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Abstract
Perinatal ischemia is a common clinical problem with few successful therapies to prevent neuronal
damage. Delta-opioid receptor (DOR) activation is a versatile, evolutionarily-conserved,
endogenous neuroprotective mechanism that blocks several steps in the deleterious cascade of
neurological events during ischemia. DOR activation prior to ischemia or severe hypoxia is
neuroprotective in spinal motor networks, as well as cortical, cerebellar, and hippocampal neural
networks. In addition to providing acute and long-lasting neuroprotection against ischemia, DOR
activation appears to provide neuroprotection when given before, during, or following the onset of
ischemia. Finally, DORs can be upregulated by several physiological and experimental
perturbations. Potential adverse side effects affecting motor control, such as respiratory depression
and seizures, are not well established in young mammals and may be mitigated by altering drug
choice and method of drug administration. The unique features of DOR-dependent
neuroprotection make it an attractive potential therapy that may be given to at-risk pregnant
mothers shortly before delivery to provide long-lasting neuroprotection against unpredictable
perinatal ischemic events.
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Perinatal ischemia is a general term associated with the loss of blood flow to the CNS during
the perinatal period; defined as the 20th week of gestation through the 28th postnatal day in
humans.1 Other diseases that occur in the perinatal period include hypoxic-ischemic
encephalopathy (oxygen deficiency in the whole brain), perinatal asphyxia (lack of oxygen
to the fetus during labor and delivery), and perinatal stroke (focal disruption of cerebral
blood flow due to arterial or venous thrombosis). The net result of these pathological
conditions is lack of oxygen (and glucose in some cases) to the brain and spinal cord, which
initiates a cascade of events leading to neuronal damage and cell death. Very few successful
treatments exist for perinatal ischemia in humans despite the long list of successful
neuroprotective drugs and treatments in animal preparations. This problem has raised the
question as to whether neuroprotection in a clinical setting is possible. Thus, there is a
compelling need for new strategies and ideas for treating perinatal ischemia (and related
diseases). This review suggests that several factors favor the development of successful
treatments for perinatal ischemia, and that DOR activation may be a valuable mechanism for
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providing long-lasting neuroprotection during ischemia or hypoxia in the CNS and
especially motor networks.

Perinatal Ischemia in the Clinic
Perinatal ischemia is caused by a wide variety of clinical conditions, such as thrombosis2,
perinatal ischemic stroke,2 acute fetal circulatory collapse,3 placental insufficiency,4 forceps
application,5 dysfunctional labor,5 inappropriate use of maternal drugs causing
pharmacologically-induced fetal depression,5 birth asphyxia,6 and respiratory or cardiac
failure.4 Perinatal stroke or birth asphyxia occur at rates of 1 per 2300–5000 and 9.4 per
1,000 live births, respectively7,8,9 while hypoxic-ischemic encephalopathy occurs at a rate of
1.4 per 1,000 live births.9 Perinatal ischemia can lead to life-long conditions such as serious
motor disabilities, seizure disorders, cerebral palsy, and respiratory difficulties.10,4,11,2 In
one study of 46 neonates with hypoxic-ischemic encephalopathy, 44% of surviving children
had significantly delayed motor abilities.12 A retrospective study of children with perinatal
spinal cord injury suggests that ischemia accounts for ~23% of spinal cord injuries, but that
spinal cord injury in the perinatal period is likely an under-diagnosed clinical condition.13

Thus, perinatal ischemia can produce damage to central motor networks as well as cortical
networks involved in higher cognitive functions. Hypothermia is the only treatment
routinely used in term infants with moderate to severe encephalopathy to decrease excitatory
neurotransmitter release, free radical production, edema, neutrophil infiltration and cytokine
release.14 Hypothermic protection, however, depends on body size (smaller patients are
more susceptible to over-cooling) and cooling is tissue-dependent (cortex needs more
cooling than deep gray matter).15 Tailoring cooling treatment to each patient is a challenge
and can only be used postnatally. Thus, no treatment for perinatal ischemia exists that is
effective, standard, and readily administered throughout the entire perinatal period.

