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Abstract
Hypoxia-ischemia (HI) occurs when blood and/or oxygen delivery to the brain is compromised.
HI injuries can occur in infants born prematurely (<37 weeks gestational age) or at very low birth
weight (<1500 grams), as well as in term infants with birth complications. In both preterm and
term HI populations, brain injury is associated with subsequent behavioral deficits. Neonatal HI
injury can be modeled in rodents (e.g., the Rice-Vannucci method, via cautery of right carotid
followed by hypoxia). When this injury is induced early in life (between postnatal day (P)1–5),
neuropathologies typical of human preterm HI are modeled. When injury is induced later (P7–12),
neuropathologies typical of those seen in HI term infants are modeled. The current study sought to
characterize the similarities/differences between outcomes following early (P3) and late (P7) HI
injury in rats. Male rats with HI injury on P3 or P7, as well as sham controls, were tested on a
variety of behavioral tasks in both juvenile and adult periods. Results showed that P7 HI rats
displayed deficits on motor learning, rapid auditory processing (RAP), and other learning/memory
tasks, as well as a reduction in volume in various neuroanatomical structures. P3 HI animals
showed only transient deficits on RAP tasks in the juvenile period (but not in adulthood), yet
robust deficits on a visual attention task in adulthood. P3 HI animals did not show any significant
reductions in brain volume that we could detect. These data suggest that: 1) behavioral deficits
following neonatal HI are task-specific depending on timing of injury; 2) P3 HI rats showed
transient deficits on RAP tasks; 3) the more pervasive behavioral deficits seen following P7 HI
injury were associated with substantial global tissue loss; and 4) persistent deficits in attention in
P3 HI subjects might be linked to neural connectivity disturbances rather than a global loss of
brain volume, given that no such pathology was found. These combined findings can be applied to
our understanding of differing long-term outcomes following neonatal HI injury in premature
versus term infants.

1.1 Introduction
Brain injury due to hypoxia-ischemia (HI) can lead to major behavioral and neuroanatomical
morbidity in both premature (born < 37 week gestational age) and very low birth weight
(VLBW; born < 1500 grams) infants [1–4], as well as term infants suffering from birth
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complications [5]. Such injuries in preterm infants tend to be focal (e.g., local vascular or
ischemic insult in specific regions [3]), and commonly result in white matter/fiber tract
damage [3]. Conversely, HI incidents at term (e.g., following prolonged cord compression)
affect the entire brain, and typically lead to gray matter damage in the cortex, hippocampus,
basal ganglia, and/or thalamus [6–7]. These neuropathological differences probably reflect,
at least in part, differential vulnerability of specific brain regions at the time of injury.

Both preterm and term HI populations show a wide variety of subsequent deficits in
behavioral and cognitive domains, including language processes [8–14], memory [15– 24],
visual attention [25–26], and motor abilities [27–31]. With specific regard to language
abilities -- although many different processes are involved in language development, one
proposed mechanism that might lead to later language deficits is an underlying impairment
in rapid auditory processing (RAP). RAP refers to the ability to discriminate differences
between rapidly presented auditory cues, such as are found in formant transitions in speech
(e.g., /ba/ versus /da/), or stop constants with short duration cues. RAP deficits are typically
not restricted to the verbal domain, and can also be seen using non-verbal acoustic stimuli
(thus making tasks amenable to pre-lingual infants). In fact, studies have demonstrated that
preterm infants with severe periventricular leukomalacia (PVL) lesions (diagnosed at birth)
showed deficits on RAP tasks in childhood [32]. Furthermore, deficits in RAP early in life
correlated with and were predictive of later language impairments in children at risk for
language disorders (as well as in typically developing controls [33–34]).

Given the wide range of behavioral deficits following neonatal HI injury in premature and
full term infants, animal models of induced neonatal HI (e.g., see [35] for details of Rice-
Vannuci method) have been used to provide insight into variables modulating long-term
behavioral and anatomical outcomes. And, as in HI injured infants, neonatal HI injured
rodents show variety of behavioral deficits and neuroanatomical pathology. For example, in
regards to RAP, one study found that male rats with HI injury induced on P7 showed deficits
on RAP tasks in both juvenile and adult periods. These findings could possibly reflect
outcomes related to language deficits in human neonatal HI populations [36–40]. These
animals also showed gray matter damage, particularly in the cortex and hippocampus, along
with enlarged ventricular size as compared to sham animals (per post mortem analysis [37–
40]). In addition to RAP deficits, P7 HI rats from this study also showed deficits on a variety
of learning and memory tasks. Other studies have also demonstrated poorer performance for
P7 HI injured rats on Morris Water Maze (MWM; a measure of spatial learning/memory,
[41– 44]). P7 HI injured animals also showed deficits on a long-term reference memory and
a short term working memory task [45], and reductions in hippocampal volume in post
mortem histological analysis [40, 44]. Animals that received HI injury at 4 weeks old also
revealed subsequent deficits on fine motor tasks, and fMRI showed less activation of the
sensory motor cortex in response to left and right forepaw stimulation [46]. Animals with a
P7 HI injury showed deficits in righting reflex, gait reflex, muscle power, motor
coordination, and limb placing compared to shams [47–48]. A loss of volume in the cortex,
thalamus, and striatum was also reported [48].

Fewer studies have been conducted using younger animals (<P7) in the HI rodent model, but
in one study, P3 HI injured animals were found to show disorganized barrel patterns in the
somatosensory cortex, and a week after injury, showed no somatosensory evoked potentials
on the ipsi-lateral side of injury [49]. In another study using induced bilateral artery
occlusion on P4, sensorimotor deficits were seen, as well as deficits on righting reflex, wire
hanging, and locomotor activity [50]. Subjects also showed a decrease in mature
oligodendrocytes and impaired myelination [50]. Additionally, animals with a P1 HI injury
showed spontaneous hyperactivity and short-term memory deficits compared to shams [51].
Other investigators using a fixed interval extinction test (which detects ADHD-like

Alexander et al. Page 2

Behav Brain Res. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



symptoms such as hyperactivity) reported that animals exposed to hypoxia from P1–3
showed ADHD-type hyperactivity behaviors when compared to sham animals [52]. Finally,
a study from our lab revealed transient RAP deficits in rats that had received HI injury on P1
(which were absent by adulthood), and no deficits in MWM [41].

