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Abstract

Barbiturates and benzodiazepines are potent GABA receptor agonists and strong anticonvulsants.
In the developing brain they can cause neuronal and oligodendroglia apoptosis, impair
synaptogenesis, inhibit neurogenesis and trigger long-term neurocognitive sequelae. In humans,
the vulnerable period is projected to extend from the third trimester of pregnancy to the third year
of life.

Infants with seizures and epilepsies may receive barbiturates, benzodiazepines and their
combinations for days, months or years. How exposure duration affects neuropathological
sequelae is unknown. Here we investigated toxicity of phenobarbital/midazolam (Pb/M)
combination in the developing nonhuman primate brain.

Neonatal rhesus monkeys received phenobarbital intravenously, followed by infusion of
midazolam over 5 (7= 4) or 24 h (n = 4). Animals were euthanized at 8 or 36 h and brains
examined immunohistochemically and stereologically.
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Treatment was well tolerated, physiological parameters remained at optimal levels. Compared to
naive controls, Pb/M exposed brains displayed widespread apoptosis affecting neurons and
oligodendrocytes. Pattern and severity of cell death differed depending on treatment-duration, with
more extensive neurodegeneration following longer exposure. At 36 h, areas of the brain not
affected at 8 h displayed neuronal apoptosis, while oligodendroglia death was most prominent at 8
h. A notable feature at 36 h was degeneration of neuronal tracts and trans-neuronal death of
neurons, presumably following their disconnection from degenerated presynaptic partners.

These findings demonstrate that brain toxicity of Pb/M in the neonatal primate brain becomes
more severe with longer exposures and expands trans-synaptically. Impact of these sequelae on
neurocognitive outcomes and the brain connectome will need to be explored.
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1. Introduction

GABA (y-aminobutyric acid) is a major inhibitory neurotransmitter in the mammalian
central nervous system and regulates brain development at molecular, cellular and systems
level (Daniel et al., 1998; Nicholls and Attwell, 1990; Seeburg, 1993). Barbiturates and
benzodiazepines, most potent anticonvulsant and sedative drugs, positively modulate
GABA receptors to produce their desired therapeutic effects.

Two decades ago, it was reported that antagonists of the A-methyl-p-aspartate (NMDA)
subtype of glutamate receptors and agonists at GABA receptors (Ikonomidou et al., 1999,
2000), including numerous sedative, antiepileptic (AEDs; Bittigau et al., 2002), and general
anesthetic drugs (ketamine, nitrous oxide, propofol, isoflurane, sevoflurane) (Brambrink et
al., 2012a, 2012b, 2010: Creeley et al., 2010; Jevtovic-Todorovic et al., 2003; Slikker Jr et
al., 2007) cause widespread apoptotic death in the developing rat brain during the brain
growth spurt period. They trigger apoptosis of heurons and oligodendroglia but also suppress
neurogenesis (Stefovska et al., 2008), inhibit normal synapse development and maturation
(Forcelli et al., 2012; Jevtovic-Todorovic et al., 2013) and cause long-lasting behavioral and
cognitive impairments in rodents and non-human primates (NHPSs), if exposure occurs
during the brain growth spurt period (Fredriksson et al., 2007; Stefovska et al., 2008; Paule
et al., 2011). In humans, this period is projected to encompass the third trimester of
pregnancy to the third year of life (Dobbing and Sands, 1979).

Retrospective clinical studies in children exposed to AEDs in utero, during infancy or early
childhood have delivered evidence for a correlation between early developmental drug
exposure and adverse neuro-developmental outcomes. Farwell et al. (1990) demonstrated
that phenobarbital treatment of children with febrile seizures leads to long-term deficits in
1Q. It has been documented in multicenter human research (Meador KJ and NEAD Study
Group, 2009; Meador and NEAD Study Group, 2012) that children exposed to valproate in
the 3rd trimester of pregnancy have a 9-point deficit in 1Q, and those exposed to other AEDs
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(carbamazepine, lamotrigine, phenytoin) have impaired verbal abilities at age 4.5 years.
Brain morphology of subjects exposed in utero to AEDs has been analyzed by means of
magnetic resonance imaging volumetry (Ikonomidou et al., 2007) and lower grey matter
volumes in exposed subjects were reported in the lentiform nucleus, including pallidum and
putamen bilaterally, and the hypothalamus. In these studies, effects of AED therapy could be
separated from the effects of a disease, because the fetal brain only experienced drug
exposure.

