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Representing an important cause of long—term disability, term neonatal hypoxic-ischemic encephalopathy (HIE) urgently
needs further research aimed at repurposing existing drug as well as developing new therapeutics. Since various
experimental in vitro and in vivo models of HIE have been developed with distinct characteristics, it becomes important to
select the appropriate preclinical screening cascade for testing the efficacy of novel pharmacological treatments.
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| 1. Introduction

Perinatal hypoxic—ischemic encephalopathy (HIE), which affects 2—-4/1000 full term births, is a major cause of acute
mortality and chronic neurological morbidity &, being frequently associated with neurocognitive impairment, cerebral
palsy, and seizure disorders [. Although therapeutic hypothermia is becoming standard clinical care for moderate to
severe neonatal encephalopathy, it is only partially effective, with almost 50% of treated infants having adverse outcomes
Bl Current hypothermia protocols have consistently involved starting treatment within the first 6 h of life, with systemic
cooling to either 34.5 £ 0.5 °C for head cooling or 33.5 + 0.5 °C for whole-body cooling, and continuing treatment for 48—
72 h . However, many newborns with encephalopathy have been exposed to hypoxia and/or ischemia well before birth,
with a consequent delay of hypothermia delivery before clinical diagnosis. Novel therapeutic strategies capable of
augmenting neuroprotection and/or neurodegeneration in combination with therapeutic hypothermia are highly needed to
reduce the neurological consequences of HIE .

Hypoxia—ischemia of sufficient severity to deplete cerebral energy reserves activates multiple pathways leading to
ongoing cell death, including excitotoxicity, oxidative stress, and mitochondrial stress, apoptosis, and microglial activation
Bl Many substances possessing antioxidative properties show the ability to protect the neonatal brain from hypoxia—
ischemia in experimental models [8, such as N-acetylcysteine ! and mitochondria-targeted antioxidants [&. Even though
there is a partial restoration of cerebral energy stores in the early period of reperfusion, in both asphyxiated infants and
pre-clinical animal models, a secondary energy failure occurs during the subsequent hours to days [&. Clinically, the
severity of the second energy failure as determined with 31P-MRS has been shown to correlate with adverse neurological
outcomes at 1 and 4 years of follow-up LY. The tertiary phase can last for months/years and result in developmental
disturbances and has been associated with chronic neuroinflammation, loss of trophic support, and impaired connectivity
and maturation 14, thus suggesting a therapeutic window of intervention up to several days after the insult.

Although it is important for an experimental drug for HIE to be thoroughly evaluated for its mechanism of action and
neuroprotective efficacy in in vitro cell-based and organotypic models mimicking hypoxic—ischemic/excitotoxic conditions,
the use of pre-clinical animal models continues to be essential for supporting full development. Commonly, experimental
models for the study of neonatal encephalopathy in term infants involve induction of hypoxic—ischemic or focal ischemic
lesions in various species, including rodents and piglets [&. Such pre-clinical models were instrumental for demonstrating
that mild, induced hypothermia can improve neurological recovery after global moderate to severe hypoxia—ischemia 131,
Since therapeutic hypothermia has become a standard of care therapy for neonatal encephalopathy, translational
preclinical testing of therapeutic agents should occur also in comparison as well as in combination with therapeutic
hypothermia 4], and therapeutic interventions must be initiated after the completion of the insult to better mimic the
clinical condition (221,

| 2. In Vitro Models of HIE in Italy

Experimental models of hypoxia—ischemia in vitro can be used to mimic neonate HIE but also focal or global transient
ischemia in adults. There are no particular experimental details in these models that can be recognized as specifically



designed or useful for understanding mechanisms or developing new therapies for neonate HIE in humans, except
perhaps when selecting tissue from newborn pups or when the effects of drugs are evaluated in combination with
hypothermia.

If the researchers bear this in mind, they can recognize various groups in ltaly that use in vitro models of hypoxia—
ischemia. For example, Marina Pizzi and coworkers in Brescia have performed a number of studies investigating the
neuroprotective effects of diverse compounds in primary neuronal cultures exposed to OGD as a model of stroke 16117,
The same model has also been used by the group of Lucio Annunziato in Naples to explore the role of Na*/Ca®*
exchangers in cerebral ischemia but also the mechanisms of ischemic preconditioning 28l Finally, the vulnerability to
OGD of primary neuronal cultures derived from Tg2576 Alzheimer mice has been recently examined in the laboratory of
Laura Calza in Bologna 9. To the researchers' knowledge, their laboratory in Florence is the only one in Italy that has
used, since 1999, mixed astrocyte—neuronal cultures as a model not only of cerebral ischemia 2%, but also of apoptotic
and necrotic neuronal death induced by mild or intense NMDA exposure [21122123] and of senescence 241,

