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Abstract: Nimodipine is a dihydropyridine calcium channel antagonist that blocks the flux of ex-
tracellular calcium through L-type, voltage-gated calcium channels. While nimodipine is FDA-
approved for the prevention and treatment of neurological deficits in patients with aneurysmal suba-
rachnoid hemorrhage (aSAH), it affects myriad cell types throughout the body, and thus, likely has
more complex mechanisms of action than simple inhibition of cerebral vasoconstriction. Newer
understanding of the pathophysiology of delayed ischemic injury after a variety of acute neurologic
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ij;;;iﬂ;{‘ggpﬁj@i‘izs, 2019 the drug delivery method for nimodipine, have reignited interest in refining its potential therapeutic use.

In this context, this review seeks to establish a firm understanding of current data on nimodipine’s
DOI: role in the mechanisms of delayed injury in aSAH, TBI, and ischemic stroke, and assess the exten-
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locally administered, sustained release nimodipine and discuss why such an approach has evaded
demonstration of efficacy, while seemingly having the potential to significantly improve clinical care.
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1. INTRODUCTION of a definite beneficial effect. Such an approach of local de-
livery has the potential to limit damaging hypotensive epi-
sodes, and the effect of local nimodipine in high-risk patients
experiencing damaging SD is under investigation. These new
data suggest a potential future role of nimodipine and other
similar drugs in improving outcomes not only in patients
with aSAH, but also a reevaluation of the extensive existing
literature evaluating nimodipine for other neurologic indica-
tions such as ischemic stroke, TBI, and migraine. Modern
improved understanding of mechanisms of secondary brain
injury including the role of SD across these various condi-
tions may further strengthen the rationale for future trials
using newer local delivery techniques in select high-risk pa-
tients. In this review, we will discuss the current state of the
use of nimodipine in aSAH, provide a detailed review of the
mechanisms of action of nimodipine, review the clinical evi-
dence across multiple neurologic conditions, and discuss
potential strategies to improve the efficacy of nimodipine
based on better recent understanding of the mechanism and
delivery technologies.

The prototypical L-type calcium channel blocker ni-
modipine has been used in various contexts since the 1980s.
The drug found a clinical indication in the treatment of aneu-
rysmal subarachnoid hemorrhage (aSAH), initially thought
to exert its effect by decreasing the ischemic effects of angi-
ographic vasospasm and delayed cerebral ischemia (DCI) by
relaxing cerebral vascular smooth muscle. However, these
early pivotal studies showed seemingly paradoxical results
where angiographic vasospasm was not significantly af-
fected, but clinical outcomes were improved. This led to a
hypothesis in the neurosurgical and neurocritical care world
that nimodipine acted via “neuroprotective” or other mecha-
nisms. Such efficacy has not been definitively demonstrated
in other realms of neurologic injury including ischemic
stroke and TBI. Advances in the understanding of the patho-
physiology of DCI after aSAH and studies regarding the
preclinical mechanisms particularly related to cortical
spreading depolarization (SD) have led to a reconsideration
of the potential role of L-type calcium channel antagonists.

Coupled with these observations, recent advances in clinical 2. PATHOPHYSIOLOGY OF ASAH/DELAYED

sustained local delivery of nimodipine have shown safety CEREBRAL ISCHEMIA AND LIMITATIONS OF
and early evidence for improved outcomes despite the lack CURRENT TREATMENT

2.1. Overview of aSAH and the Burden of Disease
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causes include vascular malformations and vasculitis. aSAH
accounts for 5% to 10% of all strokes in the United States
and affected patients tend to be younger than those affected
by other subtypes of stroke, resulting in a greater loss of pro-
ductive life [1, 2]. ASAH is more common among women
than men, and the incidence increases with age to a peak
among persons in their 50s [3]. Despite the current treatment
strategies, aSAH is associated with high morbidity and mor-
tality [4]. Even after the initial event, multiple factors can
contribute to worse outcomes in the subsequent weeks in-
cluding delayed cerebral ischemia (DCI), vasospasm, sei-
zures, hyperthermia, and other systemic insults such as
pneumonia, deep venous thrombosis, efc. [5]. Among the
patients with aSAH who survive, half suffer long-term neu-
ropsychological effects and decreased quality of life [6].
Factors associated with an increased risk of aneurysm rup-
ture include age, hypertension, history of aSAH, aneurysm
size, aneurysm location, and geographical region [7].

2.2. Pathophysiology of aSAH (Including DCI)

DCI is the most common, potentially reversible compli-
cation of aSAH; however, to date, there is no effective
treatment to prevent DCI. The mechanism by which aSAH
causes DCI is not entirely understood, but multiple processes
are hypothesized to contribute, including angiographic mi-
cro- and macrovasospasm, SD, microthromboembolism, loss
of autoregulation, and capillary transit time heterogeneity [8,
9]. Consequences of DCI and early brain injury from aSAH
may also impact other body systems, including the heart and
lungs, particularly in the form of stress-induced cardiomy-
opathy and pulmonary edema [10].

2.3. Limitations of the Current Treatment

The only drug approved for aSAH in North America and
Europe is the dihydropyridine, L-type calcium channel an-
tagonist nimodipine. Possible mechanisms of action include
reduction of angiographic vasospasm, increase in fibrinolytic
activity, neuroprotection, inhibition of SD, and reduction of
microthromboemboli [11]. A lack of significant effect of
nimodipine on angiographic vasospasm in these trials [12]
argues for the other actions listed above and emerging pre-
clinical data have implicated SD targeting as one of the most
likely mechanisms [13]. When nimodipine is administered
orally or intravenously, the concentration of nimodipine in
the cerebrospinal fluid (CSF) is at least 1 order of magnitude
lower than the plasma concentration (about 2-7 nmol/L
(0.84-3 ng/mL) vs 70-96 nmol/L (30-40 ng/mL), respec-
tively). Hypotension occurs at plasma concentrations of 70
nmol/L (30 ng/mL) or higher, when CSF concentrations are
still below the concentration that will dilate cerebral arteries.
While higher doses of nimodipine may be more efficacious,
their use is limited due to the risk of hypotension [8]. Addi-
tional support for use of high doses of dihydropyridines
comes from reports of the use of intrathecal and intraven-
tricular injections of nimodipine or nicardipine to treat angi-
ographic vasospasm [14, 15]. Furthermore, intra-arterial in-
fusion of nimodipine or other dihydropyridine calcium chan-
nel antagonists reversed established angiographic vasospasm
and improved clinical condition in multiple retrospective
reviews of uncontrolled patient series [16]. The limitations
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of local injections of native dihydropyridines include the risk
of hypotension and the need for repeated or continuous in-
jection due to a time-limited efficacy, which is technically
difficult and invasive [17]. Intraoperative local delivery of
sustained-release pellets of dihydropyridines, such as
nicardipine, into the subarachnoid space has demonstrated
improved outcome, but not without some limitations, such as
the inability to use in patients with endovascular coiling [18,
19]. Despite the evidence of efficacy of nimodipine, there is
a clear need for improvements in limiting systemic hypoten-
sion and improved delivery to the most vulnerable regions of
the brain.