Although there are a wide variety of animal studies demonstrating the effects of neonatal HI
injury (both in premature and term injured models (separately)), there are few studies that
have directly compared “premature” (postnatal day (P) 1–3) versus “full-term” (P7–10) HI
injury via direct analysis of behavioral deficits and neuropathology. In one such study,
investigators did find a difference in the neuro-inflammatory profile following early and late
neonatal HI injury in rats. Specifically, when HI injury was induced on P1, the resulting
inflammatory profile was “limited” (i.e., absent or down-regulated), and if seen, was
primarily in white matter [53]. In contrast, animals that had HI injury induced on P12
showed a much stronger neuro-inflammatory profile, with mediators such as IL-1β
increasing eight-fold. This dramatic increase in inflammatory response was associated with
blood brain barrier leakage and massive neurophil infiltration [53]. The only other study we
know of using this type of direct comparison between a preterm and term model is a prior
study from our lab (referenced above), which examined the effects of HI on both P1 and P7
HI in rats. As noted, P1 HI rats showed deficits on a RAP task only juvenile periods, but not
in adulthood. Interestingly, however, in this study P7 HI injured animals showed persistent
RAP deficits across both juvenile and adult periods [41]. Furthermore, P1 HI injured
animals showed no observed neuroanatomical alterations as compared to shams, whereas P7
HI subjects showed significant decrements in right cortical, hippocampal, and corpus
callosum volume [41].

The current study sought to explore in greater detail the differences between a P3 HI and P7
HI injured rodent model on a variety of behavioral (RAP, learning/memory, motor, and
visual attention), tasks as well as neuroanatomical pathology. These time points were chosen
according to the website translating developmental time across mammalian species [54]
where P7–8 in the rat is roughly equivalent to gestational age 36– 38 weeks in the human.
For the premature model we chose P3 rather than P1 HI because it is sill within the window
comparable to human prematurity, yet surgical outcomes are improved. Furthermore,
comparable induced injuries were used (despite evidence that P3 pups may be more resistant
to hypoxia [54]), because the use of two different injury protocols would render a
comparison of outcomes in the two groups uninterpretable. We hypothesized (based on prior
findings) that P7 HI injured animals would continue to show persistent deficits on
behavioral tasks across the lifespan, as well as substantial neuroanatomical pathology, but
that the P3 HI injured animals would show only “moderate” and possibly transient
behavioral deficits as compared to P7 HI animals. We also predicted a preservation of
neuroanatomical volumes in P3 as compared to P7 HI animals.

1.2 Methods
Pregnant time-mated female Wistar rats were ordered from Charles River Laboratories and
were shipped to the University of Connecticut on embryonic day (E) 8 to minimize prenatal
stress effects on the feti. Upon birth (P1), pups were culled into litters of 10 (8 males and 2
females). Only males were used in the current study because of known sex-specific
differences in the neonatal HI model that are evident at both the behavioral and
neuroanatomical levels [55]. In brief, deleterious effects of HI are consistently found to be
more robust in males.

HI injury was induced on either P3 or P7, and this was randomly assigned within each litter.
HI selected pups were anesthetized with isoflurane (2.5%) and a longitudinal mid-line
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incision was made in the neck. The right common carotid artery was located, separated from
surrounding tissue, and completely cauterized. The incision was then sutured and animals
were given a footpad injection indicating their specific treatment condition. Sham animals
(also assigned within litter) were treated in the same manner, however there was no
manipulation of the carotid artery. Approximately two hours after surgery (allowing for
recovery and for the pups to feed), HI animals were placed in an airtight chamber (a heating
pad and warming lamp were used to maintain normal body temperature) containing 8%
humidified oxygen (balanced with nitrogen) for 120 minutes. Sham animals were placed in a
similar container and exposed to normal room air. All treatment conditions were balanced
across litters. All pups were then returned to the dam, and remained there until weaning. At
P21, pups were weaned from their mother and double housed with like-treated animals. On
P55, animals were single housed for the duration of testing. The final numbers in each group
were: P3 HI, n=14; P7 HI, n=14; P3 sham, n=6; P7 sham, n=6. Based on previous
investigations in our laboratory, it was assumed that data from P3 and P7 shams would be
comparable and could be pooled for data analysis.

1.2.1 Behavioral Testing
1.2.1.1 Motor Coordination and Learning (P28–P32)
Rota-Rod: To assess motor coordination and learning in the juvenile period, animals were
tested on a Rota-Rod task where they were required to remain stable on a rotating drum.
Animals were placed on the rotating drum, which was set to accelerate from 4 rotations per
minute (rpm) to 44 rpm over the span of 5 minutes. Subjects were given two trials per day
for 5 days, and the latency for the subject to fall from the rotating drum was recorded for
each trial (in seconds). Average latency was used for analysis. This rota-rod test is an
accepted method to assess sensorimotor function in animal models of stroke and related
disorders (57).

1.2.1.2 Auditory Discrimination Testing (P34–38; P60)
Startle Reduction: The startle reduction paradigm utilizes the subject’s acoustic startle
reflex (ASR). An ASR is a relatively large motor response to a startle eliciting stimulus
(SES; or as implemented here, a 105 dB white noise burst). When the SES is coupled with a
benign acoustic stimulus presented just prior to the burst, the animal exhibits what is
commonly known as pre-pulse inhibition. This procedure provides a measure of the animal’s
ability to detect the cue based on the magnitude of the startle attenuation elicited by the
prepulse cue [58]. The magnitude of the animal’s startle response on cued versus uncued
trials (as a function of cue properties) can thus provide an index of detection of the pre-SES
cue (and thus discrimination thresholds).

Apparatus: During auditory testing each subject was placed on a Med Associates
PHM-225B load cell platform in a black polypropylene cage in a quiet testing room. Output
voltage from each platform was sent through the PHM-250-60 linear load cell amplifier and
into a Biopac MP 100A-CE Acquisition system. This system was connected to a Power
Macintosh G3 computer, which records the amplitude of each subject’s startle reflex using
Acknowledge Software. Auditory stimuli were generated on a Pentium III Dell PC with
custom programmed software and a Tucker Davis Technologies (RP2) real time processor,
amplified by a Niles SI-1260 System Integrations Amplifier. The sound programs were
delivered through 10 calibrated Cambridge Soundworks MC 100 loudspeakers placed 53 cm
above the platforms, and adjusted to provide acoustic comparability at each station (as
measured by dB SLP).

Alexander et al. Page 4

Behav Brain Res. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Single Tone PPI Procedures: The single tone task consisted of 103 cued or uncued trials.
Trials were presented in random order, and animals were tested for two sessions (once in the
juvenile period (P33) and once in adulthood (P57)). The single tone procedure was used to
assess any underlying hearing or pre-pulse inhibition (gating) deficits that might confound
further testing results. Uncued trials consisted of a silent background followed by the SES.
On cued trials, a 75-dB, 7-ms, 2300-Hz tone was presented 50 ms before the SES.