Ischemia-Induced Cascade
Reduced blood flow to the brain impairs delivery of oxygen and glucose, which then reduces
ATP availability, and initiates a cascade of events (Fig. 1). Energy depletion results in
dysfunctional ATP-dependent ion channels and ion exchangers causing cellular
depolarization and excessive excitatory neurotransmitter release--extracellular glutamate
concentration can increase 3–10 fold during ischemia.16 Excitotoxic injury is further
compounded since energy-dependent glutamate re-uptake is compromised. Postsynaptic
glutamate receptors differentially mediate ischemic injury in the perinatal brain.16 Cortical
injury is mediated mostly by NMDA receptors whereas brainstem injury is mainly AMPA
receptor-dependent.17 Activation of postsynaptic glutamate receptors produces a
transmembrane flux of sodium and calcium cations, which contributes to depolarization and
neuronal excitation.16 Water passively follows sodium and calcium ion influx and
contributes to brain swelling. Along with glutamatergic excitotoxicity and calcium influx,
there is free radical attack and prolonged seizure activity, which causes further neuronal
damage.18 High intracellular calcium levels activate numerous signaling cascades that cause
further tissue damage. Following excitotoxic injury and loss of synaptic connectivity,
apoptosis or programmed cell death is initiated.16 Inflammation and apoptosis increase over
hours to days after the initial ischemic event, and neurotrophic factors are down-
regulated.18, 19

Neuroprotection Against Perinatal Ischemia
The ischemic cascade in the brain is well understood based on data from several mammalian
models.20 However, translating animal model results to clinical practice has proven to be
highly problematic.21 In animal studies, neuroprotective drugs are typically given in healthy
rats shortly after (or prior to) administering the ischemic insult (usually blood vessel
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occlusion) that results in a reproducible ischemic lesion. In contrast for human clinical trials,
neuroprotective drugs are given at various times following strokes that produced highly
variable brain lesions in aged humans who often have significant co-morbidity. Also, brain
reperfusion is usually well controlled in animal studies, whereas reperfusion in humans is
left to chance (except for studies testing thrombolytic drugs). Likewise, it’s difficult to attain
therapeutic levels of neuroprotective agents within the poorly perfused brain tissue. Animal
studies often use infarct volume as an outcome measure whereas human clinical trials focus
on functional outcomes.22 Finally, in studies of non-adult mammals there are many
difficulties translating the developmental period of the animal to human development. A
detailed analysis of neurodevelopmental events suggests that a P14 rat corresponds most
closely to a G211 human fetus, which represents the early third trimester.23

Accordingly, expectations and goals for neuroprotection research need to be adjusted to
reflect these realities. Although ischemic events during the perinatal period are
unpredictable, a woman in labor represents a clearly defined time when the mother and fetus
are at risk for ischemic events that tend to occur during delivery and early postnatal life.
Thus, it may be possible to prophylactically administer a drug combination to women to
provide neuroprotection for the fetus before, during, and after parturition. Alternatively, a
neuroprotective drug combination could be developed that would be available during an
otherwise healthy delivery for use at the first sign of an ischemic event. The ideal
neuroprotective agent against perinatal ischemia should be easy to administer, rapidly
absorbed, and able to cross the placental and fetal blood-brain barriers with minimal or no
adverse side effects. The ideal agent should also activate endogenous neuroprotective
mechanisms, disrupt the ischemic cascade at multiple points, and provide long-lasting (>24
h) protection no matter if given before, during, or after an unexpected perinatal ischemic
event.

