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Abstract

In human preterm newborns, caffeine increases brain activity and improves neurodevelopmental
outcomes. In animal models of hypoxic ischemic (HI) brain injury, caffeine pretreatment reduces
infarct volume. We studied the relationship between tissue neuroprotection and brain activity after
injury to further understand caffeine neuroprotection. Rat dams received caffeine prior to birth or
on postnatal day three (P3) through P16. Caffeine treated and untreated pups underwent the
Vannucci procedure (unilateral carotid ligation, global hypoxia) at P2. A subset had EEG
recordings. Brain hemispheric infarct volume was measured at P16. P2 HI results in histologic
brain injury (average+/-standard deviation (SD) infarct volume 10.3+/-4.6%) and transient
suppression of EEG activity. Caffeine pretreatment reduces brain injury (average+/-SD infarct
volume 1.6+/-4.5%, P<0.001) and improves amplitude integrated EEG (aEEG) and EEG burst
duration and amplitude. Caffeine treatment after HI does not reduce infarct volume (average+/-SD
8.3+/-4.1%, P=1.0). However, caffeine post-treatment was equally effective at restoring aEEG
amplitude and EEG burst duration and amplitude. Thus, caffeine supports brain background
electrical activity independent of tissue neuroprotection.
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Introduction

Survival following extremely preterm birth has improved over the past two decades[1].
However, rates of neurodevelopmental impairment have largely remained the same, resulting
in an increase in the population of children at risk of adverse school age outcomes[2].
Neurobiological substrates of impaired brain function after preterm birth are not completely
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understood but result from both acute injury and subsequent abnormal development
characterized by arrest of normal developmental pathways, prolonged inflammation and
disruption of neuronal connections[3]. This dysmaturation may be balanced by potential for
repair and recovery through endogenous developmental mechanisms.

The substantial burden of brain injury and lifelong neurodevelopmental impairment
following preterm birth, has prompted great interest in ‘neuroprotective’ treatments’[4].
However, success in clinical trials is rare. There are currently no accepted postnatal
neuroprotective therapies specific to preterm neonates who have suffered or are at risk for
developing brain injury. Several medications in routine clinical practice for other indications
have some evidence for preterm neuroprotection including magnesium, corticosteroids,
indomethacin and caffeine[5]. Some of these therapies (e.g. magnesium, corticosteroids) are
administered antenatally to mothers who are at risk of preterm delivery, and the mechanisms
of neuroprotection are not clear.

Electrophysiologic activity drives brain development through effects on progenitor cell
proliferation, migration, differentiation[6], synapse formation[7], cortical circuit
refinement[8] and myelination[9]. Cortical activity increases rapidly during the third
trimester, appearing initially on EEG as discontinuous bursts with an abrupt transition to
continuous activity around gestational week (GW) 34[10]. Immature bursts on EEG
represent waves of correlated activity that sweep across all cortical areas[11] and function to
refine nascent thalamocortical connections[8]. In human preterm newborns, a higher
frequency of spontaneous activity transients correlates with faster brain growth and
improved microstructural brain development[12,13]. Early HI brain injury transiently
suppresses EEG activity and impairs activity dependent development of glutamate receptor
expression, synapse formation, dendrite development and both early somatosensory[14] and
late visual cortical plasticity[15]. Thus, activity may be an intrinsic injury, when suppressed,
or neuroprotective mechanism promoting recovery and repair.

Caffeine treatment reduces brain tissue infarct in term animal models of hypoxia
ischemia[16]. Caffeine treatment in human preterm newborns also increases brain activity
measured by aEEG amplitude and continuity[17] and improves neurodevelopmental
outcomes[18]. Thus, caffeine may improve neurodevelopmental outcome through multiple
mechanisms including effects on activity. We sought to determine if caffeine (1) provides
tissue neuroprotection in a preterm HI brain injury model, (2) can rescue suppressed activity
and (3) whether effects on activity were associated with brain tissue preservation.

Materials and Methods

All animal research was approved by the University of California San Francisco Institutional
Animal Care and Use Committee and performed in accordance with the United States Public
Health Service’s Policy on Humane Care and Use of Laboratory Animals. Time-mated
Sprague Dawley dams were obtained from Charles River (Wilmington, MA). A total of 60
rat pups from 14 litters were used for these studies.
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Hypoxia ischemia (HI).