Silent Gap (SG) 0–100 PPI Procedures: The SG 0–100 procedure consisted of 299 cued or
uncued trials per session. All animals were tested on one session/day for 4 consecutive days
in the juvenile period (4 days), and only one day in adulthood (1 day). For all trials, a
continuous background broadband white noise (75 dB) was played. On uncued trials, the
SES was embedded in the background white noise. On cued trials, a gap in the white noise
varying in duration from 2–100 ms was presented 50 ms before the SES. Attenuation score
(Att) for each subject and for each gap were used for analysis.

1.2.1.3 Learning and Memory Testing—Prior to maze testing, animals were assessed
on a one-day water escape task to screen for general visual or motor deficits that might
confound subsequent results. The water escape task involved the use of an oval tub (40.5 in
× 21.5 in) filled with room temperature water, and a visible escape platform at one end.
Animals were placed in the water at the opposite end of the tub from the platform, and were
timed until they swam and climbed onto the platform. Latency to escape was recorded for
each animal. All maze testing took place in adulthood.

Morris Water Maze (MWM; P83–87): Spatial learning/memory was evaluated using the
MWM [59–60]. Maze testing took place for 5 consecutive days in a 48-inch diameter hard
black plastic tub, with a six-inch diameter escape platform submerged right below the water
line (so that is was not visible to the subjects). On each trial, the escape platform was located
in the same quadrant of the tub, and the tub was surrounded by various extra-maze cues in
the room (painted shapes on the wall, lights, the experimenter). There were no intra-maze
cues, forcing subjects to use a spatial strategy. Each testing day consisted of four trials in
which the animal’s start position (north, south, east, west) was varied. The start position
never repeated in the same day, and the order varied randomly between testing days. The
animal’s trajectory was recorded with a Sony Digital 8 video camera, which was connected
to a Dell Dimensions E21 computer. SMART Version 2.5 tracking software was used to
record the animal’s latency (measured in sec) to reach the platform, as well as average
swim-speed (measured in cm/sec). For each trial, the animal was given 45s to locate and
climb onto the submerged platform. If the animal failed to reach the platform it was gently
guided to the platform and allowed to sit for 5s before being removed. Total latency to reach
the platform (across all four trials per day) was used for analysis.

Non-Spatial Water Maze (NSM; P91–95): NSM testing took place in the same 48-inch
diameter hard plastic tub, with the same six-inch diameter invisible escape platform.
However in this paradigm, cues directing the animal to the escape platform were located
intra-maze rather than in the outside room (and in fact the platform was moved to dissociate
it from extra-maze cues) [60]. The four different cues consisted of a background with black
and white vertical lines, horizontal lines, diagonal lines to the left, or diagonal lines to the
right. Each cue was attached in a different quadrant in the maze via velcro. The order of the
intra-maze cues was changed randomly at the beginning of each testing day. On each trial,
the escape platform was located in a different quadrant adjacent to a single positively
associated intra-maze cue (always the black and white vertical lines). Thus, the internal
maze cues were shifted relative to the room across trials, but the target cue indexing the
platform remained constant. The start position of the animal for each trial also remained
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constant. The animal’s trajectory was again recorded via video camera, and latencies/
velocities were ascertained with SMART version 2.5 computer software. For each trial, the
animal was given 45s to locate and climb onto the platform. If the animal did not reach the
platform in the allotted amount of time they were gently guided to it and allowed to sit on
the platform for 5s before being removed. Total latency to reach the platform (across all four
trials per day) was used for analysis.

1.2.1.4 Visual Attention (P100–140)—A commonly used task to assess visual attention
abilities in rodents is a 5-choice serial reaction time (5-CSRT) task, where animals are
trained to respond to a light stimulus with a nose poke for a food reward when the correct
association is made [61]. This paradigm could also be applied to assess possible visual
attention deficits in neonatal HI injured rodent models. Animals were tested on a 5-choice
serial reaction time task in order to assess visual attention. For a week prior to testing,
animals were placed on a restricted diet (5 grams/100 grams of body weight per day). The
testing chamber consisted of 5-square holes on a curved wall of the operant box, and a pellet
dispenser located on the opposite wall. While in the testing chamber, animals were required
to attend to all five holes and correctly identify the illuminated hole with a nose poke. If
correctly identified, the animal was rewarded with a sugar pellet (45 mg, BioServe).

Animals were gradually trained on progressively harder tasks, and training began with a day
of habituation training followed by a day of nose-poke training. Visual attention training
tasks included (listed in order of difficulty): 60s-stimulus duration (light on); 30s-stimulus
duration; 10s-stimulus duration; and 5s-stimulus duration. All animals were moved on to the
next training task together when all group averages reached 70% correct responses [62]. For
all training tasks, the inter-trial interval was held constant at 5s, but the position of the light
for each trial varied. Following the completion of training, animals were tested for 5 days on
a variable inter-trial interval (VITI) task. In the VITI task, the position of the illuminated
hole and the inter-trial interval (duration) varied randomly, with a fixed stimulus duration of
10s (light on). This was considered the most difficult phase because the lack of a fixed
interval made the illumination (targets) more unpredictable. Response latencies and percent
correct responses were again measured (recorded) and analyzed.

1.2.2 Histological Preparation
Upon the completion of behavioral testing, all animals were transcardially perfused.
Animals were weighed and deeply anesthetized with an intra-peritoneal (i.p.) injection of
ketamine (100 mg/kg) and xylazine (15 mg/kg). Animals were perfused with .9% saline
followed by 10% buffered formalin. Brain were removed from the skull and post-fixed in
10% buffered formalin.

At least 24 hours after fixation, brains were placed in 30% sucrose (mixed with distilled
water) solution for 24 hours for cryo-protection prior to slicing. Brain tissue was sliced at 60
µm on a cryostat. Every third slice was saved and mounted on a slide in sequential coronal
sections through the whole brain. Cresyl Violet staining procedures were used to prepare
brain tissue for volumetric analysis [63].

1.2.3 Volumetric/Area Analysis
Using StereoInvestigator software, volumes of the right and left cortex, hippocampus, lateral
ventricles, and striatum (the caudate and nucleus accumbens) were collected. Volumes were
calculated using Cavalieri’s Estimator [64]. Additionally, the mid-sagittal area of the corpus
callosum was reconstructed using the same StereoInvestigator software. Every other
mounted section was counted, resulting in 16–18 representative sections throughout the
brain. All measurements were performed blind to Treatment group.