Millions of human fetuses and infants are treated with antiepileptic agents each year. The
combination of high doses of phenobarbital (Pb), benzodiazepines (lorazepam, midazolam,
diazepam) and other AEDs has become the accepted standard of care for medical
management of prolonged, recurrent seizures and status epilepticus in infancy (Glass and
Shellhaas, 2019; Soul, 2018). In addition, combinations of barbiturates, benzodiazepines and
opiates are used to sedate infants with critical illnesses for days or weeks in the intensive
care. While the impact of surgical anesthesia on the developing brain has and is being
actively investigated at both preclinical and clinical settings, the question whether prolonged
treatments with anticonvulsant and sedative drugs have deleterious effects on the developing
human brain has received less attention, despite the fact that exposures to such agents are
typically much longer (days, weeks and even years) than exposures to surgical anesthesia
(few to several hours).

This study was designed to explore neuropathological sequelae that result from exposure of
the infant nonhuman primate brain to the combination of phenobarbital and midazolam at
clinically relevant doses and plasma concentrations. Phenobarbital has been and continues to
be most popular for the treatment of seizures and status epileptics in human infants.
Midazolam is often co-administered with phenobarbital to treat refractory seizures and/or
achieve a level of sedation and amnesia in these infants that allows for maintenance of
ventilatory support and performance of painful procedures. Our aim here has been to study
and compare brain toxicity aspects associated with shorter (5 h) and longer (24 h)
administrations of the phenobarbital/midazolam (Pb/M) combination. The hypothesis has
been that a longer treatment duration will result in more severe neuronal pathology and
spread to involve areas that do not become involved at shorter exposures.

2. Materials and methods

2.1. Animals

All animal procedures were approved by the Wisconsin National Primate Research Center,
the Oregon National Primate Research Center and the University of Wisconsin - Madison
and the Oregon Health and Science University Institutional Animal Care and Use
Committees (IACUC) and were conducted in full accordance with the Public Health Service
Policy on Humane Care and Use of Laboratory Animals.

Animals received a loading dose of phenobarbital (40 mg/kg) over 30 min followed by
intravenous infusion of midazolam (loading dose of 0.5 mg/kg followed by 2-5 mg/kg and
hour for 4.5 or 23.5 h. Midazolam infusion rate was adjusted to maintain a moderate level of
sedation. Phenobarbital maintenance doses (2.5 mg/kg) were given at 6 and 18 h in the
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animals surviving for 36 h, with the goal to maintain a therapeutically relevant phenobarbital
plasma level over 36 h.

Normothermia (7> 36.5 °C-37.5 °C) was maintained using a servo-controlled warming
blanket. Oxygen saturations were monitored with continuous pulse oximetry, vital signs with
a cardiorespiratory monitor. Blood gases, blood glucose, electrolytes, lactate and
hemoglobin were monitored on venous blood (femoral vein) at 0, 2, 4, 6, 12 and 24 h.

The control group (7= 5) consisted of 4-6 day old rhesus macaques who were separated
from their mothers but not exposed to medications. These animals were returned to their
mothers after a physical examination identical in nature to how the treatment animals were
handled prior to medication administration. These animals were also euthanized and
transcardially perfused. Perfusion fixation was performed with 4% paraformaldehyde in
phosphate buffer by a trained pathologist according to institutional euthanasia standards.