HI was performed as described previously[14,15] using the Vannucci model of unilateral
carotid ligation and subsequent temperature controlled hypoxia. To model very early preterm
hypoxic ischemic brain injury the procedure is performed at postnatal day two (P2)[19].
Pups of either sex were anesthetized with isoflurane, and the right common carotid artery
was electrocauterized. Pups were recovered with the mother for 1 h and then placed in
temperature-controlled chambers to maintain a skin surface temperature of 36.5-37°C.
Hypoxia was achieved with 5.6% oxygen gas[19]. Duration of hypoxia ranged between 2.5
and 3 h, with the hypoxia period terminated if any animal appeared premorbid or the
mortality for any individual litter reached 20%. This method was used for all groups
regardless of caffeine treatment and hypoxia duration was equal across groups. HI without
caffeine treatment was performed in 16 animals distributed across 6 litters. All sixteen
animals received EEG implants (described below). All animals were sacrificed and the
brains analyzed for injury (described below).

Caffeine treatment.

Five litters were treated with caffeine via the dam’s drinking water at a concentration of 0.3
grams/liter (g/l) as described[20]. Caffeine treatments were started either at embryonic
gestational day eight (E8, pretreatment) or on postnatal day three (P3, posttreatment after
HI). Caffeine was continued through P16. Sixteen pups from caffeine pretreated dams and
fourteen pups from caffeine post treatment dams underwent P2HI. Ten pups (caffeine
pretreatment) and eight pups (caffeine posttreatment) also received EEG implants. All
animals were sacrificed and the brains analyzed for injury. One animal from caffeine
pretreatment group and three animals from caffeine posttreatment group lost head mounts
and were euthanized without perfusion. Their brains were not available for measurement of
infarct volume.

Determination of cortical injury severity.

After HI, injury severity was defined categorically based on histology as described[15] and
confirmed with stereologic infarct volume measured on coronal sections stained with cresyl
violet[21]. Hemispheric volume was measured using Cavalieri’s principal and Stereo
Investigator software (MBF Bioscience). Infarct volume is derived from the difference
between left (hypoxia alone) and right (hypoxia ischemia) hemispheres divided by the left
hemisphere volume and expressed as a percentage. Injury categories displayed the following
infarct volumes: (1) mild, 0-7%; (2) moderate, 8-15%; and (3) severe, = 15%.

Miniature two channels wireless EEG head-mount surgery.

At P6 days of age, control littermates (no HI, N=9) and HI exposed (no caffeine, N=16;
caffeine pretreatment, N=10, caffeine posttreatment, N=9) pups were anesthetized with
isoflurane implantation of wireless EEG transmitter. For the surgery, the scalp was sterilized
with betadine, and a midline incision was made to expose the skull for implanting the head
mount (Epoch, Epitel Inc, UT) using an established protocol[22]. Holes were drilled at the
following locations bilaterally: 2 mm posterior of bregma and at 2.5 mm lateral of the
midsagittal suture in both hemispheres. A third hole was placed over cerebellum. The
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electrode wires of the transmitter system were trimmed to appropriate length and fed
through the craniotomies with a target depth at the level of the dura. The transmitter was
attached to the skull using a cyanoacrylate gel compound (Loctite 454) with accelerator
(Loctite 7452). Additional cyanoacrylate was applied around the unit and the exposed areas
of the skull to stabilize the implant. The skin was then sutured around the implant. The pups
are allowed to recover and returned to the dam. Fourteen control rat pups (no hypoxia
ischemia) were implanted with EEG transmitters.

EEG recording.

The wireless EEG systems was recorded through a differential preamplifier using LabChart
7 (ADINSTRUMENTS, CO) for data acquisition. Each Epoch EEG transmitter amplifies
and transmits two channels of high-fidelity EEG data (0.1-120 Hz). EEG was recorded from
each animal continuously for 1-2 h at P8, P11 and P14.

EEG data analysis.

Statistics.