Alexander et al. Page 6

Behav Brain Res. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1.2.4 Statistical Analysis
All statistical analyses were performed using SPSS 15.0 software and an alpha criterion of
0.05. Two-tailed analyses were used unless otherwise stated. Preliminary analyses compared
scores for the two sham groups (P3 and P7 sham) on a variety of measures, and no
significant differences were seen. Therefore, these groups were pooled for all analyses to
create a sham group of n=12. For each task, the three groups (P3 and P7 shams being groups
together as previously described) were compared using analysis of variance (ANOVAs) with
multiple levels of Treatment. Additionally, based on specific a priori hypotheses, planned
comparisons were performed (as a function of Treatment) between paired groups. The
following specific comparisons were made: P3 HI versus sham, P7 HI versus sham, and P3
HI versus P7 HI.

Repeated measures ANOVA were used to analyze behavioral data for each task. For Rota-
Rod, variables included Treatment (3 levels) and Day (5 levels). For the RAP task, variables
included Treatment (3 levels), Day (4 levels for juvenile testing; Day was not a variable for
adult silent gap since only one day was performed), and Gap (9 levels). For maze testing
(both MWM and NSM) variables included Treatment (3 levels) and Day (5 levels). For the
visual attention task, variables included Treatment (3 levels) and Day (6 levels for the 5s
stimulus duration task and 4 levels for the VITI task). Univariate ANOVAs were used to
analyze histology, specifically to compare right hemisphere and left hemisphere volumes
between groups. For the corpus callosum, total area is reported as measured using
StereoInvestigator software. Graphs presented in the results section show average scores for
each Treatment condition. It should be noted that on the RAP task, lower Att score indicate
better performance, and higher scores indicate poorer performance, as in the Rota Rod task
where longer latencies reflect better motor skills. On the MWM & NSM, lower scores are
better (reflecting faster location of the platform).

1.3 Results
1.3.1 Rota-Rod (P28–32)

A 5 (Day) × 3 (Treatment) repeated measures ANOVA revealed a significant overall
Treatment effect [F(2,37) = 5.247, p<.05]. Additionally, a significant Day × Treatment
interaction was found [F(8,148) = 2.718, p<.05] (Figure 1), likely reflecting delayed
learning in P7 HI subjects on days 3 and 4. Follow-up analyses revealed no significant
Treatment effect between P3 HI and shams [F(1,24) = .007, p>.05]. There was, however, a
significant Treatment effect found between P7 HI and shams [F(1,24) = 12.776, p<.01], with
P7 HI performing worse. Independent samples t-tests revealed Treatment differences
specifically on Day 3 [t(24) = 2.461, p<.05] and Day 4 [t(24) = 3.199, p<.05], with P7 HI
performing worse than shams. Finally, a 5 (Day) × 2 (Treatment) repeated measures
ANOVA revealed a significant Treatment effect between P3 HI and P7 HI [F(1,26) = 7.261,
p<.05], again with P7 HI performing worse. Follow-up independent t-tests revealed
differences on Day 2 [t(26)=2.334, p<.05], Day 3 [t(26)=2.132, p<.05] and Day 4 [t(26) =
2.985, p<.05].

1.3.2 Rapid Auditory Processing
Normal Single Tone (P30 & P58)—On the normal single tone task, there was a
significant Treatment effect found in both juveniles [F(2,37) = 3.753, p<.05] and adults
[F(2,39) = 3.812, p<.05]. Therefore, all further auditory analyses used the normal single tone
Att score as a covariate (to remove any confounds due to this difference).

Silent Gap 0–100 Juvenile (P34–38)—On the SG 0–100 task, a 4 (Day) × 9 (Gap) × 3
(Treatment) repeated measures ANOVA revealed a significant overall Treatment effect
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[F(2,14) = 7.482, p<.05]1 (Figure 2a). One-tailed tests were used in some of the
subsequently analyses, based on prior reports of directionality in results for specific
treatments on this task [41]. Follow up repeated measures ANOVA also revealed a
significant difference between P3 HI and shams [F(1,9) = 3.935, p<.05, one-tailed], with P3
HI performing worse than shams. Additionally, a highly significant difference was seen
between P7 HI and shams [F(1,9) = 14.785, p<.003] with P7 HI performing worse. There
was no significant difference between P3 HI and P7 HI groups [F(1,9) = 4.405, p>.05].

Silent Gap 0–100 Adulthood (P60)—A 9 (Gap) × 3 (Treatment) repeated measures
ANOVA revealed an overall Treatment effect [F(2,36) = 5.799, p<.05] (Figure 2b).
Interestingly, in adulthood, there was no longer a significant difference seen between P3 HI
and shams [F(1,23) = .201, p>.05]. A 9 (Gap) × 2 (Treatment) repeated measures ANOVA
did however show a significant difference between P7 HI and shams [F(1,23) = 3.699, p<.
05, one tailed), and between P3 HI and P7 HI groups [F(1,25) = 10.085, p<.05], with P7 HI
performing worse compared to both groups.

1.3.3 Learning/Memory
Water Escape (P80)—A Univariate ANOVA revealed no differences between groups on
the water escape task [F(2,37) = 2.024, p>.05], indicating a lack of underlying differences in
ability to locate the visible escape platform, or in swim speed.

Morris Water Maze (P83–87)—For the MWM a 5 (Day) × 3 (Treatment) repeated
measures ANOVA confirmed a lack of significant differences in swim-speed [F(2,37) = .
502, p>.05] between the three groups, confirming an absence of underlying swimming
deficits in either HI group that might confound results. For total latency to the platform, a 5
(Day) × 3 (Treatment) repeated measures ANOVA revealed a significant Treatment effect
[F(2,37) = 9.959, p<.05], as well as a significant Day effect [F(4,148) = 4.687, p<.001]
indicating overall learning of the task (Figure 3a). Follow up repeated measures ANOVA
revealed no differences between P3 HI and shams [F(1,24) = .00003, p>.05]. There was,
however, a significant difference found between P7 HI and shams [F(1,24) = 10.098, p<.01]
with P7 performing worse. We also found a difference between P3 HI and P7 HI groups
[F(1,26) = 10.985, p<.05], again with P7 HI performing worse. Finally, to test for learning
across days, paired samples t-tests were performed between Day 1 and 5 scores within each
group. In the P3 HI group, there was a significant difference between Day 1 and Day 5
(t(13)=4.041, p<.01) indicating improvement (learning). There was no difference found in
the P7 HI group (t(13) = .736, p>.05), nor in the sham group (t(11) = .579, p>.05) although
sham scores were in the expected direction.