2.2. Histopathology studies

Brains were serially sectioned in the coronal plane using a vibratome at 70 uM across the
entire rostrocaudal extent and every 64th section immunolabeled for activated caspase-3
(AC3; CAT#9661 L; Cell Signaling Technology, Danvers, MA) as a marker of apoptosis. For
immunolabeling, sections were first immersed in citrate buffer (pH 6.0) and subjected to
heat in a pressure cooker for 10 min for antigen retrieval. They were then quenched in 3%
hydrogen peroxide in absolute methanol for 10 min, immersed for 1 h in a blocking solution
(2% Bovine Serum Albumin, 0.2% Dry Milk, 0.8% TX-100 in PBS), and incubated
overnight at 4 °C with a 1:1000 dilution of AC3. The next morning, sections were incubated
with a biotinylated secondary antibody (goat anti-rabbit; Vector Labs, Burlingame, CA),
reacted with an avidin-biotin conjugate kit (ABC kit), and visualized using the chromogen
VIP (Vectastatin Elite ABC kit and Vector VIP kits; Vector Labs, Burlingame, CA). The
chromogenic AC3 staining method permits comprehensive quantification of cells
irreversibly committed to apoptotic death and provides a permanent record of the cell death
throughout the brain. This includes both cell bodies and processes that allows one to
distinguish early from late stages of degeneration. Neurons and oligodendrocytes were easily
distinguished by their location in white or grey matter in addition to each cell’s unique
morphological profile. In primate tissue, the AC3 antibody will produce non-specific
staining in the nucleus of neurons but, in apoptotic cells, engulfs the entire cell including
soma and processes making them easy to distinguish. Apoptotic oligodendrocytes are
distinguished by their immunolabeled soma that is surrounded by a halo of particulate
debris. Histological photocomposites were made using a Leica DM 4000B microscope
equipped with a Leica DFC310FC camera and Surveyor software (Version 9.0.2.5, Objective
Imaging, Kansasville, WI).

2.3. Analysis of neuronal and glial cell death

Immunofluorescence was also performed to identify apoptotic cells by co-labeling AC3 with
antibodies that identify neurons (NeuN, EMD Millipore, Burlington, MA; MAB377, 1:100),
astrocytes (GFAP, Sigma-Aldrich, St Louis, MO; G3893, 1:400), and oligodendrocytes
(Myelin Basic Protein, EMD Millipore, Burlington, MA; MAB395, 1:200). Tissue was
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blocked and incubated in primary antibodies as described above. Finally, tissue was
immersed in appropriate secondary antibodies (Invitrogen, Carlsbad, CA; A21428, A11001,
or A1106) for one hour before cover-slipping with mounting medium containing DAPI.

2.4. Quantification of apoptosis

2.4.1. Whole brain counts—Whole brain counts were performed using
Stereoinvestigator Software (v 2019.1.3, MBF Bioscience, Williston, Vermont, USA)
running on a Dell Precision Tower 5810 computer connected to a Qlmaging 2000R camera
and a Labophot-2 Nikon microscope with electronically driven motorized stage. A rater,
blind to treatment, traced each hemisection and stereologically quantified the number of
neurons and oligodendrocytes using the unbiased optical fractionator method. This
information was then used to estimate the number of apoptotic profiles per hemisphere
which was multiplied by two to get total number per brain. Stereoinvestigator software was
also used to generate cell plots of the regional distribution of neurons and oligodendrocytes
using the meander scan option.

2.4.2. Regional counts—AC3 immunolabeled sections used for whole brain counts
were also used to quantify regional apoptosis in the ventral cortex, hippocampus, and
thalamus using Stereoinvestigator software meander scans. A subset of sections containing
the hippocampus were used for counting all three regions. The hippocampi (including CA
regions, dentate gyrus, and subiculum) on each section were outlined and all apoptotic cells
counted within its borders. The ventral cortex roughly included the region ventral to the
Sylvian fissure. More specifically, a line was drawn from the hippocampus to the point
where the Sylvian fissure meets the insular cortex and all apoptotic profiles counted in the
region ventral to this line (not including the hippocampus). The thalamus was also outlined
and apoptotic cells counted within its borders. Finally, a density (apoptotic profiles per
square millimeter) was calculated by dividing the total number of apoptotic profiles in each
region by the total area.