3. MECHANISM OF ACTION OF NIMODIPINE AND
RECENT PRECLINICAL ADVANCES

Voltage-dependent calcium channels (VDCCs) are
widely distributed throughout the body and regulate excit-
ability and secretion of a diverse range of cell types [20].
There are multiple families of VDCCs, initially differenti-
ated by distinct biophysical properties (e.g. voltage thresh-
olds for activation and durations of opening) and subse-
quently supported by cloning of different pore-forming al-
pha-1 subunits. The first VDCCs blockers were identified in
the early 1960s [21, 22], and were followed by the develop-
ment of blockers selective for different classes of VDCCs in
the late 1960s and early 1970s [20-23]. Nimodipine and
other dihydropyridine blockers inhibit VDCCs that were first
identified as “L-type” VDCCs due to their long-lasting in-
ward currents, which were subsequently identified as the
Cayl family of VDCCs. Nimodipine thus binds to the alpha-
1 subunits that contain the transmembrane pore and voltage
sensor, and acts as negative allosteric modulator of channel
function [24-26] Four different alphal isoforms have now
been identified within the L-type class, Cavl.l, Cavl.2,
Cavl.3, Cavl.4, and these are associated with different cellu-
lar distributions throughout the body [27]. Channels contain-
ing either the Cavl.2 or Cavl.3 subunits are of most rele-
vance for this review, as these are widely expressed in the
cardiovascular system, as well as neurons and perhaps other
cell types that are relevant for central nervous system (CNS)
pathophysiology. In contrast, Cavl.1 expression is limited to
skeletal muscle and Cavl.4 containing channels appear re-
stricted to retina. It is now recognized that most dihydropyri-
dines show some preferential inhibition of Cavl1.2 channels,
as compared to Cavl.3. Whether or not nimodipine has any
selectivity for Cavl.2 or Cavl.3 is currently unknown. Fol-
lowing the general distribution of L-type channels, nimodip-
ine has the potential to influence a wide range of cell types
throughout the body. Of particular interest are the multiple
targets directly relevant to treatment of cerebral injury and
neurodegeneration, such as cerebral arteries, neurons, other
cell types involved in regulation of the neurovascular unit
(Fig. 1) [28], and inflammatory processes. Recent data have
suggested that the phenomenon of SD may play a central
role in both injury progression after brain injury as well as
being affected by nimodipine (Figs. 1 and 2).

3.1. Cardiovascular System

L-type channels blockers are very well-established in
clinical use for the treatment of hypertension, and their ef-
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Fig. (1). Proposed model by which Nimodipine and other L-type calcium channel blockade may mitigate the harmful effects of SD through
both direct mechanisms limiting SD initiation and propagation as well as the microvascular response to SD. This leads to less severe meta-
bolic stress to vulnerable cells in compromised regions. The four vertical panels (separated by dashed lines) in the chart demonstrate the ef-
fects of SD (green arrows) across the ischemic spectrum of perfusion from irreversible core to normally perfused brain (See CBF chart at the
top). As SD passes from initiation in core or penumbra into vulnerable brain, neurons and astrocytes are further depolarized and penetrating
arterioles (red) transiently constrict (spreading ischemia), causing progression of injury. In normal brain, SD dissipates, causes reversible
metabolic stress to neurons, and vasodilation (spreading hyperemia.) Under conditions of adequate l-type calcium channel blockade with
nimodipine, SD is initiated less frequently and propagates less efficiently by neurons and astrocytes, leading to fewer and less severe SD.
The microvascular constriction is reversed through a process that involves smooth muscle cells, but may also be mediated through effects in
pericytes and perivascular astrocytes. Normal brain is therefore able to compensate with the metabolic challenge and even in conditions of
vasospasm, this lack of metabolic stress to potentially vulnerable brain lessens the burden of delayed cerebral ischemia. Metabolic stress to
neurons and astrocytes is demonstrated in each vulnerable zone before and after SD. (4 higher resolution / colour version of this figure is
available in the electronic copy of the article).

fects are due to block of VDCCs involved in both cardiac activation of contractile machinery [29]. Nimodipine crosses

excitability and smooth muscle tone. Cayl.2 and Cayl.3
channels both have important actions on cardiac myocytes
and pacemaking, whereas Cavl.2-containing channels under-
lie the well-established effects of nimodipine on vascular
smooth muscle cells and effects on peripheral resistance.
Like other dihydropyridines, nimodipine effectively inhibits
transmembrane Ca”'influx following depolarization of
smooth muscle cells, and thereby reduces Ca’'-dependent

the blood brain barrier, and early studies demonstrated in-
creases in cerebral blood flow (CBF) after intravenous or
intra-arterial injection of nimodipine in rabbits, dogs, and
cats [29]. More recent work with near infrared spectroscopy
and transcranial Doppler ultrasound has demonstrated sig-
nificant increases in cerebral perfusion in healthy human
subjects [30], supporting a role for L-type channels in cere-
brovascular tone.
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A) Control conditions: Infarct expands to perilesional and
remote tissue due to additional metabolic stress of SD

B) L type Ca** channel blockade: Fewer and less deleterious SD
limits local and distant infarct expansion in vulnerable brain

Initial injury after rupture

‘ Delayed cerebral ischemia

Fig. (2). Mechanism for reduction of delayed cerebral ischemia (DCI) with nimodipine even in the presence of large vessel vasospasm. Such
a model explains the clinically beneficial effect without consistently limiting large vessel vasospasm. Under control conditions (A), SD
(green arrows) propagates from core (black zone) and vulnerable regions (grey zone), causing additional ischemia both adjacent to the core
insult and in distant regions with compromised perfusion due to large vessel vasospasm. Under conditions of L-type calcium channel block-
ade with nimodipine (B), some SD may still be initiated but is less frequent and less severe as outlined in Fig. 1. This then leads to less risk
of DCI (grey area) both locally and in remote tissue, even in the case of large vessel vasospasm. (4 higher resolution / colour version of this

figure is available in the electronic copy of the article).

As noted above, nimodipine was initially hypothesized to
be of therapeutic benefit for aSAH and other CNS disorders
by virtue of its ability to reverse persistent, pathological L-
type channel activation on large cerebral arteries. Angi-
ographic evidence for vasospasm in these patients was clear,
and preclinical work showing improved perfusion cerebral
flow made nimodipine a logical therapeutic candidate. How-
ever, the lack of correlation between improvement in angi-
ographic persistent large vessel vasospasm and clinical out-
comes with nimodipine cast doubt over whether the reversal
of vasospasm is the primary mechanism of nimodipine’s
benefit in aSAH [31, 32]. Recent work has suggested an ap-
pealing alternative mechanism of action for nimodipine, re-
lated to the dramatic vascular dynamics associated with SD
in a range of pathological states.