Non-Spatial Maze (P91–95)—For the NSM a 5 (Day) × 3 (Treatment), repeated
measures ANOVA again revealed no differences in swim speed between groups [F(2,37) =
2.223, p<.05]. For total latency to reach the platform, a 5 (Day) × 3 (Treatment) repeated
measures ANOVA revealed a significant overall Treatment effect [F(2,37) = 12.048, p<.01]
and a significant Day effect [F(4,148) = 10.251, p<.001] (Figure 3b), again indicating
overall learning. Follow up repeated measures ANOVAs revealed no difference between P3
HI and shams [F(1,24) = 3.385, p>.05]. However, a 5 (Day) × 2 (Treatment) repeated
measures ANOVA revealed a significant difference between P7 HI and shams [F(1,24) =
9.232, p<.01] with P7 HI performing worse than shams. There was also a significant
Treatment effect between P3 HI and P7 HI [F(1,26) = 16.835, p<.01], again with P7 HI
performing worse. As above, to test for learning effects, paired samples t-tests were

1It should be noted that on one day of testing, computer malfunctioning resulting in a loss of data for some animals, thus leading to
differences in degrees of freedom for juvenile RAP.
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performed between Day 1 and 5 scores within each group. In the P3 HI group there was a
significant difference between Day 1 and 5 (t(13) = 2.216, p<.05), as well as in the sham
group (t(11) = 3.486, p<.005), indicating learning in both groups. However, there was no
significant difference between Day 1 vs 5 in the P7 HI group (t(13) = 1.824, p>.05).

1.3.4 Visual Attention (P100–140):2

5-second stimulus duration—On the 5-second stimulus duration task, a 6 (Day) × 3
(Treatment) repeated measures ANOVA revealed a significant overall effect of Treatment
[F(2,36) = 3.122, p<.05] (Figure 4a). Follow up repeated measures ANOVAs revealed a
significant difference between P3 HI and shams [F(1,23) = 5.845, p<.05] with P3 HI
performing worse. There was no significant difference between P7 HI and shams [F(1,22)
= .570, p>.05] or between P3 HI and P7 HI [F(1,25) = 2.64, p>.05] although measures were
in the expected direction (P7 HI animals performing worse). There was also no significant
difference in average latency to make a correct response [F(2,36) = 2.596, p>.05].

Variable Inter-Trial Interval (VITI)—A 4 (Day) × 3 (Treatment) repeated measures
ANOVA revealed a trend towards an overall Treatment effect [F(2,29) = 2.569, p=.09]3.
Additionally, there was a significant Day × Treatment interaction [F(6,87) = 2.287, p<.05]
(Figure 4b), suggesting that over days, higher performing Treatment groups improved more
dramatically than poorer performing groups. A follow-up one way ANOVA revealed a
significant Treatment effect on Day 1 [F(2,36) = 4.428, p<.05], Day 2 [F(2,36) = 4.186, p<.
05], and Day 3 [F(2,36) = 3.325, p<.05]. There was no significant effect on Day 4 [F(2,36)
= .673, p>.05]. Follow-up independent samples t-test analysis showed that on Day one of
testing, there was a significant difference between P3 HI and sham groups (t(23) = 2.562,
p<.05), and between P3 HI and P7 HI groups (t(26) = 2.199, p<.05), with P3 animals
performing worse than both groups. There was no difference between P7 HI and shams
(t(23) = .753, p>.05), although scores were in the correct direction (P7 HI worse than
shams). For Day 2, there was a significant difference between P3 HI and sham groups (t(23)
= 3.01, p<.01) and a trend between P7 HI and P3 HI groups (t(26) = 1.112, p=.08) with P3
HI animals performing worse. There was no difference between P7 HI and shams (t(23) =
1.78, p>.05) though scores were in the expected direction (P7 HI performing worse). Finally
for Day 3, there was a significant difference between P3 HI and sham groups (t(23) = 2.431,
p<.05) with P3 HI animals performing worse. There were no differences between P3 HI and
P7 HI groups (t(26) = 1.538, p>.05) or between P7 HI and sham groups (t(23) = 1.142, p>.
05) although scores were in the expected direction. There was also no significant group
differences in average latency to make a correct response [F(2,36) = 2.135, p>.05].

1.3.5 Histology
Ventricular Volume—A Univariate ANOVA revealed a significant Treatment effect for
right ventricular volume [F(2,39) = 18.77, p<.001], but no Treatment differences for left
ventricular volume [F(2,39) = 2.20, p>.05] (Figure 5a). Follow-up independent sample t-
tests revealed a significant difference specifically between P3 HI and P7 HI [t(26) = −4.529,
p<.001] and between P7 HI and shams [t(24) = −4.137, p<.001], with P7 HI animals
showing a higher rate of right ventriculomegaly. There was no significant difference
between P3 HI and shams in right ventricular volume.

2For visual attention analysis, differences in degrees of freedom reflect one subject dropped from testing due to the time constraints
during a testing day.
3Differences in degrees of freedom in the inter-trial interval task were due to the fact that on one day of testing there was a computer
malfunction resulting in a loss of data.
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Cortical Volume—A Univariate ANOVA revealed a significant Treatment effect for right
cortical volume [F(2,39) = 33.9, p<.001] but no effect on left cortical volume [F(2,39) = .
923, p>.05] (Figure 5b). Follow-up independent sample t-test revealed a significant
difference between P3 HI and P7 HI [t(26) = 6.089, p<.001], and between P7 HI and shams
[t(24) = 6.063, p<.001], with P7 HI animals showing significantly smaller right cortical
volume than both other groups. There was no difference between P3 HI and shams.

Hippocampal Volume—A Univariate ANOVA revealed a significant Treatment effect
for right hippocampal volume [F(2,39) = 25.58, p<.001] but no effect on left hippocampal
volume [F(2,39) = 1.83, p>.05] (Figure 5c). Follow-up independent samples t-tests revealed
a significant difference between P3 HI and P7 HI [t(26) = 6.531, p<.001], and between P7
HI and shams [t(24) = 4.675, p<.001], with P7 HI showing significantly smaller right
hippocampal volume than both other groups. There was no difference seen between P3 HI
and shams.

Striatal Volume—A Univariate ANOVA revealed a significant Treatment effect in right
striatal volume [F(2,39) = 34.08, p<.001], but no significant effect on left striatal volume
[F(2,39) = 1.19, p>.05] (Figure 5d). Follow-up independent sample t-tests revealed a
significant difference between P3 HI and P7 HI [t(26) = 6.021, p<.001], and between P7 HI
and shams [t(24) = 7.084, p<.001], with P7 HI showing smaller right striatal volumes as
compared to both other groups. There was no difference between P3 HI and shams.

Corpus Callosum Area—A Univariate ANOVA revealed a significant Treatment effect
on corpus callosum area [F(2,39) = 32.364, p<.001] (Figure 5e). Follow-up independent
sample t-tests revealed a significant difference between P3 HI and P7 HI [(t) = 6.357, p<.
001], as well as a difference between P7 HI and shams [t(24) = 6.372, p<.001], with P7 HI
animals showing smaller area compared to both groups. Again, there was no difference
between P3 HI and shams.