2.5. Statistical analysis

Data are presented as means + standard error of the mean (SEM). One sided ANOVA with
post-hoc test for multiple comparisons was used to compare groups. Statistical analysis was
performed with Prism (GraphPad Software, La Jolla, CA).

3. Results

Treatment with Pb/M was tolerated well in both Pb/M treatment groups. Vital signs, venous
blood gases, lactate, hemoglobin and blood glucose remained within physiological levels
(Table 1). Phenobarbital level on day 1 was drawn at 4 h and on day 2 shortly prior to
euthanasia at 36 h. Plasma concentrations of phenobarbital on day 1 were 19.20 + 9.59
pg/ml and, on day 2, 36.93 £ 6.25 pg/ml. Mean plasma level for Pb on days 1 + 2 was 32.46
+ 5.56 ug/ml.

Plasma levels for midazolam were drawn at 4 h and at 23.5 h, at the end of the midazolam
infusion. Midazolam plasma levels were 2302 + 1094 ng/ml on day 1 and 6018 + 2379
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ng/ml on day 2 of treatment. Mean level for midazolam on days 1 + 2 was 4160 + 1401
ng/ml.

A profound apoptotic response to Pb/M was detected in the brains of the exposed infants at 8
h following the shorter 5 h Pb/M exposure period. This was most prominent in several
divisions of the neocortex, especially the temporal cortex (layers Il and 1V) and the primary
visual cortex (layers Il and V) but also involved the caudate, globus pallidum, hippocampus,
thalamus and diffusely the subcortical white matter (Fig. 1).

In the 36 h group, apoptotic pyramidal cells were present in the same brain regions as at 8 h,
indicating that the neurodegenerative process was ongoing throughout the duration of drug
exposure in these areas. AC3 positive neurons were present at higher densities in cortical
regions at 36 h (Fig. 2 A&B).

Closer examination revealed Pb/M-induced apoptosis changed dependent on cortical region
with neocortical regions exhibiting apoptosis in cortical layers Il and IV/V. Apoptosis
changed as the cortex transitioned to the allocortex with the entorhinal cortex displaying less
apoptosis involving deeper layers when present. This pattern became more obvious at 36 h.
Alternatively, the allocortical subiculum showed little apoptosis at 8 h that increased
dramatically by 36 h in pyramidal neurons and their degenerating axons (Fig. 2).

In addition, findings consistent with Wallerian degeneration were captured within the
subiculum (Fig. 2D and 3A), and areas not affected at 8 h now demonstrated degeneration.
These areas include the subiculum, anterior thalamus and several pontine nuclei (Figs. 2C/D,
3A-D).

Immunohistochemistry confirmed that neurons and oligodendrocytes but not astrocytes were
affected by the apoptosis process (Fig. 4).

Stereological analysis of the pattern and severity of the degenerative changes revealed that
apoptosis affected both neurons and oligodendroglia almost equally at 8 h but neuronal death
was much more severe at 36 h (Fig. 5). One way ANOVA revealed that treatment with Pb/M
had a significant effect on apoptotic neurons [F(2,10) = 34.77, £< 0.0001], oligodendrocytes
[F(2,10) = 11.14, p=0.0029] and total profiles [F(2,10) = 14.70, A= 0.0011]. Post hoc
analysis revealed that there were significantly more neurons affected by apoptosis at 36 h vs
8 h and controls. Despite exhibiting more than 17 times more neuronal apoptosis, the 8 h
group was not significantly different from controls. This lack of significance is because we
are examining three groups in an ANOVA and the 36 h group produces such a large amount
of apoptosis compared to the other groups (over 53-fold more than controls). If we were to
run a #test between the control and 8 h groups only, we would get a significant result [t(7) =
5.228, p=10.0012]. Interestingly, this also suggests that Pb/M produces far more neuronal
apoptosis when given over extended periods. ANOVA revealed significant difference in
oligodendrocyte apoptosis between groups [F(2,10) = 11.14, p = 0.0029]. Unlike neuronal
apoptosis, the 36 h group actually exhibited less apoptosis than the 8 h group (Fig. 5). This
suggests that as exposure continues, apoptotic oligodendroglia cells are removed but
replaced at a slower pace by subsequent oligoapoptosis. Finally, apoptotic profiles (neurons
+ oligodendrocytes) were analyzed using an ANOVA and Tukey post-hoc revealing a
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significant increase in apoptosis for both the 8 h and 36 h groups compared to controls
[F(2,10) = 15.85,p = 0.0008]. (See Fig. 6.)