EEG data analysis was performed as described previously[14]. Raw EEG recordings were
imported into MATLAB (MathWorks) for processing. To derive the amplitude integrated
EEG (aEEG), recordings were bandpass filtered (2-15 Hz), rectified, smoothed, and plotted
with time compression (5 cm/h) to replicate the approach adapted for monitoring human
newborns at term following birth asphyxia[23] and in preterm newborns[24]. The aEEG
lower and upper margin amplitudes were quantified as described[14]. For detection of
oscillatory events, unfiltered EEG was inspected for EEG deflections exceeding 5 times the
baseline standard deviation (SD). Only events lasting >100 milliseconds and containing >3
cycles were considered for analysis. The events were analyzed in their peak-to-peak
amplitude, duration, and occurrence. The time—frequency spectrogram plots of unfiltered
EEG were performed using the MATLAB spectrogram function with a time window of 100
milliseconds and an overlap of 99 milliseconds. Minimal and maximal intensities in power
were normalized to values between 0 and 1 and were displayed in dark blue and red,
respectively. Fast Fourier transforms (FFTs) were performed to analyze EEG data in the
frequency domain from 0 to 50 Hz. Time window of FFT is 3 sec, and the overlap time is 1
second. Power spectral densities (PSDs) were estimated from the FFT using the MATLAB
software mtspecgramc command (Mathworks, Inc. USA), and transformed to dB with the
transformation 20xlog1g (FFT). Delta wave power (1-4Hz), theta wave power (8-13Hz),
alpha wave power (13-30Hz), and gamma wave power (30-100Hz) are quantified.

Data are summarized as mean +/- standard deviation (SD) and plotted as combined scatter
plus box plots to provide median, quartiles and range. Sample population difference testing
was performed with unpaired, two-sided Student’s t-test. Comparison of more than two
different groups was performed using one-way ANOVA tests, followed by multiple
comparisons with Bonferroni correction. The association of infarct volume with EEG
parameters was tested graphically with scatterplots and with Spearman’s Rank Correlation.
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Results

Brain background electrical activity evolves from discontinuous to continuous over first
two postnatal weeks.

Normally developing Sprague Dawley rat pups were implanted with wireless EEG head-
mounts at P6 and video-EEG recordings were made on P8, P11 and P14 to document normal
development of background brain activity. Epochs of data were chosen for analyses when
the animal was not moving. Initial background electrical activity is discontinuous and low
amplitude (Figure 1ai). Bursts of activity contained nested low (0.3-2 Hz) and mid
frequency (8-20 Hz) components characteristic of spindle bursts[25] (Figure laii
spectrogram). Over the first two postnatal weeks, background activity increases (Figure 1bi,
ii), becoming continuous by P14 (Figure 1ci, ii). Activity bursts increase in amplitude
(Figure 1d P8 0.17 + 0.01 mV vs P11 0.24+ 0.02 mV, P = 0.003) and duration (Figure 1e, P8
5.02+ 0.10 s vs P11 9.74+ 0.45 s, P < 0.001), with a concomitant decrease in frequency
(Figure 1f, P8 8.44+0.16 events per minute (epm) vs P11 4.95+0.34 epm P11, P < 0.001)
before activity becomes continuous around P14.

Caffeine given before, but not after P2 hypoxia ischemia reduces brain injury.

Rat pups received the Vannucci procedure (unilateral carotid ligation followed by
temperature controlled global hypoxia) at P2, an age equivalent to 26 GW premature human
newborn[26]. At P16, animals were sacrificed and brains processed for measurement of
hemispheric volume[21]. P2 HI results in a range of brain injury (Figure 2a hypoxia
ischemia, mean+/- SD infarct volume 10.3+/-4.6%) that is significantly different from
control littermates (Figure 2a control, —0.6+/-1.3%, P<0.001 vs HI).

A separate group of pups from three litters were treated with caffeine (0.3 g/l added to the
drinking water given to the rat dam beginning at E8) before P2HI. This treatment regimen
has been shown to reduce brain injury following HI at P7, a model of near term human
hypoxic ischemic encephalopathy (HIE)[20]. This dose produces a plasma concentration of
caffeine in rat pups at P7 equivalent to target therapeutic levels in human preterm newborns
treated for apnea of prematurity[27]. Caffeine treatment was continued through P16.
Caffeine pretreatment significantly reduces infarct volume after P2 HI (Figure 2a caffeine
pre HI, 1.6+ 4.5% vs HI without treatment, P< 0.001).