The group in Naples has considerable experience also with the use of organotypic hippocampal slices exposed to OGD,
which have been used in their laboratory to study the neuroprotective effects of the anticonvulsants retigabine and
flupirtine 22! and of NCX1 (an Na*/Ca?* exchanger) overexpression 28], This model has been repeatedly used also by the
researchers' group in Florence essentially for the same purposes as mixed cortical cultures 2428 byt similarly to the
strategy of the laboratory of Walter Balduini in Urbino 22, the researchers have specifically used organotypic hippocampal
slices exposed to OGD as a first step in the identification of candidate drugs to be used in more complex models of HIE
and in infants with HIE in clinical trials B9,

| 3. In Vivo Models of HIE in Italy

A few of the laboratories in Italy that the researchers have already mentioned have occasionally used the Rice—Vannucci
HIE rat pup model to explore the neuroprotective effects of selected drugs B or in search of potential biomarkers for
neuroinflammation and neurodegeneration B2, However, as mentioned in the previous paragraph, the researchers
laboratory in Florence and the group in Urbino have designed studies that include both experiments with organotypic
hippocampal slices exposed to OGD and parallel, or subsequent experiments performed using the Rice—Vannucci model
of HIE with the specific aim of characterizing new drugs to be used in clinical trials. Whereas in the researchers' laboratory
they concentrated on memantine and topiramate as described in a previous paper B9, Balduini and co-workers have
examined in this in vivo model the potential of various drugs, such as simvastatin 23 and, most importantly, melatonin 34,
which is now been tested in an Italian study protocol for a randomized-controlled trial 231,

| 4. HIE Clinical Trials in Italy

The preclinical studies that the researchers have described in the previous sections have substantially led to two separate
clinical trials performed in Italy with Italian Hospital Centers. The first one is the already-mentioned phase II NeoNATI
clinical trial with topiramate plus hypothermia directed by the Neonatal Intensive Care Unit of the Children’s Hospitals in
Florence and Pisa, which has been completed with encouraging results 8. The second trial (MELPRO), with melatonin,
is a randomized double blind, placebo-controlled trial on 100 neonates with moderate to moderately to severe hypoxic
ischemic encephalopathy, which is coordinated by the University Hospital of Ferrara, involves the participation of other
five Italian Centers, and is estimated to be completed by December 2022.

| 5. Conclusions

The use of a precise, carefully selected screening cascade of preclinical experimental in vitro and in vivo models can help
to improve strategies and develop therapies to protect babies with moderate to severe encephalopathy (Figure 1).
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Figure 1. Schematic flow chart of a screening cascade to prove the efficacy of a candidate drug in neonatal HIE. On the
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left side is depicted a representative test cascade for evaluating the efficacy in in vitro models of increasing complexity
(from cell-based to organotypic models) with the aim of defining a range of neuroprotective drug concentrations. Typically,
a battery of additional in vitro tests is also used for measurement or prediction of physical properties, drug metabolism,
and pharmacokinetic parameters (not fully covered here). Drug metabolism and pharmacokinetic (DMPK) studies, used to
understand drug exposure and brain penetration and to define doses, are conducted before progressing to in vivo efficacy
studies, shown on the right side. Pharmacodynamic in vivo studies may be required, depending on the mode of action of
the candidate drug, before proceeding to efficacy studies. Selected candidate drugs are progressed to studies in rodents
(better if two species or different strains and laboratories if using one species such as rat), and subsequently to higher
species if feasible, to determine efficacy and the link between target inhibition and neuroprotection. Safety studies in
juvenile animals and the determination of the No Observed Adverse Effect Level (NOAEL) in at least two species (rodents
and non-rodents) are also required before a candidate drug can be progressed to human studies and the human dose
predicted.

Although cell-based and organotypic models coupled with drug metabolism and pharmacokinetic studies can guide the
screening and selection of neuroprotective drugs, in vivo model testing is required to prove efficacy. Nevertheless, there is
no single animal model that can fully recapitulate the complexity of HIE in neonates (Table 1).