1.4 Discussion
In the current study, we have replicated prior evidence of behavioral deficits in P7 HI rats
[39], as well as reports that animals with an “early” (preterm equivalent) HI injury show a
recovery of function on an RAP task compared to animals that received a “late” (term
equivalent) injury [41]. Specifically, animals that had HI injury induced on P3 showed
deficits on the RAP task in juvenile periods but not in adulthood, whereas P7 HI injured
animals showed persistent deficits throughout early life and adulthood on the RAP task.
Furthermore, P7 HI injured animals showed deficits on learning/memory tasks in adulthood,
as well as a motor learning task in the juvenile period. These findings also replicate previous
data showing P7 HI deficits on a variety of learning and memory tasks in male rats [39, 41–
45], as well as on sensorimotor tasks [47–48]. Additionally, we report that P7 HI animals
showed a reduction in right cortical, hippocampal, and striatal volume along with a
reduction in corpus callosum area, as compared to P3 HI and shams. P7 HI animals also
showed increases in right ventricular size. Moreover, we report novel findings that, although
P3 HI animals show only transient RAP deficits and no learning/memory or motor learning
deficits, they do show highly robust deficits on a visual attention task as compared to P7 HI
rats.

1.4.1 Motor Learning deficits
With regards to our motor learning task, P7 HI animals exhibited a clear deficit.
Specifically, on Days 2, 3, and 4 of testing, P7 HI injured animals spent a significantly
shorter time on the rotating beam as compared to both P3 HI and sham animals. However,
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there were no differences seen on Days 1 or 5 of testing between the three groups. This
indicates that P7 HI injured animals were able to eventually learn the task, but took
significantly longer to do so compared to both P3 HI and shams. This finding is important,
as many experiments use only one day of rotarod testing to assess coordination deficits, and
our findings suggest that although P7 HI animals are equivalent to shams in regard to
baseline (naïve) coordination, they do show a delay in motor learning (performance
improvement) when the task is administered over multiple trials. In clinical literature,
infants diagnosed with HIE also show motor impairments, and these impairments are
believed to reflect to basal ganglia, cortical and/or cerebellum damage [7, 29–30].
Specifically, HIE children (diagnosed with encephalopathy following term insult) showed
significant reductions in basal ganglia and thalamic structures, as well as in the internal
capsule, as measured by MRI. Moreover, these reductions were associated with deficits on
neuromotor tasks [7, 29–30]. The current study revealed a similar pattern of brain injury in
the P7 HI injured group, with evidence of significant reductions in striatal and cortical
volume as well as a reduction in corpus callosum area. This extends previous research
showing sensorimotor deficits in P7 HI injured animals along with cortical, thalamic, and
striatal injury [47]. Interestingly, P3 HI injured animals did not show any deficits on the
rotarod task, nor any significant reductions in brain volume, even though premature birth in
human infants is often associated with motor deficits such as cerebral palsy [27]. It may be
that due to the relatively small degree of myelination and white matter in the small rodent as
compared to larger HI models (e.g., sheep, pigs), it is much harder to induce a white matter
injury and associated motor deficits comparable to those seen in preterm human neonates
[65].

1.4.2 Rapid Auditory Processing Deficits
With regards to rapid auditory processing deficits, the current study replicated previous
work showing a recovery of function following early (P1–P3) neonatal HI injury [41]. That
is, while P7 HI injured animals showed persistent deficits on the SG 0–100 RAP task in
juvenile and adult periods, P3 HI injured animals only showed deficits during juvenile RAP
testing - - not in adulthood. Taken together, these data show that animals with very early HI
injuries (simulating preterm) are more able to recover from early RAP deficits compared to
HI injuries induced later in life (near term). This suggests that neural-reorganization and
plasticity following early HI injury may lead to more optimal brain re-organization and
functional recovery, as well as suggesting that neural systems critical to RAP may be less
vulnerable to damage following early HI insult. Conversely, P7 HI animals showed
widespread brain injury, including volumetric reductions in the right cortex, hippocampus,
striatum, and increases in right ventricular volume in parallel with persistent behavioral
deficits. Importantly, although the neural substrates underlying rapid auditory processing are
not as well delineated (as for example, the role of the hippocampus in spatial memory), there
is some evidence that anatomic alterations to the medial geniculate nucleus may index RAP
deficits (in both humans and animal models [66–67]). Thus, it is critical to note that in a
concurrent publication, we report reductions in cell size in the MGN of P7 HI but not P3 HI
rats as measured from subjects in the current study (see [67] for further discussion of these
findings).

1.4.3 Learning/Memory deficits
In addition, P7 HI injured animals showed significant memory and learning deficits on both
the spatial and non-spatial learning/memory tasks in adulthood as compared to P3 HI injured
and sham animals. P7 HI animals also revealed a lack of improvement in escape latencies
over five days (i.e., did not display any learning effects), whereas P3 HI subjects (on both
the MWM and NSM) and shams (on the NSM) did so. Furthermore, P7 HI injured animals
also showed significant reductions in right striatal and right hippocampal volume. These

Alexander et al. Page 11

Behav Brain Res. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



anatomic indices may be important given the extensive data showing that the hippocampus
mediates both spatial navigation and memory [68–69]. It is possible that reductions in right
hippocampal volume in the P7 HI injured animals contribute to deficits seen on the spatial
memory (Morris) maze. In the same way, dorsal striatal structures, (such as nucleus
accumbens) have been suggested to mediate non-spatial navigation and learning [69–70].
Thus anatomic disruptions of striatum might account in part for the non-spatial memory
deficits seen in P7 HI rats. In the clinical literature, term HIE infants with disruptions to the
hippocampus and associated projections to cortex also showed disrupted memory function
and spatial processing [71].

1.4.4 Visual Attention deficits
Interestingly, in stark contrast to behavioral patterns on all other tasks, P3 HI animals
showed robust deficits on the visual attention task as compared to both sham and P7 HI
injured animals. There are no other data that we are aware of demonstrating visual attention
deficits following preterm neonatal HI injury in rodent models, nor comparing behavioral
outcome as a function of timing of injury. Notably, there is one report using a model where
animals were exposed to hypoxia between P1–3, and these subjects did show attention-
deficit hyperactivity disorder (ADHD) like symptoms (specifically hyperactivity) on a fixed
interval extinction test [52], although measures of attention similar to those reported here
were not obtained. Overall, combined data certainly support the general conclusion that HI
injuries may represent a particular risk for ADD/ADHD in the preterm population. Indeed,
clinical data shows that children born prematurely are clearly at increased risk for ADD/
ADHD [25, 72], and attention problems are believed to result from underlying deficits in
processing speed, working memory, and/or poor visuospatial abilities [73–74]. It has been
proposed that damage to sub-plate neurons in premature infants with HI injury may results
in disruptions to fronto-striato-thalamic circuitry, which could, in turn, result in functional
deficits in attention, modulation of activity, and executive functioning [71]. In fact, data
show that adolescents born prematurely exhibit deficits on pre-attentive and attention tasks
[75], with subjects showing dysfunction of the frontal cortex as measured by EEG [75]. Also
of note is another study in which animals with induced HI injury on P3 showed anxiety-like
behaviors on an elevated T-maze [76]. We did not measure anxiety-like behaviors in the
current study, and this represents an important venue for future research.