Nimodipine is thought to prevent deleterious vascular
responses to SD in the injured brain. Preclinical and clinical
studies demonstrate that SDs cause damage in the brain tis-
sue that has already been rendered vulnerable as a conse-
quence of ischemia or injury. Neurovascular coupling is im-
paired, or even reversed in injured brain - leading to tran-
sient, inappropriate constriction of small arteries and arteri-
oles, strictly time-linked to SD events [33]. This inappropri-
ate constriction results in a “spreading ischemia” that follows
the slow propagation of SD through the injured territory
(Fig. 1). There is literature that has demonstrated the effec-
tiveness of nimodipine at preventing SD and that spreading
ischemia was in fact converted into hyperemia by nimodip-

ine. In studies of anesthetized rats, SD normally gives rise to
an appropriate hyperemic response. The application of he-
moglobin to the brain surface (to model aspects of aSAH)
converts the hyperemia to spreading ischemia, and the intra-
venous administration of nimodipine restores hyperemia.
Neuronal injury mediated by SD is therefore reduced in this
model [13, 34, 35] Similarly in normally perfused cortex,
nimodipine may even attenuate the early hypoperfusion seen
during SD [36]. In addition, the hyperemic response to SD
can be augmented with nimodipine under ischemic condi-
tions [37]. These observations imply an important role for L-
type channels, presumably activated by K" released during
the event itself, and also contributed to by inappropriate re-
lease from astrocytes (see below). Nimodipine’s effective-
ness in preventing K'-induced vascular constriction pre-
sumably explains correction of neurovascular coupling and
allows greater restoration of metabolic substrates to brain
tissue in the immediate wake of an SD event.

3.2. Neurons

L-type channels are extensively distributed on central
neurons [38, 39], and play significant roles in dendritic and
somatic Ca’" accumulation [40-42], gene expression [43],
and excitability [44]. While regulated Ca®" accumulation
underlies much physiological signaling, un-regulated neu-
ronal Ca®" overload has long been established as a mecha-
nism of neuronal injury. Much interest in Ca’'-dependent
neuronal injury has focused on consequences of glutamate
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receptor over-activation - usually termed “excitotoxicity”
[45, 46]. While NMDA (N-methyl-D-aspartate)-receptor
activation is a primary contributor to such injury, it is worth
emphasizing that Ca®’ influx via these receptor channels is
only a small fraction of the transmembrane current. NMDA -
mediated Na“ flux contributes to substantial depolarization,
and voltage-dependent calcium channel opening can thus
make significant contributions to injury, secondary to
NMDA receptor activation. Consistent with this idea, ni-
modipine was shown to protect against injury generated by
exogenous application of NMDA to cultured cortical neu-
rons [45]. In more complex slice preparations, exposure to
low Mg®" generates bursting activity due to relief of NMDA
receptor block, and activation by endogenous glutamate.
Under these conditions, neuronal Ca®" spikes and injury were
greatly reduced by nimodipine, and raised the possibility of
nimodipine as a protective agent against neurotoxicity in a
range of settings [47]. As noted previously [48], nimodipine
has not proven particularly useful in clinical studies in condi-
tions where calcium-mediated excitotoxicity might be
thought to predominate (eg, ischemic stroke). However, fail-
ure in clinical trials or preclinical animal studies may bear
some reevaluation, given the potential complications that are
inevitable due to the traditional routes of administration and
systemic effects of nimodipine (discussed in the next sec-
tion). An additional consideration for the translation of stud-
ies may be age, as in neuronal cultures, nimodipine is protec-
tive against glutamate excitotoxicity in older neurons, with
quite a limited contribution in young neurons [49, 50].
Whether or not there is an age-dependency for protection in
clinical conditions is not yet clear.

While much historical focus has been on glutamate re-
ceptor-mediated excitotoxicity, L-type channels can contrib-
ute in more direct ways to neuronal vulnerability. For exam-
ple, L-type channel opening makes a significant contribution
to broad action potentials in substantia nigra neurons. L-type
activity is important for maintaining the tonic firing activity
of these cells, but the Ca®>" accumulation that results (from
both transmembrane flux and associated release from intra-
cellular stores) is large and appears likely to contribute to the
vulnerability of these neurons to pathology underlying Park-
inson disease [51]. Cavl.2 and Cavl.3 channels have both
been implicated in substantia nigra Ca’" transients, and there
is a body of evidence to suggest that reducing flux through
these channels is beneficial for Parkinson's disease. Support-
ing evidence includes epidemiological data comprising over
27 million subjects demonstrating a relative risk reduction of
0.80 (95% CI 0.65-0.98) for Parkinson's disease in patients
on dihydropyridone calcium channel blockers [51, 52].

Neuronal injury following exposure to a range of toxins
can also be prevented by L-type Ca>" channel blockade. For
example, nimodipine has been shown to protect against the
behavioral consequences of methylmercury exposure in rats.
Interestingly, nimodipine was more effective in younger,
rather than older animals [53]. Beta amyloid exposure led to
Ca®’-dependent toxicity in cortical neuronal cultures, and
nimodipine reduced injury under these conditions [54]. Ac-
cumulating evidence suggests that neuronal Cavl.2 expres-
sion is enhanced as a consequence of L-type channel over-
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activation in models of Alzheimer’s disease and contribute to
further pathologic Ca®" loading in this condition, as well as
other beneficial consequences downstream of L-type channel
opening [55].

Finally, an under-appreciated mechanism of action of
nimodipine on CNS neurons relates to the ability of L-type
channels to effectively inhibit influx of Zn*" ions [56]. Zn*"
is highly enriched in the brain and has essential roles in tran-
scriptional regulation and intracellular signaling, and serves
as a neurotransmitter and/or neuromodulator [57, 58]. Like
Ca®’, over-accumulation of cytoplasmic Zn>' is toxic, and
deregulation of Zn*" influx or intracellular sequestration kills
neurons and has been implicated in brain injury and neu-
rodegeneration models [59]. Nimodipine is clearly effective
against Zn>" toxicity in cell culture £60] but the extent to
which stabilization of intracellular Zn™" levels contributes to
protective effects in many other studies (i.e., those generally
attributed to Ca®") is unknown. Neuronal Zn*" toxicity could
be of particular importance for therapeutic targeting of SD
events in aSAH and other disorders, since there are large
increases in extracellular Zn*" during SD events in brain
slices, due to release from presynaptic vesicles [61]. Synap-
tic Zn®" appears to translocate into postsynaptic neurons dur-
ing SD, with the transmembrane flux being carried by L-type
channels. It is not yet known whether nimodipine directly
limits SD-induced neuronal injury, due to limiting postsyn-
aptic Zn*" accumulation. However, nimodipine was shown to
effectively prevent the initiation of SD events in brain slices
under conditions that are relevant to brain injury, due to pre-
vention of Zn*" accumulation [62, 63]. For this reason, tar-
geting of neuronal L-type channels could be an interesting
adjunct therapeutic approach for SD. Even in models of KCI
stimulation, nimodipine has been shown to decrease the fre-
quency, latency, and amplitude of recurrent SD [64] and also
reduces the potassium shift and rate of this shift [36]. Neu-
ronal effects of nimodipine could help prevent the initiation
of SD and associated toxicity in vulnerable tissue, in addition
to targeting inappropriate neurovascular consequences de-
scribed in the previous section. Whether or not nimodipine
decreases the number of SDs observed in intensive care unit
(ICU) patients or some subsets of particularly vulnerable
patients is an intriguing question that remains to be tested.