Table 1. Strengths and limitations of the principal in vitro and in vivo models of neonatal HIE. BCAO: bilateral carotid
artery occlusion, DIV: days in vitro, E: embryonal day, ICU: intensive care unit, MCAO: monolateral carotid artery
occlusion, OGD: oxygen—glucose deprivation, P: post-natal day, PK: pharmacokinetics, UCO: umbilical cord occlusion.
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Rodents model are the most cost-effective models in a drug discovery setting, offering also genetic homogeneity. Large
animals, such as piglets, are important not only to further evaluate therapeutic efficacy in gyrencephalic brains, but also
for more accurate studies on pharmacokinetics and initial safety pharmacology. Regardless of the model utilized,
neuroprotective treatments should be initiated after the completion of the insult to simulate a therapeutic intervention.
Given the intrinsic variability of the HIE models and the methodological differences between laboratories, an accurate
guantification of the degree of neuroprotection of a given agent can result in variable outcomes. To mitigate this limitation,
the NMDA antagonist memantine, in virtue of its known neuroprotective effects, could be used head-to-head with new
therapeutics to benchmark efficacy in rodent models of HIE. In summary, a preclinical proof of concept of efficacy of an
emerging therapeutic strategy should be obtained in at least two different HIE animal models by independent laboratories
before initiating clinical trials.

References

1. Nair, J.; Kumar, V. Current and Emerging Therapies in the Management of Hypoxic Ischemic Encephalopathy in
Neonates. Children 2018, 5, 99.

2. Novak, C.M.; Ozen, M.; Burd, I. Perinatal Brain Injury: Mechanisms, Prevention, and Outcomes. Clin. Perinatol. 2018,
45, 357-375.

3. Babu, M.; Singh, N.; Datta, A. In Vitro Oxygen Glucose Deprivation Model of Ischemic Stroke: A Proteomics-Driven
Systems Biological Perspective. Mol. Neurobiol. 2022, 59, 2363-2377.

4. Davidson, J.O.; Wassink, G.; van den Heuij, L.G.; Bennet, L.; Gunn, A.J. Therapeutic hypothermia for neonatal
hypoxic-ischemic encephalopathy—Where to from here? Front. Neurol. 2015, 6, 198.

5. Yildiz, E.P.; Ekici, B.; Tath, B. Neonatal hypoxic ischemic encephalopathy: An update on disease pathogenesis and
treatment. Expert Rev. Neurother. 2017, 17, 449-459.

6. Arteaga, O.; Alvarez, A.; Revuelta, M.; Santaolalla, F.; Urtasun, A.; Hilario, E. Role of Antioxidants in Neonatal Hypoxic-
Ischemic Brain Injury: New Therapeutic Approaches. Int. J. Mol. Sci. 2017, 18, 265.

7. Jatana, M.; Singh, I.; Singh, A.K.; Jenkins, D. Combination of systemic hypothermia and N-acetylcysteine attenuates
hypoxic-ischemic brain injury in neonatal rats. Pediatr. Res. 2006, 59, 684—689.

8. Silachev, D.N.; Plotnikov, E.Y.; Pevzner, I.B.; Zorova, L.D.; Balakireva, A.V.; Gulyaev, M.V.; Pirogov, Y.A.; Skulachev,
V.P.; Zorov, D.B. Neuroprotective Effects of Mitochondria-Targeted Plastoquinone in a Rat Model of Neonatal Hypoxic-
Ischemic Brain Injury. Molecules 2018, 23, 1871.

9. Patel, S.D.; Pierce, L.; Ciardiello, A.J.; Vannucci, S.J. Neonatal encephalopathy: Pre-clinical studies in neuroprotection.
Biochem. Soc. Trans. 2014, 42, 564-568.

10. Mitra, S.; Kendall, G.S.; Bainbridge, A.; Sokolska, M.; Dinan, M.; Uria-Avellanal, C.; Price, D.; Mckinnon, K.; Gunny, R.;
Huertas-Ceballos, A.; et al. Proton magnetic resonance spectroscopy lactate/N-acetylaspartate within 2 weeks of birth
accurately predicts 2-year motor, cognitive and language outcomes in neonatal encephalopathy after therapeutic
hypothermia. Arch. Dis. Child.-Fetal Neonatal Ed. 2018, 104, F424-F432.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Lally, P.J.; Montaldo, P.; Oliveira, V.; Soe, A.; Swamy, R.; Bassett, P.; Mendoza, J.; Atreja, G.; Kariholu, U.; Pattnayak,
S.; et al. Magnetic resonance spectroscopy assessment of brain injury after moderate hypothermia in neonatal
encephalopathy: A prospective multicentre cohort study. Lancet Neurol. 2019, 18, 35-45.