DOR-Dependent Neuroprotection
DOR activation is a unique form of neuroprotection because it appears to be a highly
conserved, inducible mechanism, which is used by vertebrate extremophiles (e.g.,
mammalian hibernators and hypoxia resistant vertebrates). Also, DOR-dependent protection
is observed in various tissues other than brain, which makes it an attractive candidate for
providing systemic protection during whole-body ischemia or hypoxia. The key features of
DOR-dependent neuroprotection are discussed below:

DOR-dependent neuroprotection in extremophile vertebrates
Hibernating animals exemplify natural tolerance to oxygen-, blood-, or energy-
deprivation.24,25 During hibernation, blood flow to the brain is severely reduced but central
neurons remain viable24 and cardiorespiratory function is still regulated during torpor.26

Hibernation-induced neuroprotection is not simply due to colder brain temperatures, but
appears to be due to increased resistance to ischemic conditions.26,27 In summer active
ground squirrels, intravenous infusion of DADLE (DOR agonist) induces hibernation.28

Similarly, injections of Deltorphin-Dvariant (DOR agonist) as well as hibernating woodchuck
plasma into mice induced neuroprotection prior to undergoing focal ischemia.29 Likewise,
hypoxia-resistant red-eared slider turtles can hold their breath for up to 48 h.30 This ability is
hypothesized, in part, to be due to endogenous DOR activation because hypoxia-resistant
red eared slider turtles have greater DOR expression in the CNS compared to rats31 and
endogenous DOR activation protects against NMDA-dependent excitotoxicity in anoxic
turtle cortical slices.32
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DOR drugs disrupt several steps in the acute ischemic cascade
The goal of influencing multiple complex signaling pathways simultaneously over different
time frames is unlikely to be achieved by a single drug. Thus, some argue for the
introduction of pleiotropic drugs (i.e., single drugs that produce multiple effects) for the
treatment of ischemia-reperfusion damage.33 DOR agonist drugs are pleiotropic because
they disrupt several steps in the acute phases of the ischemic cascade (see asterisks in Fig. 1)
via different mechanisms (Table 1). Although some mechanistic features may be tissue-
specific and species-specific, Table 1 illustrates DOR agonists’ capacity to attenuate
multiple deleterious ischemic events. During clinical perinatal ischemic events, DOR
agonists will likely need to be used in combination with other drugs that complement DOR-
activation’s beneficial effects.

Role of DOR in neuroprotective preconditioning treatments
Animals or tissues that are exposed to sublethal ischemic challenges become resistant to
subsequent severe ischemic exposures due to a process referred to as preconditioning.
Ischemic preconditioning in the brain represents a form of endogenous neuroprotection that
can be triggered by numerous factors and involves several signaling pathways.34,35

Although DOR activation is required for the expression of ischemic preconditioning in the
heart,36 there are currently no examples of DOR activation involvement in neuronal
ischemic preconditioning. On the other hand, DORs are involved in hypoxic preconditioning
where animal or tissue hypoxia is used to induce neuroprotection against lethal challenges.
For example, hypoxia (1% O2 for 30 min) applied 30 min before glutamate-induced
excitotoxicity attenuates neuronal damage in cultured cortical neurons, an effect that is
blocked by prior application of a DOR antagonist.37 Also, hypoxic preconditioning (5% O2
for 6 h) in cultured cortical neurons increased DOR expression and reduced damage to
sustained hypoxic exposures.38 Finally, hypoxia-induced preconditioning in rat retinal cells
requires the increased expression and activation of DORs for neuroprotection against later
ischemia.39 Thus, hypoxic preconditioning in neurons induces a DOR-dependent
neuroprotection.

DOR activation provides long-lasting neuroprotection
In addition to protecting against acute excitotoxicity during ischemia, DOR activation
attenuates signaling pathways that continue for hours to days after the initial ischemic event.
For example, Tan-67 (DOR agonist) administration 24 h prior to OGD solution application
reduces cell death in organotypic hippocampal cell cultures.40 Similarly, Tan67
administration 24 h prior to right middle cerebral artery occlusion reduces infarct size and
improves functional outcome.40 Thus, DOR activation can induce neuroprotection lasting
for at least one day.