(Fig. 1).
3.3. Astrocytes

Astrocytes are critical participants in the regulation of
vascular tone and neurovascular coupling [65]. Large intra-
cellular Ca®" waves are prominent features of astrocyte net-
works, and while L-type Ca’" channels are prominent on
astrocytes [66], there is currently little evidence for a central
role of L-type channels in these waves. However, astrocyte
Ca®" waves do couple to vascular responses, in part due to
activation of large conductance Ca’'-activated K channels
(BK) in astrocyte end feet. In a study modeling aSAH in
anesthetized rats, brain slices were taken from rats that had
received injections of autologous arterial blood into the suba-
rachnoid space. Perivascular astrocytes in aSAH preparations
showed enhanced spontaneous astrocytic Ca”" transients and
were concluded to be sufficient to excessively activate Ca®'-
activated K* channels in end feet, elevate extracellular K~



70 Current Neuropharmacology, 2020, Vol. 18, No. 1

and contribute to inappropriate vascular constriction via L-
type Ca’" channels [67]. From this model, nimodipine’s
beneficial effects in neurovascular coupling would be attrib-
uted to effects on smooth muscle L-type channels as a down-
stream consequence of disrupted astrocyte Ca®" signaling in
aSAH.

Astrocyte phenotypes are not static, and especially after
injury, these cells can take on an “activated” or reactive phe-
notype [68]. Toxicity due to glial activation has been impli-
cated in neurodegenerative disorders, and nimodipine was
reported to prevent toxicity due to activated astrocyte expo-
sure in culture [69]. Reactive astrocytes can also have bene-
ficial consequences in the context of brain injury. Astrocyte
activation accompanies repetitive episodes of SD and likely
contributes to the progressive elevation of the SD threshold
in mice [70]. Deliberate activation of populations of astro-
cytes can completely prevent initiation of SD in brain slices
[71]. Interestingly, L-type channels appear to contribute to
astrocyte activation [72] (Fig. 1). Whether or not nimodipine
reduces the degree of astrocyte activation associated with SD
in injury models is not yet known. Likewise, further study is
required to determine whether or not Ca*" transients recorded
in activated astrocytes are enhanced by L-type flux, and
whether these could modify neurovascular coupling via
excessive activation of BK channels. These issues are of
potential significance to nimodipine’s actions in restoring
neurovascular coupling and limiting neuronal injury after
brain injury.

3.4. Pericytes

Recent work has revealed important and diverse roles for
pericytes in cerebrovascular regulation. Pericyte processes
that wrap around capillaries are contractile and make signifi-
cant contributions to regulation of parenchymal blood flow.
There is evidence that contraction of isolated pericytes in-
volves L-type Ca®" flux [73] and while it is assumed that
voltage-dependent Ca®" influx is responsible for contractile
activity in vivo, this required direct demonstration. Pericyte
constriction of capillaries has been demonstrated in ischemic
conditions and suggested to be due to depletion of ATP and
failure of pericyte Ca®" extrusion mechanisms [74]. SD could
provide another mechanism for inappropriate constriction of
pericytes in injured brain, either as a direct result of local K"
elevations and voltage-dependent Ca”" influx, or accumula-
tion of 20-HETE, which constricts pericytes. In addition to
Ca®'-regulated contraction, death of pericytes as a result of
persistent capillary constriction has been suggested to cause
long-lasting capillary constriction, which persists until re-
moval of dead pericytes by microglia. Such persistent con-
striction could underlie the non-reflow phenomenon in se-
vere ischemia [74, 75]. If these ideas are supported, then
therapeutic approaches selectively targeting mechanisms of
pericyte contraction (potentially including L-type Ca’’ in-
flux) could be very valuable for restoring flow in a range of
CNS injuries and disorders. It is not yet known whether ni-
modipine or other L-type blockers modify other important
functions of pericytes, including the formation of glial scar-
ring, maintenance of the blood-brain barrier and angiogene-
sis that are important for injury progression and repair.
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3.5. Microglia and Inflammatory Mediators

Neuroinflammatory responses are increasingly attributed
to a wide range of CNS disorders, and L-type channels (both
Cavl.2 and Cavl.3) appear to be expressed on microglia
[76]. Nimodipine has been shown to significantly modify
neuroimmune signaling, as a mechanism to reduce neuronal
injury. Li et al. [77] showed that dopamine neurons in culture
were protected from LPS-induced degeneration by nimodip-
ine, an effect likely due to prevention of microglial activa-
tion and NADPH oxidase activation in these cultures. Ni-
modipine also effectively prevented neurotoxicity mediated
by the chemokine receptor ligand CLCX12 in mixed cultures
from rat cortex [78]. Nimodipine reduced neuronal death in
slice cultures, which was attributed to reduction of inflam-
matory processes [79]. Nimodipine also appears effective in
in vivo animal models of CNS inflammation. Hopp et al. [80]
showed that Ca®" dysregulation via L-type voltage-dependent
calcium channels and ryanodine receptors underlies memory
deficits and synaptic dysfunction during chronic neuroin-
flammation. Finally, nimodipine inhibits IL-1p release
stimulated by amyloid B from microglia, both in vitro and in
vivo [81]. Interestingly, recent work has identified close links
between microglia and SD activation, including the sugges-
tion that repetitive bouts of SD lead to microglial activation,
which via TNF alpha and ROS lead to decreased SD thresh-
old [82]. It is possible that activated microglia could contrib-
ute to repair of dendritic spines affected by SD or, alterna-
tively, contribute to injury. Whether or not nimpdipine influ-
ences SD by actions on microglia could be another useful
avenue to investigate [82].

In summary, the broad cellular targeting of nimodipine
suggests that the early models which considered only persis-
tent, large vessel vasoconstriction mechanisms are inade-
quate to understand the potential therapeutic effects. Among
these implicated targets, the effects on SD offer some of the
most interesting and relevant observations for potential
therapeutic action, both related to improved microvascular
response to SD (spreading ischemia) as well as potential
inhibitory effects on neuronal or astrocytic SD initiation.
These mechanisms are important to consider as we now re-
view the clinical data both supporting and refuting the role of
nimodipine in various conditions in order to try to improve
perspective on if it is possible that there is a subgroup with a
high degree of SD dependent secondary injury in whom ni-
modipine may be effective.

4. CLINICAL USE OF NIMODIPINE

4.1. Nimodipine for Reducing Stroke after Aneurysmal
SAH

Nimodipine was approved for clinical use by the FDA
initially for improvement of neurologic outcomes after
aSAH in 1988 for good Hunt and Hess grade patients and
then expanded in 2000 to include all Hunt and Hess grades
based on 4 randomized controlled trials (RCTs) demonstrat-
ing efficacy [31, 83-85]. While these studies remain the
backbone of clinical evidence for the efficacy of nimodipine,
multiple randomized studies have since been conducted to
elucidate the mechanisms and refine its use; however, there
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has been little progress in clinical practice. Though there are
now multiple generic forms on the market, nimodipine re-
mains the only FDA-approved treatment for aSAH. Nymal-
ize (Arbor) is a formulation comprising a liquid filled cap-
sule that could be injected into a nasogastric tube, however
errors resulting in deaths from IV injection have lead to an
FDA boxed warning limiting use to oral or via nasogastric
tube (www.fda.gov). An IV formulation is available in
Europe, but is not FDA approved.