Hagberg, H.; Mallard, C.; Ferriero, D.M.; Vannucci, S.J.; Levison, S.W.; Vexler, Z.S.; Gressens, P. The role of
inflammation in perinatal brain injury. Nat. Rev. Neurol. 2015, 11, 192-208.

Gunn, A.J.; Thoresen, M. Animal studies of neonatal hypothermic neuroprotection have translated well in to practice.
Resuscitation 2015, 97, 88—-90.

Sabir, H.; Wallge, L.; Dingley, J.; Smit, E.; Liu, X.; Thoresen, M. Combined treatment of Xenon and hypothermia in
newborn rats—Additive or synergistic effect? PLoS ONE 2014, 9, e109845.

Robertson, N.J.; Martinello, K.; Lingam, I.; Avdic-Belltheus, A.; Meehan, C.; Alonso-Alconada, D.; Ragab, S.;
Bainbridge, A.; Sokolska, M.; Tachrount, M.; et al. Melatonin as an adjunct to therapeutic hypothermia in a piglet model
of neonatal encephalopathy: A translational study. Neurobiol. Dis. 2019, 121, 240-251.

Porrini, V.; Sarnico, |.; Benarese, M.; Branca, C.; Mota, M.; Lanzillotta, A.; Bellucci, A.; Parrella, E.; Faggi, L.; Spano, P.;
et al. Neuroprotective and Anti-Apoptotic Effects of CSP-1103 in Primary Cortical Neurons Exposed to Oxygen and
Glucose Deprivation. Int. J. Mol. Sci. 2017, 18, 184.

Faggi, L.; Pignataro, G.; Parrella, E.; Porrini, V.; Vinciguerra, A.; Cepparulo, P.; Cuomo, O.; Lanzillotta, A.; Mota, M.;
Benarese, M.; et al. Synergistic Association of Valproate and Resveratrol Reduces Brain Injury in Ischemic Stroke. Int.
J. Mol. Sci. 2018, 19, 172.

Secondo, A.; Petrozziello, T.; Tedeschi, V.; Boscia, F.; Vinciguerra, A.; Ciccone, R.; Pannaccione, A.; Molinaro, P.;
Pignataro, G.; Annunziato, L. ORAI1/STIM1 Interaction Intervenes in Stroke and in Neuroprotection Induced by
Ischemic Preconditioning through Store-Operated Calcium Entry. Stroke 2019, 50, 1240-1249.

Baldassarro, V.A.; Marchesini, A.; Giardino, L.; Calza, L. Vulnerability of primary neurons derived from Tg2576
Alzheimer mice to oxygen and glucose deprivation: Role of intraneuronal amyloid-f3 accumulation and astrocytes. Dis.
Model. Mech. 2017, 10, 671-678.

DE, P.-G.;A,C.; F, P; P, L.; E, M.; R, P;; F, M. 1-Aminoindan-1,5-dicarboxylic acid and (S)-(+)-2-(3'-carboxybicyclo
pentyl)-glycine, two mGlul receptor-preferring antagonists, reduce neuronal death in in vitro and in vivo models of
cerebral ischaemia. Eur. J. Neurosci. 1999, 11, 3637-3647.

Meli, E.; Pangallo, M.; Picca, R.; Baronti, R.; Moroni, F.; Pellegrini-Giampietro, D.E. Differential role of poly(ADP-ribose)
polymerase-1in apoptotic and necrotic neuronal death induced by mild or intense NMDA exposure in vitro. Mol. Cell.
Neurosci. 2004, 25, 172-180.

Landucci, E.; Pellegrini-Giampietro, D.E.; Bilia, A.R.; Bergonzi, M.C. Enhanced Neuroprotective Effects of Panax
Ginseng G115® and Ginkgo Biloba GK501® Combinations In Vitro Models of Excitotoxicity. Int. J. Mol. Sci. 2019, 20,
5872.

Conti, P.; Pinto, A.; Tamborini, L.; Madsen, U.; Nielsen, B.; Brauner-Osborne, H.; Hansen, K.B.; Landucci, E.; Pellegrini-
Giampietro, D.E.; De Sarro, G.; et al. Novel 3-Carboxy- and 3-Phosphonopyrazoline Amino Acids as Potent and
Selective NMDA Receptor Antagonists: Design, Synthesis, and Pharmacological Characterization. ChemMedChem
2010, 5, 1465-1475.

