pyramidal basal 

dendrites per neuron. Experienced subjects had significantly fewer basal dendrites per 

neuron as compared to inexperienced subjects [F(1,51)=5.45, p=0.024; Figure 6A]. Planned 

comparisons for effects of Experience within each Treatment (Sham n = 15, HI + Vehicle n 

= 25, HI + IAIPs n = 17) were evaluated using independent samples t-tests given the 

observed overall experience effects. Significantly fewer basal dendrites were found on 

Experienced HI + IAIPs subjects’ neurons compared to the Inexperienced HI + IAIPs 

subjects’ neurons [t(15)=−2.40, p=0.030; Figure 6B]. A similar trend was observed in the 

number of basal dendrites of Experienced Shams versus Inexperienced Shams [t(13)=−1.29, 

p=0.221; Figure 6B]. In contrast, untreated HI subjects did not show a difference in the 

number of basal dendrites as a result of experience [t(23)= −0.08, p=0.936; Figure 6B].

3.2.2 Hippocampal CA1 Sholl analysis: Ring intersections (dendritic length)—
A 20 (ring; 10 μm) x 2 (experience; G1 n = 30 & G2 n = 27) x 3 (treatment; Sham n = 15, 

HI + Vehicle n = 25, HI + IAIPs n = 17) repeated measure ANOVA revealed an overall 

effect of Ring [F(3.60,183.39)=57.48 p<0.001], indicating that the number of intersections 

changed as the rings moved away from the cell body. Mauchly's test indicated that the 

assumption of sphericity was violated, χ2 (299)=1989.87, p<0.001, therefore degrees of 

freedom were corrected using Greenhouse-Geisser estimates of spherity (ε= 0.04). When 

main effects of radii were observed planned comparisons were made to identify potential 

differences at each intersection. Within Experienced Adults (G1), one-way ANOVAs for 

each concentric ring did not show a significant effect of Treatment (Sham n = 8, HI + 

Vehicle n = 13, HI + IAIPs n = 9) on dendritic length (Figure 7A). In the Inexperienced 

Adults (G2), one-way ANOVAs for each concentric ring revealed significant Treatment 

(Sham n = 7, HI + Vehicle n = 12, HI + IAIPs n = 8) effects at the 30 μm ring [F(2,24)= 

5.29, p=0.013] and 40 μm [F(2,24)= 4.93, p=0.016] (Figure 7B). Tukey's post hoc analysis 

showed significantly fewer intersections in the injured groups (HI) as compared to Shams at 
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both ring radii (HI + Vehicle p=0.046 and p=0.037 respectively; and HI + IAIPs p=0.012 

and p=0.020 respectively; Figure 7B). One-way ANOVAs showed an overall effect of 

Experience in Sham subjects at 40 μm ring [F(1,13)=6.67, p=0.021; Figure 7-CI], indicating 

that the basal dendrites of Experienced Sham subjects had fewer intersections (shorter 

length) with the 40 μm ring as compared to the Inexperienced Shams. Basilar dendrites from 

the Experienced HI + IAIPs subjects did not show a significant reduction in intersections at 

40 μm. However, there was an observable shift towards shorter dendritic length in 

Experienced HI + IAIPs subjects as compared to Inexperienced HI + IAIPs animals (Figure 

7-CIII). Unlike IAIPs treated HI subjects, untreated HI subjects did not show any directional 

shift in dendritic length due to experience (Figure 7-CII).

4. Discussion

The objectives of this study were to determine the relative effects of treatment with IAIPs 

and early-life experience on spatial reference and working memory and subsequent 

hippocampal CA1 basal pyramidal dendritic morphology following neonatal hypoxic-

ischemic brain injury in rats. Currently, therapeutic hypothermia is the only clinically 

available treatment strategy used to attenuate tissue loss resulting from hypoxic-ischemic 

encephalopathy in full-term infants and treatment is not available for premature infants other 

than supportive care [21]. Recently, Inter-alpha Inhibitor Proteins (IAIPs) have been 

identified as broad-spectrum immunomodulators with cytoprotective properties that have 

been used to significantly increase survival following systemic infection and improve 

recovery after brain injury in rodent models [20,84-90]. Given the central role of 

inflammation in neonatal brain injury, the development of therapeutics able to target these 

core processes offer great advantages to improve long-term neurobehavioral outcomes [91]. 

We have previously shown that plasma derived IAIPs reduce acute neocortical neuronal cell 

death and improve brain weight outcome 72 hours after HI injury in the neonatal rat [20]. 