The initial evidence of the efficacy of nimodipine was
from ex-vivo animal data showing selectivity of nimodipine
in inhibiting contractions of large cerebral arteries versus
femoral arteries in dogs [86]. The first RCT demonstrated a
statistically significant decrease in the primary outcome of
stroke or death related to vasospasm for nimodipine versus
placebo within 96 hours of aSAH (13.3% vs 1.8%) in 125
good (neurologically “normal”) Hunt and Hess grade sub-
jects [83]. This improvement was attributed to mitigating the
hemorrhage volume related dependency that was observed in
the placebo arm. The second study, from a single center in
France, conducted in 70 aSAH patients with generally good
Hunt and Hess grade (I-III), also demonstrated significant
reduction in death or severe neurologic deficit from vaso-
spasm with nimodipine versus placebo (23.8% vs 5%) [84].
The third RCT enrolled 554 subjects of any clinical grade
across 4 centers in the UK [85]. There was a significant re-
duction in incidences of infarction and poor outcomes with
nimodipine versus placebo (33% vs 22%; 33% vs 20%, re-
spectively). A study from Canada specifically evaluated the
use of nimodipine in 188 subjects with poor neurologic
grades (Hunt and Hess III and IV) and found significant im-
provement in good outcomes with nimodipine (29.2%) ver-
sus placebo (9.8%) [31]. Comparison of angiograms from
admission and during the vasospasm interval did not show
differences in moderate or severe angiographic vasospasm
between groups, underscoring the points emphasized above,
that while nimodipine seems to improve clinical outcome
and decreases vasospasm related infarction, angiographic
vasospasm itself is an imperfect surrogate and may not be
directly affected. While these studies formed the basis for
FDA approval, varying dosing between studies and inconsis-
tencies in outcome raise concern that these might not be
considered “adequate, well-controlled” studies by modern
criteria.

Several additional trials in aSAH have been conducted. A
single-center RCT with 75 patients with aSAH found a non-
significant reduction in death with nimodipine (OR=0.52 for
death or poor outcome, 95% CI= 0.26-1.01) [87]. There was
no effect of nimodipine on blood pressure, and a non-
significant, slight progressive decrease of cerebral blood
flow (CBF) was observed in the nimodipine group over the
treatment period, suggesting that nimodipine does not sig-
nificantly augment CBF or decrease blood pressure, both
contrary to predicted pre-clinical data. Another clinical study
of 188 patients, who had already developed vasospasm,
demonstrated a significant reduction in death or severe defi-
cit from 49% in placebo to 19% with intravenous (IV) ni-
modipine [88]. A study with 213 subjects found that mixed
IV/oral delivery of nimodipine was associated with a signifi-
cant reduction in mortality in the early-surgery group but not
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in the late-surgery group (which experienced excess death
from re-bleeding) [89]. A significant decrease in levels of
thromboxane B2 release from platelets was also observed,
which was postulated to improve microcirculation as a
mechanism of neuroprotection [90]; an alternate explanation
to large vessel vasospasm-mediated clinical benefit [90, 91].
A population-based longitudinal study with 208 patients who
were evaluated before and after the approval of nimodipine
showed an overall reduction in poor outcomes from 37% to
20% [92]. These studies provide reassuring confirmation that
the clinical benefits observed in RCTs translate to measur-
able clinical improvements in routine patient care.

The most recent update to a Cochrane systematic review
of calcium antagonists for aSAH [93] reported a significant
overall reduction in relative risk of unfavorable outcome
with any calcium channel antagonist (RR=0.81, 95% CI
0.72-0.92), with a number-needed-to-treat of 19 [93]. The
effect was much stronger for oral nimodipine alone
(RR=0.67, 95% CI 0.55-0.81), which was noted by the
authors to be driven by one large clinical trial of oral ni-
modipine. Since then, 2 additional studies further supported
the use of oral nimodipine. Two RCTs demonstrated no sig-
nificant difference between oral versus IV nimodipine in
either delayed ischemia or vasospasm [94, 95]. Though these
studies were not powered as non-inferiority trials, the results
suggest that oral administration should still be considered
standard of care in most circumstances due to higher cost
and potentially increased side effects with IV administration.
A similar trial in 171 subjects was published in 2012, which
also failed to show a significant additional benefit of IV ad-
ministration, again underpowered as a non-inferiority study
[95].

Alternative routes of administration, including prolonged
intra-arterial infusion and local delivery (discussed in the
following section), are now also being investigated. In a pilot
study, 10 patients with severe refractory vasospasm had
placement of intra-arterial catheters into the cervical internal
carotid artery with continuous infusion of nimodipine at 50
mL/hour [96]. Radiographic and physiologic improvement
was reported in all subjects while outcomes were reportedly
all favorable. Finally, the results of a phase 1/2a clinical trial
of a new formulation of sustained release intraventricular
nimodipine demonstrated a favorable safety profile with
some promise of efficacy [97].

4.2. Nimodipine for Ischemic Stroke

Second to aSAH, ischemic stroke has been one of the
most well-studied conditions for potential effect of nimodip-
ine. While there was some hope established from early
RCTs, larger subsequent trials failed to convincingly demon-
strate a benefit in ischemic stroke in general or in any pre-
defined subgroup. In a 2012 Cochrane analysis of 34 trials
(most with nimodipine but including other calcium channel
antagonists) with 7731 patients, the pooled analysis of all
calcium antagonists in acute ischemic stroke found no sig-
nificant effect on primary outcome (RR=1.05; 95% CI 0.98-
1.13) or death (RR=1.07, 95% CI 0.98-1.17) [98]. Higher
doses of nimodipine were not associated with any signal of
improvement and might in fact lead to worse outcomes. This
analysis revealed, with a fairly high degree of confidence,
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that nimodipine does not improve outcomes after acute
ischemic stroke. Nonetheless, based on new understanding
of pathophysiologic mechanisms in stroke (such as SD) cou-
pled with new methods of delivery of nimodipine, it seems
reasonable to revisit this potential therapeutic target of
nimodipine.

Early trials raised initial interest in the use of nimodipine
for acute ischemic stroke, albeit with some methodological
concerns and potential of fraudulent reporting. Gelmers et a/
reported an initial non-blinded, randomized trial of nimodip-
ine [99] followed by a larger multicenter RCT in 186 sub-
jects, reportedly demonstrating benefit only in male subjects
[100] . Dr Gelmers was later found guilty of falsifying records
(BMJ 2002; 325 doi: https://doi.org/10.1136/bmj.325.7367.
734). Nonetheless, subsequent data seemed encouraging
from other centers with a study of 41 subjects demonstrating
a higher rate of improvement in neurologic outcomes with
nimodipine within 12 hours of stroke [101], and additional
data supporting a significant benefit in mortality and neu-
rologic outcome in patients with mild stroke [102]. An as-
sessment of memory up to 3 months after stroke in patients
randomized into nimodipine or placebo found significant
improvement in these measurements with time in the ni-
modipine group [103]. To determine the mechanism of ac-
tion nimodipine in stroke, positron emission tomography
studies of CBF were performed in 14 ischemic stroke sub-
jects randomized to nimodipine or placebo [104]. A signifi-
cant improvement in CBF in the densely ischemic region
(penumbra), as well as improved metabolism (CMRO,),
were both observed, but the study was not designed to detect
any outcome difference.