Statistical comparisons of regional apoptotic cell densities between the control and the Pb/M
groups by means of one-way ANOVA revealed that apoptotic neuronal densities differed
significantly between groups in the ventral cortex [F(2,10) = 21.65, < 0.0002], the
hippocampus [F (2,10) = 18.85, p < 0.0004] but not the thalamus [F(2,10) = 2.174,p > 0.05].
Post hoc comparisons with Tukey’s test revealed that the severity of neuronal death was
highest in the 36 h group in the ventral cortex and hippocampus. Trends in the thalamus did
not reach significance.

Treatment with Pb/M had no significant effect on densities of apoptotic oligodendrocytes in
any of the three regions analyzed. Such a finding is not surprising since we would expect
few oligodendrocytes in these three grey matter regions. Significant effects were seen in the
densities of total apoptotic profiles in the ventral cortex [F(2,10) = 15.68, A= 0.0008],
hippocampus [F(2,10) = 14.14, £=0.0012] and thalamus [F(2,10) = 5.323, £=0.0267].

4. Discussion

This study was designed to explore whether the combination of a barbiturate and a
benzodiazepine, at doses and plasma concentrations that are clinically relevant for the
treatment of human infants, can trigger cell death in the developing nonhuman primate brain
and how this injury evolves with increasing duration of the exposure. We wanted to mimic
the clinical situation of administering Pb/M for recurrent seizures or status epilepticus,
whereby treatment durations of 24 h and longer are encountered frequently (Glass and
Shellhaas, 2019).

The key findings of our study are that

a. Pb/M causes apoptosis of neurons and oligodendrocytes in the neonatal NHP
brain at plasma concentrations relevant to the treatment of human infants;

b. within those brain regions where neuronal apoptosis is present at 8 h,
neurodegeneration markedly increases in severity after the longer exposure;

c. oligodendroglial apoptosis demonstrates an early peak at 8 h with subsequently
declining pace at 36 h;

d. with longer exposures the neuroapoptotic process leads to degeneration of axons
and expands to affect trans-neuronal targets within interconnected brain regions
(subiculum, pons, anterior thalamus).

These findings suggest that longer treatments, in addition to increasing severity of
neurodegeneration in most vulnerable regions, also trigger connectomic pathology through
Wallerian and trans-neuronal degeneration.