Caffeine treatment is typically given to premature human newborns after birth to facilitate
weaning from mechanical ventilation[27]. Thus, embryonic treatment does not replicate
clinical practice. To more accurately model the human paradigm and to assess tissue
protection when caffeine is given after injury, caffeine was given to rat dams in the drinking
water beginning at P3, after P2 HI in two litters. Caffeine started after HI did not reduce
infarct volume (Figure 2a caffeine post HI, 8.3+/-4.1% vs HI no treatment, P=1.0).

We also categorized HI injuries as mild, moderate or severe based upon histological criteria
as described[15]. Caffeine pretreatment significantly reduced injury severity with more than
80% of caffeine treated pups having mild injury compared with only 50% of untreated pups
(Figure 2b). Caffeine posttreatment did not effectively change the distribution of injury in
comparison with hypoxia ischemia without treatment (Figure 2b).
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P2 hypoxia-ischemia reduces EEG background activity

A subset of animals in the HI no caffeine group had EEG activity recorded. Moderate HI
brain injury reduces background activity at P8, including spindle bursts, in the hypoxia
ischemia hemisphere to a greater extent than in the hemisphere exposed to hypoxia alone
(shown qualitatively in Figure 3a,b). Epochs of movement free recording were processed for
amplitude integrated EEG (aEEG)[14]. aEEG is a method developed for clinical bedside
monitoring of background EEG activity commonly used in the neonatal intensive care unit
to determine brain maturity and to stratify injury severity[23,24]. Upper and lower aEEG
margins were recorded for all groups. Both upper and lower aEEG margins increase over
time from P8 through P14 with normal development (Figure 3c control). The upper aEEG
margin is transiently reduced in the HI hemisphere at P8 and P11 (Figure 3c, P8 control
23.75+ 0.67 pV vs HI 16.55+ 0.93 pV, P < 0.001; P11 control 35.55+ 0.76 PV vs HI 24.74+
1.74 Vv, P < 0.001), before returning to normal at P14. The lower aEEG margin is reduced
at P11 (Figure 3c, P11 control 15.59+ 0.74 uV vs HI 11.93+ 0.85 pV, P = 0.02). Moderate
HI brain injury also reduces burst duration (Figure 3¢) and burst amplitude (Figure 3f) at P8.
No seizures were observed on any EEG recordings which were performed well after HI at
P2.

Caffeine restores background electrical activity after P2 Hl

To determine the effects of caffeine treatment on background brain activity, a subset of pups
from caffeine treated groups also received wireless EEG head mounts on P6 following HI at
P2. To determine the effects of caffeine treatment before or after P2 HI, we compared aEEG
margins at P8 and also measured burst duration and amplitude. P2 hypoxia ischemia
significantly reduces aEEG upper amplitude at P8 (Figure 3d control vs HI, 23.7+/-2.0 vs
16.5+/-2.6 nV, P<0.001). Caffeine pretreatment preserves upper aEEG margin at P8 (Figure
3d, control vs caffeine pre HI, 23.7+/-2.0 vs 22.4+/-2.6 uV, P=1). Caffeine posttreatment
was equally effective in preserving upper aEEG margin at P8 (Figure 3d, control vs caffeine
post HI, 23.7+/-2.0 vs 20.5+/-3.1 uV, P=0.1). The effects of both HI and caffeine can also
be measured in burst duration and amplitude at P8 (Figure 3e,f). Hypoxia ischemia
significantly reduces burst duration (Figure 3e, control vs HI, 5017+/-312 msec vs 2280+/
—-663 msec, P < 0.001) and amplitude (Figure 3f, control vs HI, 0.17+ 0.02 pV 0.11+ 0.02
uV, P <0.001). Both caffeine pretreatment and posttreatment completely restore burst
duration and amplitude following HI (Figure 3e,f, all P<0.001 vs HI no treatment).