Several large clinical trials have demonstrated a lack of
benefit with nimodipine in ischemic stroke, even in patients
with less severe stroke [105-110]. In one study, with 1215
patients, a trend towards worse outcomes was even observed
[111]. Each study offered further tantalizing post-hoc analy-
ses to attempt to identify a subgroup with benefits. The
American Nimodipine Study Group found significant benefit
in a group treated with 12 mg of nimodipine within 18 hours
with a negative initial CT [107]. A subgroup analysis by
Kaste et al. [109] found that nimodipine seemed to abolish
infarct growth but only on smaller volume strokes where
treatment was initiated within 24 h [112]. A study of 31 pa-
tients showed that, in the absence of an overall benefit, there
was a significant improvement in relative neurologic deficit
with nimodipine [111]. To further investigate the potential
benefit in early intervention, the VENUS trial evaluated ni-
modipine versus placebo use started within 6 hours of stroke.
The trial was stopped early because the first Cochrane sys-
tematic review did not show a benefit with nimodipine and
likewise, in the 454 subjects enrolled, no beneficial effect
was found with nimodipine, again with a trend toward harm
[108]. Based on these data, including the Cochrane review,
no further trials of nimodipine in stroke have been initiated
[98]. Ongoing analysis of the previous trials has continued to
underscore the importance of the blood pressure-lowering
effect in predicting worse outcome in nimodipine treated
subjects [113].

It was hypothesized that any potential benefits of ni-
modipine was masked by the detrimental effect of blood

Carlson et al.

pressure reduction inducing (even moderate) hypotension
[109]. To test this hypothesis prospectively, Ahmed et al.
[114] conducted a study in 265 subjects receiving low-dose
or high-dose nimodipine or placebo. There was a statistically
significant reduction in systolic and diastolic blood pressure
with nimodipine, which was significantly correlated with
worse outcome, further bolstering the role of hypotension as
a driving factor for poor outcome.

While the overall data have suggested that there is no
overall effect of nimodipine in ischemic stroke, there cer-
tainly has been a suggestion of benefit. With a newer under-
standing of the role that SD may play in the early and suba-
cute expansion of stroke coupled with the known deleterious
effects of hypotension, there may be a rationale to revive this
“previously closed” topic. A protocol to test the efficacy of
nimodipine in improving cognitive impairment after stroke
has been published, possibly paving the way for studies
evaluating more nuanced outcomes compared to previous
studies focused only on gross outcomes [115]. In addition to
more nuanced outcome measurement, limiting deleterious
effects of hypotension would be critical in considering any
future study, potentially with local delivery techniques.

4.3. Nimodipine for Traumatic Brain Injury

The beneficial effect of nimodipine observed in aSAH
led to an interest in whether nimodipine could affect the de-
layed injury phase in TBI (particularly in cases of traumatic
SAH [tSAH]). While no convincing data based on meta-
analyses currently supports routine use of nimodipine in
TBI, the known detrimental effects of hypotension may con-
tribute to these overall equivocal results. In the most current
Cochrane review, a significant beneficial effect on death or
severe disability in the subgroup with tSAH was demon-
strated [116]. The conclusions, however, represented signifi-
cant uncertainty, pointing out that the adverse reactions (par-
ticularly hypotension) could be harmful in some patients and
have been challenged by a larger meta-analysis, which in-
corporated a large unpublished data set.

Four large randomized studies using nimodipine (only 3
of which were published) and 2 studies using nicardipine
have been conducted. The nimodipine studies are sequen-
tially referred to as HIT (Head Injury Trial) I-IV. The HIT 1
trial enrolled 352 patients to IV nimodipine (2 mg/h for 7
days) and demonstrated a non-significant 8% improvement
in a good outcome in the treated group [117]. HIT II enrolled
852 subjects within 24 hours of TBI and was powered to
detect a 10% difference in good outcome as suggested by
HIT I; however, the outcome was not significant. A post hoc
analysis showed a significant effect in patients with tSAH
[118]. However, a pooled analysis with HIT I did not con-
firm this hypothesis [119]. HIT III therefore was designed to
test this group with tSAH specifically. The duration of
treatment was longer, at 3 weeks, and the results demon-
strated significantly less poor outcome in the nimodipine
group [120]. The HIT IV trial also focused only on tSAH;
however, the results of the study have not yet been published
in their entirety. The unpublished data, which included 592
subjects with tSAH who had been enrolled before the trial
was stopped, was analyzed in a systematic review and
showed that there were significantly worse outcomes with
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nimodipine (OR=1.44, 95% CI 1.02-2.06). The 4 HIT stud-
ies and an additional study from India in 97 severe TBI sub-
jects, which also did not show any benefit in the treatment
group based on GOS [121], were analyzed together. This
meta-analysis found no significant effect of nimodipine on
outcome. While specific analysis in the tSAH group was not
performed, the authors argued that since HIT IV included
only tSAH patients, and this analysis comprised more than
double the numbers reported in the Cochrane review (1074
versus 460), that even in tSAH, there was no significant
beneficial effect [122].

In summary, these relatively limited data have yielded
heterogeneous and conflicting results in TBI. This may be
related to many factors including the heterogeneity of TBI
itself, potential deleterious effects of hypotension, or lack of
efficacy of the treatment. If a targeted high-risk population
can be identified and hypotension can be mitigated, nimodip-
ine may still hold promise to reduce delayed injury progres-
sion in TBI. SD occurs only in about 50-60% of TBI sub-
jects, however, has been closely linked to worsened outcome
[123]. If this subgroup can be predicted or targeted, such
therapies may be worth reconsideration.

4.4. Nimodipine for Migraine

The “vascular theory” of migraine (i.e, there may be a
role of vasoconstriction followed by vasodilation in the
headache phase) led to the hypothesis that nimodipine may
have efficacy for migraine, though after initial interest, ni-
modipine has been largely abandoned in favor of newer
agents. However, further elucidation of the pathophysiology
of migraine, and the involvement of SD as an underlying
cause suggested that the efficacy of nimodipine prophylaxis
could be related not only to vascular effects, but also neu-
ronal effects of L-type calcium channels in limiting SD and
therefore migraine initiation.