The strong proapoptotic properties of GABAa agonists, which include barbiturates,
benzodiazepines and many anesthetics, have been known for years. Our current
understanding of the pathophysiology entails that toxicity of these drugs is initiated by
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disturbances in physiologic excitatory neurotransmission. At early developmental stages of
ongoing physiological programmed cell death in the brain, aiming to actively eliminate
unnecessary cells, synaptic activity critically controls intracellular survival pathways and
related gene transcription in neurons and immature oligodendrocytes. Pathomechanisms
implicated include reduction in synthesis of neurotrophins, reduced levels of the active
phosphorylated forms of extracellular signal regulated kinase (ERK1/2) and protein kinase B
(AKT) which suppress the intrinsic apoptotic pathway (Bittigau et al., 2002; Hansen et al.,
2004). The cell death process is Bax-dependent (Young et al., 2003) and involves down
regulation of BClx_, mitochondrial injury and extra-mitochondrial leakage of cytochrome ¢
(Hansen et al., 2004; Yon et al., 2005). This is followed by a sequence of changes
culminating in activation of caspase 3 (Olney et al., 2001, 2002). Involvement of reactive
oxygen species and oxidative stress in the pathogenesis of this phenomenon has been
suggested as well (Léveillé et al., 2010; Papadia et al., 2008). Studies using microarray
analysis of rat brains exposed to anesthetics revealed differential expression of many genes
involved in multiple pathways directly related to brain function, the significance of which
remains to be explored (Liu et al., 2013). Similarly, analysis of the brain proteome of mice
exposed to NMDA antagonists or GABAA agonists demonstrated long-term dysregulation of
proteins associated with apoptosis, oxidative stress, inflammation, cell proliferation and
neuronal circuit formation (Kaindl et al., 2008). This is in accordance with reports that
anesthetics and antiepileptics lead to a persistent decrease of synapses in several brain
regions in rodents and suppress neurogenesis (Forcelli et al., 2012; Jevtovic-Todorovic et al.,
2013; Stefovska et al., 2008). More recent work in nonhuman primates also implicates
involvement of glial activation which may serve as a surrogate marker for neurotoxicity
(Zhang et al., 2016).

Whether these same mechanisms that have been described in rodents apply to the primate
brain has not been investigated. Interestingly, lithium, a strong activator of ERK1/2,
abolishes neurotoxicity of anesthetics and ethanol in rodents (Straiko et al., 2009; Young et
al., 2008) and isoflurane in the infant nonhuman primate brain (Noguchi et al., 2016),
suggesting that pathomechanisms may indeed be similar among species.

Since the discovery of neurotoxicity and gliotoxicity of GABAmimetics in mammals, the
question has been posed as to the clinical relevance of this phenomenon. Studies performed
in rodents have suggested that doses and plasma levels required to cause apoptosis are likely
relevant to humans (Bittigau et al., 2002). We now provide direct evidence in a primate
species, by demonstrating pro-apoptotic effect of two GABAA mimetics, phenobarbital and
midazolam, at doses and plasma levels that are clinically relevant for the treatment of human
infants. Phenobarbital continues to be most popular as a first line anticonvulsant for neonatal
and infantile seizures with target plasma levels in the range of 20-40 ug/ml. Midazolam is
added to phenobarbital for the treatment of intractable seizures and administered in humans
as a continuous infusion at rates of up to 0.5 mg/kg/h (Glass and Shellhaas, 2019). Achieved
midazolam plasma concentration in infants have not been well studied, but available data
from neonates on ECMO treated with midazolam infusions have revealed plasma levels of
up to 4 pg/ml (4000 ng/ml) within 48 h, at an infusion rate of 0.25 mg/kg/h (Mulla et al.,
2003). The midazolam and phenobarbital plasma levels measured in the NHP neonates in
our study (2302 £+ 1094 ng/ml on day 1 and 6018 + 2379 ng/ml on day 2 for midazolam;
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19.20 + 9.59 pg/ml on day 1 and 36.93 + 6.25 pg/ml on day 2 for phenobarbital) are
comparable to levels measured in human infants treated with these same medications. Our
data strongly suggest that the combined treatment of human infants with Pb/M, as currently
practiced in neonatal and pediatric intensive care units, bears the potential to cause brain
injury.

There is a continuing discussion as to whether GABA» agonists and NMDA antagonists
may simply accelerate physiological apoptosis without causing additional cell loss. Our data
strongly argue against this hypothesis, especially for neurons, as they show that, within the
most vulnerable brain regions, i.e. the ones that demonstrated neurodegeneration at 8 h,
longer exposures to Pb/M resulted in significantly higher numbers of apoptotic neurons.
From previous work in mice exposed to ethanol we know that AC3 positivity of apoptotic
cells is a transient phenomenon, likely transpires within 2-3 h for a given neuron and within
6-8 h for a group of like-type neurons, following which cell fragments are removed and
undetectable (Olney et al., 2002). This implies that the AC3 positive neurons detected at 36
h were different from the ones detected at 8 h, that multiple death cycles had already taken
place and that, as time passed, the pace of neuronal death markedly accelerated. At 8 h we
estimated a 17-fold increase and at 36 h a 54-fold increase in neuroapoptosis. Given that we
only examined the brains at 2 time points, the true extent of neuronal cell loss during the 36
h remains unknown.