Moreover, in the current study, P3 HI animals did not show any significant volume loss in
specific brain regions such as the striatum, although attention deficits might reflect specific
cellular or circuitry dysfunction without global tissue loss (our anatomic criteria for striatal
measurements may not have captured specific and focal alterations). Interestingly, in other
reports, animals with HI injury induced on P3 showed decreases in enzymatic activity (Na+/
K+ ATPase) [77], as well as increases in necrotic cells and axonal disruption with prolonged
astrocytic and microglial activation in deep cortical areas [78]. Studies also show reductions
in cortical size with altered patterns of myelination 18 days following such injury [79]. This
specific neuropathology might contribute to alterations in connectivity following P3 HI that
could contribute to attention deficits.

1.4.5 Timing differences in Neurodevelopment for P3 versus P7
In order to interpret the differing pattern of behavioral deficits following early versus late HI
injury, it is important to review what is known about the neuroanatomical areas of
susceptibility based on the timing of injury. That is, the variety of behavioral deficits seen in
the P7 HI injured animals might be explained by the timing in development of affected
regions such as the cortex, hippocampus, and striatum. Research has demonstrated that at
birth, rodent cortical development is in an “elementary” stage, and it is not until 6–12 days
after birth that the six typical cortical layers become apparent [80]. Additionally, rapid

Alexander et al. Page 12

Behav Brain Res. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dendritic branching occurs around P12, and the density of axons increases markedly
between P6–18 [80]. In the striatum, cell death regulated by apoptosis (measured by
TUNNEL) is apparent during the first week of postnatal life, specifically between P3 and P7
[81]. Finally, maturation of hippocampal cells does not occur until P15–18 in the neonatal
rodent [82]. The timing of these developmental processes may contribute to the heightened
vulnerability of these regions following late (P7+) HI injury in the rodent. Additionally, the
development of different cortical catecholamine and other receptor subtypes (e.g., AMPA
and NMDA) might also contribute to vulnerability to brain injury in cortical regions
following late injury. Specifically, increases in the NMDA receptor do not occur in the
hippocampus and cortex until late in prenatal development in rodents (P7–P12), and these
increases continue through postnatal development in the human infant [83]. This is a key
temporal event since the NMDA receptor has been implicated in the detrimental
glutotoxicity effects of the apoptotic cascade following HI injury [84]. This may in turn
contribute to the lack of extensive tissue loss in P3 HI injured rats as compared to P7 HI rats
seen in the current study. Furthermore, severity of lesion size as well as sensitivity to brain
injury is seen with increasing age in rodent models of HI [54, 85–86], and studies have
demonstrated a progressive increase in the overall frequency of cerebral lesion size with
increasing age, as well as a shift towards vulnerability of various brain regions in later
injured (P7) animals (i.e., animals with HI injury induced on P2–3 showed more resistance
to resulting injury compared to P7 HI injured animals [86]).

Interestingly, P3 HI injured animals showed robust deficits on the visual attention task
despite a lack of volumetric alterations in key brain structures. This dissociation is not
altogether incongruent, since behavioral changes may also result from subtle changes in
neural circuitry. For example, a recent study demonstrated widespread decreases in
connectivity strength of intracerebral connections during development in premature subjects
[87]. To the best of our knowledge, there are few studies specifically investigating visual
attention and neural connectivity in premature children. However other cognitive behaviors
(such as language) have been associated with altered connectivity in adolescents born
prematurely and with no diagnosis of IVH-PVH. Here, using both fRMI and DTI, preterm
subjects were found to employ neural systems for auditory language that were different from
term controls - - specifically, right hemisphere activation that differed from typical left
hemisphere language processing [88–90]. Preterm subjects also showed alterations in resting
state connections in executive control networks as measured by fMRI [30]. Although little is
known about vulnerability of neural connectivity patterns to deleterious changes following
preterm birth, anomalies here could reflect disruptions in formation or pruning of neural
synaptic connections [88]. Future studies will perform additional analyses to attempt to
ascertain what circuitry changes may underlie these attention deficits, but this will likely
require an entirely new study using tissue preparation and staining methods pertinent to the
cellular measures of interest.

1.5 Conclusions
In conclusion, the current study provides a direct comparison of anatomic and behavioral
outcomes following comparable HI injury in a P3 (preterm equivalent) rodent model and a
P7 (term equivalent) rodent model. Although clinical literature indicates elevated risk for
cognitive/behavioral difficulties in both preterm HI and term HIE populations, it has been
difficult to conduct any direct comparisons in outcomes due to the difficulties in matching
other key variable across these diverse populations. The current study, however, suggests
that when all other factors are held constant, HI injury at term likely has far greater lifelong
consequences than HI injury in preterm infants. Nonetheless, the transient RAP deficits and
robust attention deficits seen in P3 HI subjects indicate that some deleterious effects have
occurred here as well, and our finding is consistent with clinical evidence of heightened risk
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for language and attention problems among preterm neonates [25, 72]. The combined
findings stress the importance of comparing and contrasting HI injury in both preterm and
term infants relative to follow-up morbidity, plasticity and long-term behavioral
development. They also heighten the urgency to continue a search for neuroprotective
interventions such as whole body/head cooling or erythropoietin in term HIE infants [91–
92]. Finally, our findings also show subtle but significant early RAP deficits and robust
attention deficits in a preterm HI model, emphasizing the importance of developing new
interventions for this population as well. Future studies should examine the specific regions
and neural processes that are vulnerable following early and late neonatal HI injury, as well
as further exploring changes in brain connectivity and resulting behavioral deficits following
preterm birth.
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Highlights

- P3 HI injured rodents showed transient RAP and robust attention deficits

- P7 HI injured rodents showed deficits on motor learning, RAP, and learning/
memory

- Histologically, postnatal day 7 HI injured rodents showed global brain tissue
loss