We examined the effects of P2 HI on EEG power spectrum to determine if EEG suppression
was limited to specific frequencies. P2 HI suppresses EEG power in delta, alpha, theta and
beta power spectrums at both P8 and P11 (supplemental Figure 1 and 2). Caffeine restores
EEG power in the delta frequency spectrum (supplemental Figure 2) consistent with
augmentation of spindle bursts. While global measures of EEG activity (aEEGU, burst
duration and amplitude) is restored at P11, EEG activity specifically in alpha, gamma and
beta frequency domains remain depressed even with caffeine treatment (supplemental Figure
2).
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Relationship between brain tissue preservation and spontaneous activity.

To explore the relationship of brain tissue loss and suppressed activity after P2 HI with and
without caffeine treatment, we analyzed the association of infarct volume with EEG
parameters at P8 in all rat pups that had both EEG recording and measurement of infarct
volume. There is a significant negative association between infarct volume and P8 aEEG
upper margin (Figure 4a, Spearman’s rho = —0.52, P=0.006). Even stronger associations
exists between infarct volume and burst duration (Figure 4b, Spearman’s rho = -0.67,
P<0.0001) or amplitude (Figure 4c, Spearman’s rho = —0.66, P<0.0002). Caffeine
posttreatment did not preserve brain tissue in the overall sample (Figure 2). Consistent with
this finding, most data points for the caffeine posttreatment group (Figure 4a,b,c blue dots)
occur above the regression line indicating a stronger effect on brain activity than infarct
volume. Consistent with this observation, when the caffeine posttreatment group is removed,
the association between infarct volume and EEG parameters strengthens further (Burst
amplitude infarct volume Spearman’s rho with caffeine pretreatment group, —0.67 vs
without —0.73).

Discussion

These results confirm that caffeine pretreatment reduces brain infarct after hypoxia ischemia
in a model of preterm brain injury as well as observed in term models[20]. Very early
hypoxic ischemic injury transiently disrupts normal spontaneous background brain electrical
activity[14] and pretreatment with low dose caffeine restores suppressed brain activity
following HI. Caffeine started after HI does not provide tissue neuroprotection. However,
treatment with caffeine after HI restores background brain activity to a similar extent as
pretreatment. Finally, there is a strong inverse relationship between brain infarct volume and
brain activity.

Evidence for caffeine neuroprotection in human clinical trials

Caffeine is commonly used in human preterm newborns to treat apnea of prematurity. The
Caffeine for Apnea of Prematurity (CAP) trial enrolled infants with a birth weight of 500 to
1250 grams (extremely preterm), who were randomized to receive caffeine or placebo
during the first 10 days of life to prevent apnea and facilitate extubation from mechanical
ventilation[28]. This trial confirmed earlier extubation and reduced complications of
prematurity (bronchopulmonary dysplasia, severe retinopathy), but no difference in brain
injury on ultrasound. At 18 months however, caffeine treatment improved the rate of survival
without neurodevelopmental disability, with a nearly two-fold reduction in cerebral
palsy[29]. At five and eleven years of age, the combined outcome of death or disability was
no longer different between groups, however caffeine treated children show a sustained
improvement in motor function[18,30]. Neonatal caffeine therapy was also found to reduce
the rate of developmental coordination disorder at 5 years of age[31]. Analysis of brain
magnetic resonance diffusion imaging in a subgroup of infants enrolled in the CAP trial
showed changes suggesting improved white matter development and myelination[32]. A
subsequent pilot trial of early high-dose caffeine treatment did not replicate these findings
and in fact showed increased cerebellar hemorrhage, worse motor function[33] and possibly
increased seizure burden[34].
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Timing of brain injury in human preterm newborns.

To determine the optimal window for a neuroprotective treatment in preterm newborns it is
necessary to consider both injury timing and mechanism. However, exact timing of brain
injury in human preterm newborns is unclear and mechanisms may be multifactorial.
Preterm birth has been associated with both antenatal insults including chorioamnionitis,
perinatal asphyxia and postnatal hypoxemia and hypotension resulting from
cardiopulmonary immaturity. The model used in the present experiments involves hypoxia
ischemia at P2. This gestational age is equivalent to a 26 week human[26]. The injury occurs
shortly after birth and thus may not capture antenatal injuries in human. Neonatal hypoxia
ischemia results in both early cell death as well as long lasting inflammation[3]. Prior
studies evaluating caffeine neuroprotection employed pretreatment and were in term
models[20]. We found that caffeine was equally effective for reducing infarct volume in a
preterm model, when given before injury. In the CAP trial, caffeine is started after birth and
thus most analogous to our posttreatment condition. Consistent with the CAP trial, we did
not find that caffeine posttreatment prevents histologic brain injury. However, we did find
that caffeine given before and after injury preserves brain electrical activity.