Searching for explanation for apoptosis acceleration with time, we hypothesize that the most
vulnerable, likely least networked neurons, succumbed first, while the more robust ones
managed to maintain their trophic support above a critical level for a while. Eventually,
further progressive weakening of local excitatory circuits due to prolonged synaptic effects
of the drugs, on one hand, and degeneration of their local and/or distant synaptic partners on
the other, initiated the apoptosis cascade in those neurons that would have survived a shorter
exposure.

We similarly need to consider the transient nature of AC3 immunopositivity when
interpreting oligoapoptosis, since the 8 h group exhibited more apoptosis than the 36 h
group. At 8 h we estimated a 5-fold increase and at 36 h a 2.4-fold increase in
oligoapoptosis. Rather than prolonged exposure reducing oligoapoptosis, it is far more likely
that the initial apoptotic surge was replaced by a smaller number of degenerating
oligodendrocytes.

Our data further demonstrate that Pb/M-induced degeneration triggers axonal Wallerian
degeneration and trans-neuronal apoptosis attributable to de-afferentiation and/or de-
efferentiation. At 36 h we found trans-neuronal degeneration occurring in the pons, anterior
thalamus, and subiculum. While the only evidence of Wallerian degeneration captured at 36
h was seen in subicular pyramidal axons, the true extent of this process is likely greatly
underestimated based on the data available so far. According to research in different
mammalian species, this type of axonal pathology begins within 24 h in rodents but can take
several days in primates (Vargas and Barres, 2007). Hence, we hypothesize that we only
captured the early onset of this process in the NHP brains we examined. Similar patterns of
trans-neuronal apoptotic degeneration have been described after traumatic brain injury in the
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neonatal mouse (Bayly et al., 2006; Bittigau et al., 1999). After concussive blows to the
head, apoptosis was seen in the frontal, parietal, cingulate and retrosplenial cortices,
thalamic nuclei, dentate gyrus, caudate nucleus and subiculum followed by delayed
apoptosis in the mammillary bodies. It was suggested that the initial anterior thalamic
apoptosis resulted in trans-neuronal degeneration in the mammillary bodies, which fits with
other studies showing that mammillary bodies are susceptible to trans-neuronal apoptosis
(Ginsberg and Martin, 2002). Similarly, others have found that pyramidal tract lesions
produce trans-neuronal degeneration in the pons in animals (Trumpy, 1971) and humans
(Wakamoto et al., 2006) that is heightened during development. Connectomic vulnerability
may also explain why pontosubicular degeneration is commonly reported following
perinatal death and seen following a wide variety of insults, particularly following white
matter injury (Burke and Gobe, 2005).

In conclusion, we are showing that the combinations of a barbiturate and a benzodiazepine,
at clinically relevant doses and plasma concentrations, causes both somal apoptosis and
connectomic pathology in the neonatal NHP brain. Severity of neurodegeneration increases
with duration of exposure. Ongoing behavioral studies in NHP survivors will help determine
whether these neuropathological sequelae result in deficits in social behaviors and cognitive
function.
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Fig. 1.
Apoptosis in the neonatal rhesus macaque brain following Pb/M exposure. A - C show