DORs are expressed in developing mammals
DOR receptors are expressed in neonatal rat spinal cord41 and DOR-dependent
neuroprotection is demonstrated in neonatal rat spinal cord (see below). Binding affinities
for DOR in the rat brain or spinal cord are constant or increase from the first postnatal
day42,41,43 and DOR expression is postulated to increase 40 fold between neonates and
adults.44 The location of DORs in the neonatal rat spinal cord is not known, but DOR
immunoreactivity is located in the ventral horn of adult rat spinal cords.45 Thus, the
substrate for DOR-dependent neuroprotection is present in the neonatal spinal cord, and may
be located both pre- and post-synaptically in the ventral horn throughout development.
Future studies need to determine whether DORs are expressed in the perinatal human CNS
before testing whether DOR activation induces neuroprotection.
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DOR agonist drugs cross the blood-brain and placental barriers
Any DOR agonist that proves to be neuroprotective has to reach its target tissues in the brain
and spinal cord. For peptidergic DOR agonists, the placental and fetal blood-brain barriers
represent significant obstacles to cross before activating central DORs. However, the
peptidergic DOR agonist DPDPE, crosses the blood-brain barrier in rats via a carrier-
mediated mechanism,46 and DPDPE crosses the placental barrier via a paracellular route
based on studies in cultured cells.47 Alternatively, non-peptidergic synthetic DOR agonists,
such as SNC80, Tan67 and BW373U86, easily cross these barriers and have increased
systemic distribution. Thus, lipophilic DOR agonists administered to pregnant mothers or
newborn infants will likely reach their target tissues in the CNS.

DOR-Dependent Neuroprotection in Motor Networks
Since cortical and hippocampal tissues are highly sensitive to ischemia, most information on
DOR-dependent neuroprotection is derived from studies on these tissues. With respect to
motor networks, a robust literature on spinal cord ischemia in adults exists due to the
problem of spinal cord ischemia occurring during surgical aortic aneurysm repair. In
addition to several studies on ischemic preconditioning in spinal cord, DOR activation is
neuroprotective in adult spinal cord. Intrathecal SNC80 (DOR agonist; 40 mM) protects
against spinal cord ischemia administered 9 min later in adult rat lumbar spinal cord.48

Forty-eight hours afterwards, hind limb motor function is improved and significantly more
neurons are uninjured compared to sham rats.48 Although DOR activation is neuroprotective
in mature spinal cords, it is important to understand how ischemia alters motor network
function in younger mammals since perinatal ischemia causes significant morbidity with
respect to motor function.

In isolated in vitro neonatal rat (P4–P6) preparations, electrically-evoked responses in spinal
motoneurons are rapidly depressed and abolished within 30 min when exposed to ischemia-
like solutions that lack oxygen and glucose (OGD solutions).49 The potential role of DOR
activation in providing neuroprotection in the neonatal spinal cord during exposure to OGD
solutions is not known. To address this question in our laboratory, the neuroprotective
effects of DOR activation on spinal respiratory motor circuits were studied in neonatal rat
brainstem-spinal cord preparations (S.M. Freiberg and S.M. Johnson, unpublished
observations). Instead of electrically evoking spinal motoneurons responses, we examined
the effects of spinal OGD solutions on spontaneously-produced, quantifiable respiratory
motor output on cervical and thoracic spinal ventral roots. We tested whether cervical and
thoracic respiratory motor output are equally sensitive to OGD, and whether neuroprotection
is provided in the following conditions: 1) sustained spinal DOR activation prior to and
during spinal OGD, 2) brief spinal DOR activation several minutes prior to spinal OGD (i.e.,
a form of neuroplasticity), and 3) spinal DOR activation following the onset of OGD
exposure. Preliminary data show that cervical and thoracic motoneurons pools are equally
sensitive to OGD exposure, and that DOR activation before, during, and after OGD onset
prolongs spontaneous respiratory motor output. Thus, DOR-dependent neuroprotection
induced in neonatal rat spinal cord protects motor networks controlling breathing.

Potential Side Effects of DOR Activation
There are reports of DOR activation being associated with respiratory depression and
seizures, but there is a wide range of conflicting data in the literature that is likely due to
differences in species, drug specificity, dosage, method (bolus vs. infusion) and route
(intravenous vs. intracerebroventricular) of drug administration, and animal state (awake vs.
anesthetized). There is no clear consensus that most DOR agonist drugs cause respiratory
depression and seizures in either the mother or offspring during the perinatal period. Even if
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mild side effects are present following DOR activation, the potential benefits of DOR-
dependent neuroprotection during perinatal ischemia are likely to outweigh the
consequences. Also, there may be several ways to overcome negative side effects, such as
administering the safest and most effective DOR agonists over time in low dosages, or by
combining the DOR agonist with other drugs that attenuate or block the side effects.