Caffeine signaling pathways

To consider potential neuroprotective pathways it is useful to review caffeine signaling.
Caffeine has a variety of dose dependent effects. At very high doses, caffeine potentiates
intracellular calcium release through the ryanodine receptor. Caffeine is a non-selective
weak phosphodiesterase inhibitor and thus increases intracellular cyclic adenosine 3’,5’
monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP). At therapeutic
concentrations (~20 pM), caffeine is a nonselective antagonist for A1 and A2a adenosine
receptors that are expressed presynaptically and affect neurotransmitter release. Through this
mechanism, caffeine modulates many neurotransmitter systems including noradrenaline,
dopamine, serotonin, acetylcholine, glutamine and gamma-aminobutyric acid (GABA).
Modulation of neurotransmitter pathways accounts for caffeine’s physiologic effect to
improve respiratory drive, including stimulation of respiratory pattern generators in the
medulla and enhancement of peripheral chemoreceptors to carbon dioxide.

Caffeine tissue neuroprotection

The mechanism for caffeine tissue neuroprotection in hypoxic ischemic brain injury is
unclear and controversial. Adenosine receptor signaling has direct neuroprotective effects in
the mature brain through modulation of dopamine signaling and gene expression[35].
However, in the developing nervous system, adenosine may mediate brain injury. Adenosine
receptor signaling results in ventriculomegaly through adverse effects on developing
oligodendrocytes[36]. Caffeine is an adenosine receptor antagonist and caffeine treatment
mitigates chronic hypoxia-induced white matter injury[37]. This effect would be consistent
improved myelination on brain MRI in the CAP trial[32].

Adenosine signaling may also promote inflammation, an important mechanism of brain
injury in preterm newborns[3]. Adenosine A2A receptors are expressed on immune cells
including both T cells and macrophages. Caffeine’s overall effects on the immune system
are suppressive, with reduction in inflammatory cytokine release and expression of innate
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and adaptive immune receptors including Toll-like receptors and major histocompatibility
molecules[38]. In a mouse model of term HI, a single dose of caffeine given after P10 HI
reduced infarct volume by 44%[39]. Treated animals showed reduced activated CD8
lymphocytes.

Finally, caffeine has antioxidant properties, limiting lipid peroxidation, reducing oxidative
stress and preserving mitochondrial function. Thus, caffeine likely preserves brain tissue
following hypoxia ischemia through reduction of both inflammation and oxidative stress,
two well described neuroprotective strategies in the immature brain.

Caffeine, brain activity and activity dependent neurodevelopment

As reviewed, caffeine modulates many neurotransmitter systems including acetylcholing,
glutamine and GABA with an overall effect to reduce inhibition and increase activity. In
preterm infants receiving caffeine for treatment of apnea, caffeine was found to increase
background brain electrical activity on aEEG[17].

EEG brain activity in premature newborns is characteristically discontinuous with bursts of
activity followed by relative silence. Bursts represent spontaneous correlated waves of
activity that sweep across cortex and serve to refine developing cortical circuits before the
onset of sensory driven input[40]. Cortical activity abruptly transitions from bursting to
precisely timed evoked potentials with maturation of local inhibition[10]. In rodents, this
occurs just prior to eye opening (P11) and in humans between 34-36 gestational weeks.
Thus, caffeine may promote cortical development directly through modulation of
spontaneous activity. In human studies, spontaneous correlated brain activity in the form of
slow activity transients are associated with both microstructural brain development[13] and
macroscopic brain growth[12].

In the present study, we found that caffeine given before or after injury restores suppressed
background EEG activity after HI. In prior studies, we found that P2 HI is associated with
reduced expression of glutamate receptor subunits and synapses, simplified dendritic arbors
and impaired somatosensory whisker barrel plasticity[14]. At later ages following P2 HI, we
observed impaired ocular dominance plasticity and reduced response to an optimal visual
stimulus[15]. Restoring background activity may help promote critical activity-dependent
neuronal developmental mechanisms and facilitate repair.