We have also shown age, task, and treatment dependent improvements in behavioral 

outcome for both spatial and non-spatial learning after systemic administration of IAIPs in 

neonatal HI injured rats [20]. In parallel, there has been increased use of early behavioral 

intervention programs for preterm and at risk infants in clinical settings [92,93]. However, 

inconsistencies in behavioral intervention approaches, duration of treatment, and results, 

have made it difficult to make comparisons across studies. This reinforces the need to 

investigate the most effective approaches to treat cognitive and behavioral deficits resulting 

from neonatal brain injury [93]. Despite these challenges, behavioral intervention will no 

doubt increase in parallel with the development of new pharmacological approaches to treat 

HI injury. Given the potential advantages of both experimental drug therapy and early life 

behavioral training, combining these approaches to treat neonatal brain injury will likely 

yield the most favorable benefits for functional recovery as suggested by the findings of the 

present study.

In general, block effects seen across the three error types, indicating more errors in the first 

third of testing (Days 2-7) as compared to later blocks of testing (Days 8-13 and 15-20), 

highlighted the potential for all groups to learn the paradigm. Our results are consistent with 

the findings of Smith and colleagues [19], who showed that neonatal HI injured rats tested 

on a modified eight-arm water maze, with incrementally increasing difficulty, were capable 
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of learning. Specifically, improvement of HI injured animals, across several weeks of 

testing, was similar to the rate of learning shown by sham subjects. These findings suggested 

that stepwise training might facilitate improvements in long-term performance [19].

Further, the current study shows that early life eight-arm water maze experience improves 

long-term working and reference memory regardless of brain injury or treatment type. This 

is supported by the significantly fewer errors made by experienced subjects, across all three 

error types, as compared to inexperienced subjects. These results support the hypothesis that 

task specific early experience improves adult learning performance, which is consistent with 

human clinical findings that early intervention programs can be effective at improving 

behavioral and sensory processing [38,93-95]. Interestingly, inexperienced adults (G2, 

untrained normal maturation group), regardless of treatment, did not show significantly 

better performance on any of the error types as compared to immature juvenile subjects 

(naïve juveniles (G1A)). This lack of a maturational effect supports the notion that 

experience effects, shown on reference memory and working memory components of the 

adult task, reflect the neurobehavioral benefits of early experience rather than the influence 

of developmental maturation.

These results parallel our previous findings that HI injured subjects treated with IAIPs were 

impaired as juveniles, on the spatial Morris water maze, but deficits were no longer 

observed in treated animals tested as adults. However, their untreated HI injured 

counterparts showed persistent deficits as adults compared to control subjects [20]. 

Importantly, long-term follow up studies of preterm infants and children with risk factors for 

learning impairments have shown age dependent changes in learning impairment severity in 

several cognitive and sensory processing domains, including working memory [96-98]. Both 

the effects of maturation and experience dependent factors are likely to modify such 

changes, which are difficult to isolate in studies of human development. Therefore, animal 

models continue to provide insight into the relative influences of maturation and experience 

on sensory, behavioral and anatomical development. To our knowledge the current study is 

the first to employ complementary longitudinal and cross-sectional approaches to evaluate 

the effects of early life working memory experience on later performance while 

simultaneously assessing the relative influence of maturation in both typical and 

pathological conditions.

Centrally, we proposed that combining early experience and an immunomodulatory 

intervention with IAIPs would improve cognitive performance as task difficulty increased. 

When treatment groups were analyzed within each experience condition (Juvenile (G1A), 

Experienced Adult (G1B), Inexperienced Adult (G2)) the progressive difficulty for 

processing each error type was highlighted and the benefits of combining IAIPs and early 

training were revealed. For RM errors, there were no effects of HI injury or treatment for 

any of the groups across experience conditions despite an overall effect of experience. This 

was likely a result of the relative ease of learning the static non-escape reference arm 

locations across the four weeks of testing. However, for WMI errors, untreated experienced 

HI injured subjects made significantly more errors as compared to sham subjects. Whereas, 

experienced IAIPs treated HI subjects did not significantly differ from shams in the number 

of WMI errors committed across all days of testing. These findings contrast with the more 
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demanding WMC error type, for which experienced sham subjects made significantly fewer 

errors as compared to both IAIPs treated and untreated experienced HI animals.

In addition to the three levels of cognitive demand indicated by the three error types (RM, 

WMI, WMC), task demand increased on subsequent trials (trials 1-4), within a given testing 

session, as platforms were removed and working memory load increased [61,64,66,69,71]. 

Previous studies have shown that HI deficits become more pronounced on tasks with higher 

working memory load [10,19,66]. On the moderately challenging WMI error component of 

the current study, planned comparisons showed that untreated experienced HI subjects 

(G1B/HI + Saline) made significantly more errors than sham animals at peak working 

memory load (trial 4). In contrast, IAIPs treated HI injured subjects with early working 

memory experience (G1B/HI + IAIPs) did not significantly differ from shams on the WMI 

error component of the task as demand increased (trials 2-4). This finding further supports 

the hypothesis that combining behavioral and immunomodulatory (IAIPs) treatment can 

yield better outcomes as compared to a single intervention, even on relatively high demand 

cognitive assessments (e.g., WMI).