Bigagli, E.; Luceri, C.; Scartabelli, T.; Dolara, P.; Casamenti, F.; Pellegrini-Giampietro, D.E.; Giovannelli, L. Long-term
Neuroglial Cocultures as a Brain Aging Model: Hallmarks of Senescence, MicroRNA Expression Profiles, and
Comparison with In Vivo Models. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2016, 71, 50-60.

Boscia, F.; Annunziato, L.; Taglialatela, M. Retigabine and flupirtine exert neuroprotective actions in organotypic
hippocampal cultures. Neuropharmacology 2006, 51, 283—294.

Formisano, L.; Guida, N.; Valsecchi, V.; Pignataro, G.; Vinciguerra, A.; Pannaccione, A.; Secondo, A.; Boscia, F.;
Molinaro, P.; Sisalli, M.J.; et al. NCX1 is a new rest target gene: Role in cerebral ischemia. Neurobiol. Dis. 2013, 50,
76-85.

Gerace, E.; Landucci, E.; Scartabelli, T.; Moroni, F.; Pellegrini-Giampietro, D.E. Rat hippocampal slice culture models
for the evaluation of neuroprotective agents. Methods Mol. Biol. 2012, 846, 343—-354.

Landucci, E.; Llorente, I.; Anuncibay-Soto, B.; Pellegrini-Giampietro, D.; Fernandez-L6pez, A. Using organotypic
hippocampal slice cultures to gain insight into mechanisms responsible for the neuroprotective effects of meloxicam: A
role for gamma aminobutyric and endoplasmic reticulum stress. Neural Regen. Res. 2019, 14, 65-66.

Carloni, S.; Facchinetti, F.; Pelizzi, N.; Buonocore, G.; Balduini, W. Melatonin Acts in Synergy with Hypothermia to
Reduce Oxygen-Glucose Deprivation-Induced Cell Death in Rat Hippocampus Organotypic Slice Cultures.
Neonatology 2018, 114, 364-371.



30.

31.

32.

33.

34.

35.

36.

Landucci, E.; Filippi, L.; Gerace, E.; Catarzi, S.; Guerrini, R.; Pellegrini-Giampietro, D.E. Neuroprotective effects of
topiramate and memantine in combination with hypothermia in hypoxic-ischemic brain injury in vitro and in vivo.
Neurosci. Lett. 2018, 668, 103—-107.

Cerullo, P.; Brancaccio, P.; Anzilotti, S.; Vinciguerra, A.; Cuomo, O.; Fiorino, F.; Severino, B.; Di Vaio, P.; Di Renzo, G.;
Annunziato, L.; et al. Acute and long-term NCX activation reduces brain injury and restores behavioral functions in mice
subjected to neonatal brain ischemia. Neuropharmacology 2018, 135, 180-191.

Borjini, N.; Sivilia, S.; Giuliani, A.; Fernandez, M.; Giardino, L.; Facchinetti, F.; Calza, L. Potential biomarkers for
neuroinflammation and neurodegeneration at short and long term after neonatal hypoxic-ischemic insult in rat. J.
Neuroinflamm. 2019, 16, 194.

Carloni, S.; Balduini, W. Simvastatin preconditioning confers neuroprotection against hypoxia-ischemia induced brain
damage in neonatal rats via autophagy and silent information regulator 1 (SIRT1) activation. Exp. Neurol. 2020, 324,
113117.

Balduini, W.; Carloni, S.; Perrone, S.; Bertrando, S.; Tataranno, M.L.; Negro, S.; Proietti, F.; Longini, M.; Buonocore, G.
The use of melatonin in hypoxic-ischemic brain damage: An experimental study. J. Matern. Fetal Neonatal Med. 2012,
25 (Suppl. S1), 119-124.

Garofoli, F; Longo, S.; Pisoni, C.; Accorsi, P.; Angelini, M.; Aversa, S.; Caporali, C.; Cociglio, S.; De Silvestri, A.; Fazzi,
E.; et al. Oral melatonin as a new tool for neuroprotection in preterm newborns: Study protocol for a randomized
controlled trial. Trials 2021, 22, 82.

Filippi, L.; Fiorini, P.; Catarzi, S.; Berti, E.; Padrini, L.; Landucci, E.; Donzelli, G.; Bartalena, L.; Fiorentini, E.; Boldrini,
A.; et al. Safety and efficacy of topiramate in neonates with hypoxic ischemic encephalopathy treated with hypothermia
(NeoNATI): A feasibility study. J. Matern. Fetal Neonatal Med. 2018, 31, 973-980.

Retrieved from https://encyclopedia.pub/entry/history/show/54504