Limitations

The findings we report have a number of important limitations. The Vannucci procedure is
known to produce variable injury and injury severity may additionally vary across litters. By
the nature of the study design where the caffeine treatment was administered to the dam, it
was not possible to distribute treated and untreated pups across litters to balance litter size.
Nor were we able to blind investigators to treatment. We did not measure pups plasma
caffeine levels. Thus, we cannot exclude the possibility that post-treatment caffeine pups
received a lower caffeine dose due to more brain injury impairing feeding. Additionally,
these experiments included pretreatment with caffeine which is not representative of human
clinical practice. Nevertheless, we find potent effects of caffeine to restore suppressed
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background EEG activity regardless of treatment timing or tissue neuroprotection. Given the
essential developmental role of normal spontaneous activity for refinement of cortical
circuits[41], rescue of suppressed background activity may represent a novel neuroprotective
mechanism. Caffeine provides additional potential beneficial effects for pathophysiology
associated with preterm birth including both anti-inflammatory and antioxidant properties.
Caffeine started after birth would address episodes of hypoxia ischemia and infection
associated with oxidative stress and inflammation. Future studies will be necessary to
examine the effects of caffeine on specific activity dependent developmental pathways and
their link to higher cortical functions. Given that high dose caffeine treatment may lower
seizure thresholds[33,34], further studies will be needed to determine optimal dose of
caffeine treatment to maximally promote recovery following early brain injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Developmental changes in EEG traces are shown for P8 (a), P11 (b) and P14 (c). Raw EEG
(i) shows typical discontinuous activity with bursts followed by periods of no activity.
Activity increases in both amplitude and burst frequency, becoming continuous around P14.
Frequency spectrogram (ii) for a single burst of activity (highlighted in red in raw traces) is
shown for each age. The activity includes both low frequency (0.5 — 2 Hz) activity and
nested higher frequencies (8 — 20 Hz) characteristic of a spindle burst. Power is normalized
from 0 to 1 (color scale). Quantification of developmental changes in EEG activity with
increase in burst amplitude (d) and burst duration (e) with corresponding decrease in burst
frequency (f) from P8 to P11. Bursts cannot be quantified by P14 as activity has become
continuous.
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Figure 2.

control hypoxia caffeine caffeine
post HI

Quantification of infarct volume after hypoxia ischemia at P2 (P2 HI) with and without
caffeine treatment given before (pre HI) and after hypoxia ischemia (post HI) (a). Summary
of qualitative brain injury grade after P2 HI with and without caffeine treatment (b).
Representative low magnification montage images of injury pattern and extent are shown (c)
for HI, caffeine pre HI and caffeine post HI treatments. Thinning of neocortex (lines with
arrows) and disruption of layer VV1b/subplate can be appreciated in the HI image but not
caffeine pre HI image. Intermediate effects are seen in caffeine post HI image.
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Figure 3.

Early hypoxia ischemia results in decreased EEG bursts with reduced power across all
frequency bands (a,b). Quantification of amplitude integrated EEG (aEEG) (c), in control,
hypoxia and hypoxia ischemia hemispheres. HI results in a transient decrease in upper aEEG
margin at P8 and P11 and a decrease in lower aEEG margin at P11. Activity returns to
normal by P14. Caffeine pretreatment restores aEEG upper margins at P8 (d). Quantification
of burst duration (e) and amplitude (f) in control animals compared with hypoxia ischemia
and caffeine treated hypoxia ischemia hemispheres at P8. Hypoxia ischemia reduces burst
duration and amplitude. Caffeine pre- and post-treatment completely restores burst duration
and amplitude.
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Figure 4.

Correlation between infarct volume (x-axis) and aEEG upper margin (a), burst duration (b)
and burst amplitude (c). All groups are plotted by color coded symbol — control (black),
hypoxia ischemia (red), caffeine before HI (green) and caffeine after HI (blue). A strong
negative relationship exists between infarct volume and all measures of brain activity.
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