Several RCTs in migraine prophylaxis have demon-
strated a reduction in the frequency and duration of migraine
attacks with nimodipine [124-127]. One trial evaluating sub-
lingual nimodipine for acute attacks failed to show a benefit,
but had significant methodological problems [128]. Two
relatively large studies from the migraine-nimodipine Euro-
pean study group were conducted for both common migraine
(without aura) and classic migraine (with aura). In 192 pa-
tients with common migraine, no difference in treatment
groups was noted. However, there was a significant placebo
effect, which raised some uncertainty about the observed
modest possible beneficial effect [129]. There was also no
difference between in treatment groups in the second study
that enrolled 89 patients with classic migraine, except that
both groups had significant improvement over the 11 weeks
of treatment [130]. In another study with a more robust de-
sign, significantly greater reductions in both frequency and
duration of attacks were noted for nimodipine versus placebo
[131]. Underlying methodological concerns may be relevant,
because if adequate doses were delivered to the CNS, the
migraine with aura group would be expected to respond
more favorably if there is a significant effect on SD.

Despite these promising results, use and further investi-
gation of nimodipine in migraine have largely faded, likely
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due to improved efficacy of alternative agents as well as lim-
ited availability and high cost of nimodipine. While these
subjects would not be a likely group to benefit from local
delivery, given better understanding of both the pathophysi-
ology of migraine and the mechanisms of action of nimodip-
ine, it may be a reasonable target to consider a reappraisal in
this context.

4.5. Nimodipine for “Neuroprotection”

Nimodipine was proposed early in its evaluation to play a
“neuroprotective” role and has therefore been studied in a
wide range of conditions. The significant heterogeneity of
these conditions and the lack of any repeated or large trials
significantly limit drawing meaningful conclusions from
these data other than to understand that there has been a wide
range of applications with mixed reported effects.

A study of CBF after cardiac arrest found significantly
higher blood flow with nimodipine compared to placebo
with no effect on intracranial pressure or neurologic outcome
[132]. Another study of 39 out-of-hospital cardiac arrests
resuscitated with success showed slightly decreased intracra-
nial pressure with nimodipine [133]. In a larger study of 155
patients after out-of-hospital ventricular fibrillation resusci-
tation, no significant difference in mortality was noted, ex-
cept for a survival benefit with nimodipine in patients with
delays longer than 10 minutes [92]. After cardiac surgery
with cardiopulmonary bypass, there was also no difference
in CBF between nimodipine and controls, except for possible
subtle neuropsychological improvement [132]. A more ex-
tensive study of 400 patients with valve replacement was
stopped early due to increased bleeding in the nimodipine
group [134]. The lack of benefit in outcomes halted further
interest in this line of study.

Regarding cognitive effects, initial studies found no ef-
fect of nimodipine on memory after electroconvulsive ther-
apy or progression of dementia [135, 136]. However, a pro-
phylactic benefit, in terms of delaying disease progression,
was reported in a larger study in 227 patients with Alz-
heimer’s disease [137]. This was further supported by a mul-
ticenter study in 755 elderly patients with cognitive deterio-
ration, where a significant improvement in cognitive func-
tion was reported [138]. A specific trial in multi-infarct de-
mentia showed no overall effect, but post-hoc analysis dem-
onstrated a possible effect in vascular dementia [139]. A
Cochrane review from 2001 identified 14 trials, 9 with data
available, and concluded that there were some short-term
beneficial effects of nimodipine, but did not recommend
routine use because of only relatively moderate effect in cer-
tain domains and only short-term outcome data [140]. Since
then, another study similarly showed a possible moderate
benefit for such conditions [139].

In motor neuron disease, nimodipine was not found to be
effective to slow progression [141, 142]. During treatment
with cisplatin for ovarian cancer, nimodipine did not show a
neuroprotective effect [143]. Similarly, no significant effect
was noted on cognitive function during treatment for HIV
[144]. Other niche exploratory applications have included
vascular depression [145], acute mania [146], various with-
drawal syndromes [147-149], affective dysregulation [150],
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essential tremor [151], vertigo [152], as an adjunct to opiates
[153], as an adjunct in epilepsy [154, 155], and to improve
hearing and facial function after vestibular schwannoma sur-
gery [156, 157].

In summary, nimodipine has been extensively studied in
multiple conditions. While vascular effects in cerebral
smooth muscle have been the underlying mechanism thought
to provide benefits, harmful waves of SD and associated
spreading ischemia may underlie at least some of the ob-
served therapeutic efficacy. Conditions characterized by
ischemia and particularly high frequent rate of SD may be a
potential target group based on this improved mechanistic
understanding. Techniques to mitigate the known deleterious
effects of hypotension (such as local delivery) may further
improve the safety profile in such revisited indications.

5. IMPROVING STANDARD OF CARE-IMPROVING
THE EFFECTIVENESS OF NIMODIPINE AND
LIMITING RISK OF HYPOTENSION

While clinical evidence has demonstrated the therapeutic
benefits of oral nimodipine in improving outcomes in aSAH,
the recurring concerns for systemic hypotension have con-
tinued to be problematic. A potential solution to this problem
is a targeted drug delivery approach that increases local drug
concentration while minimizing systemic concentrations,
which may help to reduce the unwanted systemic side ef-
fects. This approach was investigated for aSAH in the in-
traoperative local delivery of sustained-release pellets of
nicardipine into the subarachnoid space next to cerebral ar-
teries [19, 158]. The pharmacology of nicardipine is very
similar to nimodipine. In a Phase 2a study of 32 aSAH pa-
tients treated with nicardipine implants during surgery after
clipping of the aneurysm, angiographic vasospasm was sig-
nificantly reduced (73% control vs. 7% nicardipine), as well
as the incidence of delayed ischemic lesions (47% control vs.
14% nicardipine) [159]. Similar outcomes have been ob-
served in a larger study with 100 poor-grade aSAH patients
[158]. Pellet-based therapeutics, however, are difficult to
administer intraventricularly or non-surgically, which limits
their use in patients who undergo endovascular coiling to
repair ruptured aneurysms [18] In addition, the pellets would
not be expected to circulate into the basal cisterns.

A new platform for localized, sustained-release admini-
stration of nimodipine, (EG-1962; Edge Therapeutics) is
being investigated in clinical trials [160]. Pharmacokinetic
evaluation showed nimodipine release after administration
consists of an initial burst followed by sustained release over
21 days [161]. The plasma concentrations after aSAH in
dogs are equivalent to oral nimodipine, although with less
dose-dependent fluctuation, and are maintained for the entire
time window when DCI may develop. Importantly, nimodip-
ine concentrations are dramatically higher in the CSF com-
pared to oral administration (Fig. 3) [161]. In addition, EG-
1962 can be administered intraventricularly to patients with a
ventricular catheter who undergo endovascular aneurysm
repair or neurosurgical clipping. The safety and efficacy pro-
files of EG-1962 have been extensively studied in preclinical
and clinical studies. In dogs, EG-1962 reduced angiographic
vasospasm as compared with oral nimodipine and was not
associated with adverse effects, systemic hypotension, or
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pathologic effects in the brain [8]. In rats that received intra-
ventricular injections of nimodipine microparticles at various
doses equivalent to human doses of up to 1200 mg, there
were no effects of EG-1962 on clinical observations, neuro-
behavioral evaluations, body weight, food consumption,
ophthalmoscopy, hematology, coagulation, clinical chemis-
try, urinalysis, organ weight, or macroscopic pathology
[161]. In a beagle toxicity study, a granulomatous foreign
body-type reaction that was dose related to EG-1962 in the
ventricular system was observed [161]. In addition, inflam-
mation, fibrosis, and cardiac myofiber degeneration and ne-
crosis of the left ventricle and interventricular septum of the
heart were also observed in several beagles receiving in-
tracisternal injection and in an animal receiving 103 mg dose
intraventricularly; these effects were partially resolved by
day 29 [161].