computer generated plots of neuroapoptosis (red dots) and oligoapoptosis (green dots) in the
brains of a rhesus control infant macaque (A), an infant exposed to Pb/M for 5 h and
euthanized at 8 h (B) and an infant exposed to Pb/M for 24 h and euthanized at 36 h (C).
There is substantial amount of neuro- and oligoapoptosis in the brains of both treated
animals. At this level and at both time points there is homogeneous pattern of neuro and
oligoapoptosis in the caudate, extending into the thalamus, hypothalamus, corpus callosum
and subcortical white matter. A laminar pattern of neuronal apoptosis appears within the
cingulate, frontal somatosensory, insular, temporal, entorhinal cortices and subiculum. Note
the much denser neuroapoptosis pattern within the cortical areas at 36 h. Cell plots of
control animals show low levels of physiological apoptosis. Scale bar =5 mm.
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Light micrographs depicting AC3 positive profiles (red arrows) within the temporal cortex in
a rhesus monkey exposed to Pb/M and euthanized at 8 h (A) and a monkey exposed to the
drug combination for 24 h and euthanized at 36 h. Note that AC3 immuno-positive neurons
are present at higher density in the cortex and that neuronal processes are more prominently

stained at 36 h. C and D show low power micrographs of the hippocampus with AC3

positive staining of pyramidal cells and their axons in the subiculum. Bar in A & B 100 pm;

BarinC & D 1 mm.
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Fig. 3.
Prolonged Phenobarbital/Midazolam exposure produces connectomic pathology in the

subiculum (A), pons (B & D), and anterior thalamus (C) of the neonatal macaque. A P6
neonatal macaque was administered Pb/M over 24 h and euthanized at 36 h. [A] Apoptotic
(AC3 immunopositive) pyramidal cells are found in the subiculum (red arrows) along with
Wallerian degeneration in axons (black arrows). Apoptosis was also present in the caudal
pons [B, D] and anterior thalamus (Ant Thal) [C]. The magnified views a-c in D depict AC3
immuno-positive pontine nuclei.
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Fig. 4.

Composites A-C show confocal images of NeuN, MBP, GFAP, AC3 and DAPI stained

sections. There is colocalization of NeuN with AC3 and MBP with AC3 indicating neuronal
and oligodendroglia apoptosis respectively. In C, GFAP staining (green) does not colocalize
with AC3 (red) indicating that astroglia are not affected by the proapoptotic effect of Pb/M.
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Fig. 5.

Pbg/M induces widespread apoptosis in the infant macaque brain affecting neurons and
oligodendrocytes, at both 8 and 36 h. The graphs illustrate numbers of apoptotic neurons
(black), apoptotic oligodendrocytes (grey) and apoptotic profiles (white) counted in the
brains of control neonatal macaques (/7= 5) and infants treated with Pb/M and euthanized at
8 (n=4) or 36 h (n = 4). Controls are animals not exposed to drugs. Columns represent
means + SEM of total numbers of neurons (N; grey), oligodendrocytes (Oligo; shaded) and
total apoptotic profiles (white), counted in the whole brain. Dots represent individual
animals and same color dots depict counts from the same animal. Statistical comparisons
between the control and the Pb/M groups were performed by means of one-way ANOVA
with post hoc Tukey’s test (*£< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001).
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Fig. 6.

Ef%ects of Pb/M at 8 and 36 hrs on apoptosis of neurons (N), oligodendrocytes (Oligo) and
total profiles (N+Oligo) in the ventral cortex, hippocampus and thalamus. Within the ventral
cortex and the hippocampus, Pb/M exposure had a significant effect on neuronal apoptosis
(black columns) and total profiles (white) but not on oligoapoptosis (grey columns).
Neuronal apoptosis was significantly more severe at 36 hrs in both brain regions. The effects
on apoptosis in the thalamus only reached significance at 36 hrs for total profiles densities,
although trends were evident for neurons as well.

Columns represent means + SEM of densities (cells per square millimeter) of total apoptotic
profiles (white), neurons (black) and oligodendrocytes (Oligos; grey). Dots represent
individual animals and same color dots depict counts from the same animal. Numbers in
parentheses represent numbers of animals in each group. Stars represent the level of
significance between respective groups based on post hoc analysis with the Tukey’s test; * P
<0.05; **P<0.01; ***P< 0.001
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