For respiratory depression in adult mammals, many drugs used in earlier experiments lacked
specificity for DOR and crossed over to activate mu-opioid receptors. Despite the
development of DOR selective drugs, there is still a large amount of variation in respiratory
responses to DOR activation. For example, intracerebroventricular injection of DPDPE does
not alter respiration rate or blood gases in adult rabbits50 and decreases arterial pH by only
0.05 pH units in adult rats.51 Also, BW373U86 (DOR agonist) has no effect on pCO2 levels
in awake rats.52 In pregnant ewes, an intravenous bolus (0.3 mg/kg) of DPDPE (0.3 mg/kg),
deltorphin I (DOR agonist), or SNC80 causes respiratory depression in the ewes that lasts
for only 15 min and resolves within 30–60 min.53,54 Thus, the bulk of the evidence suggests
that DOR activation causes only transient mild respiratory depression in adult mammals.

With respect to younger mammals, studies performed on neonatal rat and fetal sheep have
strikingly different results. DPDPE injections (0.1 mg/kg, intraperitoneally) do not cause
respiratory depression in P1 neonatal rats, but older pups (P17) have decreased breath
amplitude and frequency.55 Likewise, bath-applied DPDPE does not alter spinal respiratory
motor output or bulbospinal respiratory neuronal discharge in neonatal rat (P0–P4)
brainstem-spinal cord preparations.55,56,57 In contrast, intracerebroventricular infusion of
DPDPE or [D-Ala2]deltorphin I (DOR agonist) in third-trimester fetal lambs increases
breath frequency in a dose-dependent manner.58,59,60 Thus, DOR activation appears to
stimulate breathing movements in utero, have little or no effect on breathing in newborns,
and cause mild respiratory depression during maturation in juveniles. Testing this hypothesis
in several mammalian species, including primates, will be an important step towards
understanding how DOR activation alters breathing during early development.

A second adverse side effect attributed to DOR activation is increased neuronal activity,
which can lead to seizures or spasticity. In fetal lambs, intracerebroventricular
administration of DPDPE stimulates EEG activity, but there were reports of seizures.58,59,61

In adult rhesus monkeys, SNC80 administration (10 mg/kg, intramuscular) at doses 3–10
fold greater than that required to produce behavioral effects produced convulsions and EEG
seizures in only one of four monkeys.62 A repeat challenge at the same dosage in the same
monkey one year later had no effect. The authors concluded that the 10 mg/kg dosage of
SNC80 was, at worst, a threshold dosage for inducing seizures in rhesus monkeys. The only
other negative study showed that intrathecal administration of DPDPE in adult rats 30 min
after spinal ischemia caused increased spasticity during the 30–60 min period following
spinal ischemia.63 Although DOR activation increases cortical and spinal activity, the drug
dosage that causes significant seizure activity is likely to depend on species, drug, dosage,
and rate/route of drug administration.

Future Directions
DOR-dependent neuroprotection holds promise for attenuating ischemic injury to the CNS
throughout the perinatal period. Considerable work, however, is required to adequately test
this hypothesis and produce meaningful results. One of the most important problems to
consider is the choice of animal model and how the ischemic event is experimentally
performed. Rodent models are valuable because they are inexpensive and readily available
for high throughput studies. Progression to other species, such as sheep and non-human
primates, should proceed only after careful assessment of the rodent data. For example, it is
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too laborious and time-consuming to run dose-response curves for several DOR agonist
drugs in fetal lambs. The age of the rodent used in high throughput studies, however, is
highly critical since newborn rats are not equivalent to newborn humans. The age of the
rodents should be determined after careful consideration of the experimental question and
the region of interest to be studied (e.g., cortex vs. spinal cord) since different parts of the
CNS mature at different rates. The model of ischemia is also important depending on the
experimental question: artery clamping or occlusion mimics stroke, clamping the umbilical
artery mimics placental and umbilical cord pathologies, systemic hypoxia can mimic cardiac
shunt and asphyxia.