The randomized, open-label, dose-finding, Phase 1/2a
NEWTON study (Nimodipine Microparticles to Enhance
Recovery While Reducing Toxicity After SubarachNoid
Hemorrhage) was recently completed. The results showed
that 800 mg was the maximum tolerated dose of EG-1962
when used as a single administration in humans [8, 97].
Among the 54 subjects who were randomized to EG-1962,
60% achieved favorable clinical outcomes on the extended
Glasgow outcome scale (GOSE) at 90 days, as compared
with 28% of subjects who received oral nimodipine. In addi-
tion, EG-1962 was associated with less angiographic vaso-
spasm/DCI, infarction because of DCI, and use of rescue
therapy compared with oral nimodipine. A higher incidence
of hypotension was reported with oral nimodipine versus
EG-1962, and for the latter, none of the hypotension was
considered related to treatment. More frequent incidences of
CNS events, including cerebral vasoconstriction, DCI, cere-
bral infarction, and intracranial hemorrhage were reported in
the oral nimodipine group. Overall, treatment with EG-1962
was considered safe and tolerable up to 800 mg. Fig. 3
shows the pharmacokinetic analysis. IV nimodipine was not
used due to variable approval and data discussed above re-
garding lack of independent proof of efficacy.

A pivotal phase 3, double-blind, double-placebo, RCT
was conducted to compare the efficacy of intraventricular
600-mg dose of EG-1962 to the standard of care oral ni-
modipine in subjects with aSAH (NCT02790632;
NEWTON-2). This study was conducted at centers in North
America, Europe and Australasia. Treatment consisted of 1
dose of intraventricular EG-1962 versus standard oral ni-
modipine with either placebo controls for both arms. Patients
were followed up for 90 days or until premature discontinua-
tion from the study. The primary endpoint was the propor-
tion of subjects with a favorable outcome measured on the
GOSE at 90 days after study randomization [162].

The study was halted in March 2018 by the independent
Data Monitoring Committee after a review of interim data on
210 patients. A review of the data on these patients sug-
gested that the study had a low probability of meeting its
primary endpoint. Prespecified subgroup analysis of World
Federation of Neurological Surgeons grades 3 and 4 patients
reported that 43% (29/67) achieved favorable outcome on
the GOSE compared to 29% (20/70) in the placebo group.
This suggested a clinically meaningful potential benefit for



Nimodipine Reappraised

A) Cerebrospinal fluid
3000 4 4

&
o

n WEG-1962

® Oral
2000

1500

1000

Nimodipine Concentration (ng/mL)

8

'

0 5 10

Current Neuropharmacology, 2020, Vol. 18, No. 1 75

TL'}!!{-T .

15 20

Days After SAH

B) Plasma

35 m EG-1962

w
o

= &

i - e
HIH
il

N
wv

Nimodioine Concentration (ng/mL)
N
o

w

C) Microsphere delivery vehicle

15 20 30
Days After SAH

Fig. (3). Pharmakokinetic analysis of plasma and serum nimodipine concentrations in the NEWTON 1 study [97], averaged across all doses.
Intrathecal delivery of EG-1962 is compared to standard of care oral nimodipine. Note that CSF concentration (A) of nimodipine is nearly
unmeasurable in the standard of care oral administration group. In plasma (B), concentrations of nimodipine in the oral group were higher,
potentially increasing the risk of hypotensive transient events. The inset to the right (C) is a scanning electron micrograph of the microparti-
cles used for delivery of the nimodipine crystals, which are embedded in the clefts of the particles (white arrows). This allows for slow sus-
tained release of the nimodipine as measured by persistent nimodipine presence in serum even to 30 days after subarachnoid hemorrhage
[161]. (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

these poor grade patients and is consistent with results of the
phase 1/2a study. No safety concerns that would have halted
the study or precluded further development were identified.
While no other information is available now pending review
and publication of the final results of the study, it is possible
to speculate on some explanations for these results. Some
theories previously expounded to explain negative results of
aSAH trials include that rescue therapy works and increased
use in placebo group, if true, would balance any benefits

from the study drug. The outcome measures may not be sen-
sitive enough to detect clinically meaningful outcome differ-
ences. No safety concerns were identified so it seems un-
likely that EG-1962 adverse events counteracted its potential
efficacy. It is also possible that enrollment of good grade
patients with low probability of DCI could dilute an effect.
Ongoing subgroup analysis, as well as exploratory analysis
of the effect of local delivery of nimodipine on SD as a po-
tential mechanism, is currently being explored. Such further
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analysis of the NEWON study data is necessary to under-
stand the possible reasons for the study being halted early
and hopefully will support conduct of additional studies of
local drug delivery for aSAH. Promising results from these
studies may help pave the way for the targeted, local drug
delivery approach to be a new treatment option in aSAH that
optimizes treatment outcomes by leveraging efficacy as it
relates to novel mechanisms of injury such as SD, while
minimizing the systemic drug side effects.

Finally, there may be other newer delivery approaches on
the horizon that may offer additional methods to deliver ni-
modipine or similar drugs to tissues of interest while avoid-
ing systemic side effects. A recent novel formulation has
linked nimodipine with pH-sensitive chitosan nanoparticles.
The goal using such a technique would be to preserve sys-
temic administration, but limit release of the drug to tissues
with decreased pH in the ischemic penumbra [163]. Though
early in the developmental stage, such an approach repre-
sents an exciting advance to potentially target therapy to a
patient’s pathological state.

CONCLUSION

Nimodipine is an effective treatment for the prevention
of DCI after aSAH, however the mechanism of action and
dose limiting hypotension remain major areas of uncertainty.
Recent preclinical data have raised interesting additional
mechanisms by which nimodipine may exert its action, par-
ticularly related to initiation of SD and mitigation of associ-
ated deleterious consequence (spreading ischemia). In addi-
tion, recent advances in delivery have demonstrated safety of
local delivery with less hypotension and significantly higher
concentration at the target organ. This site-specific, sus-
tained-release delivery may increase concentrations of the
nimodipine activity at the site it is needed most while avoid-
ing additional deleterious effects related to systemic hy-
potension. While aSAH remains a major health problem and
improved outcomes in these patients would be a major suc-
cess, this better understanding of both the mechanisms of
secondary brain injury and the ability to limit toxicity poten-
tially opens the doors to a re-evaluation of such an approach
in several other disease processes where nimodipine may
have some therapeutic efficacy such as ischemic stroke and
TBI. Detailed analysis of the EG-1962 phase 3 trial will cer-
tainly shed light to whether there is a significant effect that
should be considered in such other conditions.
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