- P3 HI injured animals had no global tissue loss suggesting connectivity
alterations
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Figure 1.
A 5 (Day) × 3(Treatment) repeated measures ANOVA revealed a significant overall
Treatment effect [F(2,37) = 5.247, p<.05] along with a significant Day × Treatment
interaction [F(8,148) = 2,718, p<.05]. Specifically, significant overall Treatment effects
were seen between P7 HI and shams [F(1,24) – 12.776, p<.01] with specific differences on
Day 3 [t(24) = 2.461, p<.05] and Day 4 [t(24) = 3.199, p<.05] with P7 HI performing worse.
A significant Treatment effect was also seen between P3 HI and P7 HI [F(1,26) = 7.261, p<.
05] with specific differences on Day 2 [t(26) = 2.334, p<.05], Day 3 [t(26) = 2.132, p<.05],
and Day 4 [t(26) = 2.985, p<.05] with P7 HI performing worse. There were no difference
between P3 HI and shams.
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Figure 2.
A - A 4 (Day) × (Gap) × 3 (Treatment) repeated measures ANOVA revealed a significant
overall Treatment effect [F(2,14) = 7.482, p<.05} in the juvenile period. Specific differences
were found between P3 HI and shams [F(1,9) = 3.935, p<.05] with P3 HI performing worse,
and between P7 HI and shams [F(1,9) = 14.785, p<.05] with P7 HI performing worse. There
was no difference between P3 HI and P7 HI. B – A 9 (Gap) × 3 (Treatment) repeated
measures ANOVA revealed a significant overall difference in Treatment [F(2,36) = 5.799,
p<.05]. There was a specific difference between P7 HI and shams, [F(1,23) = 3.699, p<.05,
one tailed] and between P3 HI and P7 HI groups [F(1,25) = 10.085, p<.05] with P7 HI
performing worse. There was no difference between P3 HI and shams.

Alexander et al. Page 22

Behav Brain Res. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
A – A 5 (Day) × 3 (Treatment) repeated measures ANOVA revealed a significant overall
Treatment effect [F(2,37) = 9.959, p<.05]. Specific differences were seen between P7 HI
and shams [F(1,24) = 0.098, p<.01] and P3 HI and P7 HI [F(1,26) = 10.985, p<.05] with P7
HI performing worse. There was no difference between P3 HI and shams. Furthermore, a
paired samples t-test showed a significant difference between Day 1 and Day 5 of testing in
P3 HI animals (t(13) = 4.041, p<.001). There was no significant difference between days in
P7 HI animals (t(13) = .736, p>.05) or sham animals (t(11) = .579, p>.05). B – A repeated
measures ANOVA revealed a significant overall Treatment effect [F(2,37) = 12.048, p<.01).
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Specific differences were seen between P7 HI and shams [F(1,24) = 9.232, p<.01] and
between P3 HI and P7 HI [F(1,26) = 16.835, p<.01] with P7 HI performing worse. There
was no difference between P3 HI and shams. Additionally, a paired samples t-test showed a
significant difference between Day 1 and Day 5 of testing in P3 HI animals (t(13) = 2.216,
p<.05) and in sham animals (t(13) = 3.486, p<.01). There was no difference in P7 HI
animals (t(13) = 1.824, p>.05).
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Figure 4.
A – A 6 (Day) × 3 (Treatment) repeated measures ANOVA revealed a significant overall
Treatment effect [F(2,36) = 3.122, p<.05]. Specific differences were seen between P3 HI
and shams, [F(1,23) = 5.845, p<.05] with P3 HI performing worse. There were no
differences seen between P3 HI and P7 HI or between P7 HI and shams. B – A 4 (Day) × 3
(Treatment) repeated measures ANOVA revealed a trend for an overall Treatment effect
[F(2,29) = 2.569, p=.09] and a significant Day × Treatment interaction [F(6,87) = 2.287, p<.
05]. One Way ANOVAs revealed a significant effect of Day 1 [F(2,36) = 4.428, p<.05], of
Day 2 [F(2,36) = 4.186, p<.05], and of Day 3 [F(2,36) = 3.325, p<.05]. There was no
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significant difference on Day 4 [F(2,36) = .673, p>.05]. For Day one, a significant difference
was seen between P3 HI and sham groups (t(23) = 2.562, p<.05) and between P3 HI and P7
HI groups (t(26) = 2.199, p<.05). There was no difference between P7 HI and shams (t(23)
= .753, p>.05). For Day 2, there was a significant difference between P3 HI and sham
groups (t(23) = 3.01, p<.01) and a trend between P7 HI and P3 HI groups (t(26) = 1.112, p=.
08) There was no difference between P7 HI and shams (t(23) = 1.78, p>.05). For Day 3,
there was a significant difference between P3 HI and sham groups (t(23) = 2.431, p<.05).
There were no differences between P3 HI and P7 HI groups (t(26) = 1.538, p>.05) or
between P7 HI and sham groups (t(23) = 1.142, p>.05).
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Figure 5.
A – A Univariate ANOVA revealed a significant overall Treatment effect for right
ventricular volume [F(2,39) = 18.77, p<.001] with specific differences between P7 HI and
shams [t(24) = −4.137, p<.001] and between P3 HI and P7 HI [t(26) = −4.529, p<.001] with
P7 HI showing higher right ventricle volume. There was no difference between P3 HI and
shams, or in left ventricle volume. B – A Univariate ANOVA revealed a significant overall
Treatment effect right for cortical volume [F(2,39) = 33.9, p<.001] with specific differences
between P7 HI and shams [t(24) = 6.063, p<.001] and between P3 HI and P7 HI [t(26) =
6.089, p<.001] with P7 HI showing smaller right cortical volume. There was no difference
between P3 HI and shams, or in left cortical volume. C - A Univariate ANOVA revealed a
significant overall Treatment effect for right hippocampal volume [F(2,39) = 25.58, p<.001]
with specific differences between P7 HI and shams [t(24) = 4.675, p<.001] and between P3
HI and P7 HI [t(26) = 6.531, p<.001] with P7 HI showing smaller right hippocampal
volume. There was no difference between P3 HI and shams, or in left hippocampal volume.
D - A Univariate ANOVA revealed a significant overall Treatment effect for right striatal
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volume [F(2,39) = 34.08, p<.001] with specific differences between P7 HI and shams [t(24)
= 7.084, p<.001] and between P3 HI and P7 HI [t(26) = 6.021, p<.001] with P7 HI showing
smaller right striatal volume. There was no difference between P3 HI and shams, or in left
striatal volume. E - A Univariate ANOVA revealed a significant overall Treatment effect for
corpus callosum area [F(2,39) = 32.364, p<.001] with specific differences between P7 HI
and shams [t(24) = 6.372, p<.001] and between P3 HI and P7 HI [t(26) = 6.357, p<.001]
with P7 HI showing smaller callosum area. There was no difference between P3 HI and
shams.
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