As discussed above, drawing solid conclusions from studies that use a wide range of drugs
and drug administration protocols is difficult. The choice of drug (peptide vs. non-
peptidergic synthetic), route of administration (intravenous vs. central), dosage, and timing
are all critical to producing the most neuroprotection with the least side effects. Timing is
particularly important since clinical conditions that cause perinatal ischemia are highly
unpredictable. DOR agonists appear to provide substantial protection whether they are
administered before or after the ischemic event, and likely have the ability to induce long-
lasting neuroprotection (i.e., neuroplasticity). Therefore, DOR agonists might be
administered in low dosages (to minimize side effects) intermittently to elicit long-lasting
neuroprotection.

Assessment of neuroprotection needs to shift from morphological to functional experimental
approaches. A large portion of the DOR-dependent neuroprotection literature to date has
measured the number of live vs. dead cells, or the amount of lactate dehydrogenase released
by damaged cells. More recent studies are quantifying behavior, motor function, ion shifts,
electrophysiological responses, breathing, and EEG to better understand DOR-dependent
effects on intact network function and system physiology.

Finally, a unique promise of the DOR system is the capacity to physiologically up-regulate
DOR expression and provide greater neuroprotection. Various physiological mechanisms to
induce greater DOR expression should be explored and tested. For example, a single bout or
several short bouts of mild hypoxia may greatly up-regulate DOR expression within hours
and last for several days, and thereby allow lower dosages of DOR agonist drugs to be
effective. Ideally, such maneuvers may also enhance endogenous DOR-dependent
neuroprotection, an area well explored for cardiac muscle, but only recently tested in central
neural networks.
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Figure 1.
Ischemia or severe hypoxia reduces ATP production and initiates a series of deleterious
cascade of events that lead to neuronal damage or death. Experimental evidence shows that
DOR activation has to the capacity to attenuate or block several steps in the cascade.**
Indicates a step that disrupted by DOR activation.
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Table 1

Potential mechanisms underlying DOR-dependent neuroprotection.

Ischemic Cascade Event DOR-Dependent Action Key Features References

Mitochondrial Depolarization KATP channel activation
Protects cultured cortical neurons against
NaN3;reduces NaN3-induced
downregulation of DOR.

64

Na+ influx Decreases Na+ influx
Blocks voltage-gated Na+ channels and
reduces Na+ influx via NMDA channels in
cortical slices exposed to anoxia.

65,66

K+ Efflux Decreases K+ efflux

Attenuates K+ efflux from cortical slices
exposed to anoxia or OGD via PKC-
dependent, PKA-independent pathway.

67,68

Inhibition of Ca2+ influx reduces activation
of Ca2+-activated K+ (BK) channels in
cortical slices exposed to anoxia.

68

Ca2+ influx Decreases Ca2+ influx

Indirect evidence of reduced Ca2+ influx
cortical slices exposed to anoxia.

68

Hypoxia-induced Ca2+ influx reduced in
adrenal medulla cells by decreasing voltage-
gated Ca2+ currents.

69

Increased Glutamate Release Inhibits glutamate release presynaptically

Decreased amplitude of AMPA EPSCs/
EPSPs in lamina II of lumbar spinal cord
slices without altering responses to pressure-
ejected AMPA.

70

Decreased frequency, but not amplitude, of
mEPSCS in amygdala slices.

71

Increased AMPA and NMDA
Receptor Activation Decreases NMDA-dependent currents

Reduces Na+ influx via NMDA channels in
cortical slices exposed to anoxia.

66

Reduces NMDA currents during anoxia in
turtle cortical slices.

32

Increased Free Radical Production Decreases free radical release or impact

Hypoxic preconditioning attenuates
decrease in antioxidant scavengers and
increase in oxidant proteins via DOR-
dependent mechanism in retinal cells.

39

DOR agonist drug acts as free radical
scavenger.

72

DOR agonist and plasma from hibernating
woodchuck reduces NO release in microglia
cell culture via DOR mechanism

29
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