For the most challenging error type (WMC), experienced HI injured rats (both untreated and 

IAIPs treated) showed robust deficits on trial 4 (highest working memory demand) as 

compared to sham subjects. However, during naïve (juvenile (G1A) and inexperienced adult 

(G2)) testing, uninjured subjects had difficulty avoiding arms previously used for escape 

(WMC errors), which further highlights the varying levels of difficulty embedded within the 

current paradigm. Future studies will seek to increase the dose of IAIPs and/or the number 

of testing days in order to define the limits of working memory correct performance after 

experimental treatment in HI injured animals. However, our current findings emphasize the 

importance of testing subjects on cognitive and behavioral tasks with varying levels of 

difficulty when evaluating experimental interventions. More broadly, the combined benefits 

of IAIPs administration and early working memory training after neonatal brain injury, have 

direct clinical implications, as preterm infants show cognitive deficits when memory 

demand is highest as compared to age and IQ matched term infants [10, 99,100]. Our 

findings may be used to inform clinical practice as new pharmacological and behavioral 

interventions become available.

In the current study, juvenile testing (P36+) was performed during peak periods of 

synaptogenesis and synaptic pruning that are important for proper formation of cognitive-

dependent circuitry [101]. Experience dependent pruning has been suggested to produce 

more efficient cortical circuitry, which may drive higher order adult cognition [101]. Here 

we showed that experienced subjects had fewer basal dendrites on CA1 hippocampal 

neurons, in the left hemisphere (contralateral to RCCA cauterization) as compared to 

inexperienced subjects, regardless of treatment type. Further, experienced sham subjects 

showed a significant reduction in CA1 basal pyramidal dendrite length and a trend towards 

fewer basal dendrites, which may have contributed to the robust improvements seen in 

behavioral performance across ages of testing. Similarly, results showed that HI injured 

subjects treated with IAIPs and early working memory experience, had fewer basal CA1 

dendrites and a trend towards decreased length as compared to their untrained IAIPs treated 

counterparts. These results are complemented by findings from other groups using 
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alternative forms of behavioral intervention, which showed changes in dendritic morphology 

in frontal and parietal cortices after training. Specifically, T-maze training led to a decrease 

in basal dendritic length of neurons located in the medial prefrontal cortex as compared to 

untrained rats [42]. In addition, pyramidal neurons from parietal cortices of rats that received 

spatial training following experimentally induced brain lesions showed reduced branch 

order, number of branches, and dendritic length as compared to motor training and untrained 

experimentally lesioned controls [44]. Furthermore, the complexity of an enrichment task, 

rather than the duration of the task, has been shown to result in more robust changes in 

dendritic morphology during normal development and after traumatic brain injury in rats 

[42,102,103]. Given the complex nature of the present task and the extended testing period, 

both factors likely played a role in facilitating the observed anatomical alterations. 

Importantly, a follow up study in preterm humans at ages 7-12 years, revealed that 

visuospatial regions linked to working memory had increased activation in preterm subjects 

as compared to their aged match controls [104]. Similarly, preterm subjects tested as 

adolescents (9-16 years old) showed increased activation of a larger neuronal network 

compared to age-matched control term subjects [105]. Although it is not clear whether this 

change in activation/metabolism was due to increased demand on an impaired system or 

recruiting of alternative networks, both human and animal studies suggest that more 

branches and/or greater activation does not necessarily reflect better behavioral 

performance. Evidence of basal pyramidal CA1 neuronal pruning in sham subjects and 

IAIPs treated HI injured animals may reflect a greater degree of synaptic refinement, which 

could have improved processing efficiencies reflected in better working memory 

performance. Future studies will explore the relationship between training duration and task 

difficulty across divergent brain regions in order to identify which variables have the 

greatest impact on anatomical outcome. None-the-less, results of the current study support 

the notion that a reduction in dendritic length and number of pyramidal basal dendrites may 

be indicative of a more efficient circuitry following early task-specific experience and subtle 

changes in these morphological patterns may be further spared with the addition of IAIPs in 

neonatal HI injured subjects [77-81].

Interestingly, P7 HI injury has consistently been linked to decreased hippocampal volumes 

and associated behavioral deficits on spatially mediated learning and memory tasks 

[12,14,16,17,19,20,54]. In preterm human infants, reductions of hippocampal volumes have 

been associated with working memory deficits [106]. However, gross histological 

measurements of the hippocampus do not provide insight into changes in individual cell 

morphologies. In contrast, because Golgi-Cox staining labels a subset of neurons, the 

absolute number of these cells in the brain tissue cannot be determined even though the 

technique does permit detailed analysis of cell structure. Thus, our results do not undermine 

the findings of tissue loss and correlated neurobehavioral deficits as a result of HI injury 

shown in our previous experiments and those of other groups [20,45,55]. Instead, the results 

of this study are limited to commenting on the morphology of individual neurons, which 

may suggest that dendritic pruning leads to increased efficiency of CA1 neurons following 

early experience [77-81].
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Conclusions

In summary, changes in neurobehavioral performance on the eight-arm-radial water maze 

and changes in CA1 cell morphology support the notion that performance improvements can 

be achieved by combining immunomodulatory IAIPs and early task-specific training in rats 

with neonatal HI brain injury. These findings have translational implications for a proactive, 

combined therapeutic intervention (IAIPs in conjunction with early task specific training) to 

attenuate brain injury and provide a long-term cognitive advantage for spatial working 

memory in rats, which could be extended to the human population. The current study also 

extends previous findings, which showed that treatment with IAIPs improved relativity basic 

spatial and non-spatial reference learning after neonatal brain injury [20], to more 

demanding working memory performance, at least when treatment was paired with early 

task specific experience.
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Highlights

• Early life working memory (WM) experience improves adult memory 

performance.

• IAIPs and early experience improve moderately demanding working memory 

performance in neonatal HI injured rats.

• Early WM experience led to a significant reduction in hippocampal CA1 basal 

dendrite length in control animals.

• IAIPs and early WM experience resulted in fewer basal hippocampal CA1 

dendrites in HI injured rats.
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Figure 1. 
Timeline showing age of HI injury, treatment timing, juvenile and adult testing for group 

one and adult testing only for group two on the 8-arm-radial water maze and age of sacrifice.
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Figure 2. 
Average number (mean±SEM) of reference memory errors (A), working memory incorrect 

errors (B), and working memory correct errors (C), across age (G1B, G1) and experience 

(G1A) conditions. Overall main effects of early experience were observed for each error 

type regardless of treatment, with the greatest effects seen for WMI and WMC performance 

(#p<0.05).
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Figure 3. 
Average number of total (mean±SEM) working memory incorrect errors (A) and working 

memory correct errors (B) by treatment (Juvenile/Experienced Adult: Sham n = 8, HI + 

Vehicle n = 13, HI + IAIPs n = 9, Inexperienced Adult: Sham n = 7, HI + Vehicle n = 13, HI 

+ IAIPs n = 8). Effects of Treatment within experience groups are denoted as compared to 

Sham subjects (*(p<0.05) and **(p<0.01)).
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Figure 4. 
Average total (mean±SEM) WMI errors per trial (A) and WMC errors per trial (B) reflecting 

planned comparisons within Juvenile (G1A, I; Sham n = 8, HI + Vehicle n = 13, HI + IAIPs 

n = 9), Experienced Adult (G1B, II; Sham n = 8, HI + Vehicle n = 13, HI + IAIPs n = 9) and 

Inexperienced Adult groups (G2, III; Sham n = 7, HI + Vehicle n = 12, HI + IAIPs n = 8). 

Effects of Treatment within experience groups are denoted *(p<0.05) and **(p<0.01) as 

compared to Sham subjects. Untreated experienced HI subjects made more WMI errors as 

compared to shams, when working memory load was highest (trial 4) (AII). In contrast, both 

experienced HI groups showed persistent WMC deficits, which were shifted to trials 3 and 4 

as compared to shams and their juvenile deficit profile (BII).
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Figure 5. 
Representative photomicrographs of a Golgi-Cox stained section of dorsal (A) hippocampus 

(blue tracing) at low magnification, highlighting the location of a prototypical CA1 

pyramidal neuron (green/red marker) and (B) a high magnification view of the same cell 

with basal (green) branch tracings used for analysis. Apical (red tracing) branches are 

included for orientation purposes. Scale bars are (A) 500μm and (B) 50μm.
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Figure 6. 
The number of basal dendrites per neuron (mean±SEM) by experience groups (A) and by 

treatment within experience groups (B; Experienced Adult: Sham n = 8, HI + Vehicle n = 

13, HI + IAIPs n =9, Inexperienced Adult: Sham n = 7, HI + Vehicle n = 12, HI + IAIPs n = 

8). #p<0.05 indicates effects of Experience.
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Figure 7. 
The average number of intersections (mean±SEM) with each concentric ring formed at 

10μm intervals by Treatment within G1 Experienced adults (A) and G2 Inexperienced adults 

(B). Experience effects by each Treatment group (C): Sham (I), HI + Vehicle (II), and HI + 

IAIPs (III). Effects of Treatment (*p<0.05) as compared to both HI groups (untreated and 

IAIPs) and Experience effects (#p<0.05) are represented.
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