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Abstract

Traumatic brain injury (TBI) is a significant public health problem around the world. A promising 

area of research is the characterization of small, drug-like molecules that have potent clinical 

properties. One pharmacotherapeutic agent in particular, an aminopropyl carbazole called P7C3, 

was discovered using an in vivo screen to identify new agents that augmented the net magnitude of 

adult hippocampal neurogenesis. P7C3 greatly enhanced neurogenesis by virtue of increasing 

survival rates of immature neurons. The potent neuroprotective efficacy of P7C3 is likely due to 

enhanced nicotinamide phosphoribosyltransferase (NAMPT) activity, which supports critical 

cellular processes. The scaffold of P7C3 was found to have favorable pharmacokinetic properties, 

good bioavailability, and was nontoxic. Preclinical studies have shown that administration of the 

P7C3-series of neuroprotective compounds after TBI can rescue and reverse detrimental cellular 

events leading to improved functional recovery. In several TBI models and across multiple species, 

P7C3 and its analogues have produced significant neuroprotection, axonal preservation, robust 

increases in the net magnitude of adult neurogenesis, protection from injury-induced LTP deficits, 

and improvement in neurological functioning. This review will elucidate the exciting and diverse 

therapeutic findings of P7C3 administration in the presence of a complex and multifactorial set of 

cellular and molecular challenges brought forth by experimental TBI. The clinical potential and 

broad therapeutic applicability of P7C3 warrants much needed investigation into whether these 

remedial effects can be replicated in the clinic. P7C3 may serve as an important step forward in 
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the design, understanding, and implementation of pharmacotherapies for treating patients with 

TBI.
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1.1 TBI Epidemiology and Pathophysiology

Traumatic brain injury (TBI) is a leading cause of death and disability around the globe. 

Each year in the U.S., 1.7 million people sustain a TBI (Faul et al., 2010). In the absence of 

mortality, patients with TBI may have significant life-long disability comprised of motor 

impairment, cognitive deficits, neuropsychiatric complications, and increased risk of suicide 

(Madsen et al., 2018; DeKosky et al., 2013; Masel and DeWitt, 2010). One of the difficulties 

encountered when treating TBI in the clinic is the heterogeneity of the injury and of the 

response of the human brain. No two TBIs are identical, and thus, there is a continued need 

for preclinical experimental work to mitigate some of the predicable and frequently-

observed cellular and molecular challenges that transpire.

The pathophysiology of TBI occurs because of primary and secondary injury mechanisms. 

The primary injury initiates directly at the time of trauma. Depending on the nature of the 

insult, primary injury to intracranial contents can occur with rapid acceleration/deceleration 

forces, direct impact with an external object, object penetration, or blast-induced pressure 

waves. TBI patients may present with tissue shearing along white matter tracts and diffuse 

axonal injury (DAI), focal cerebral contusions, hematomas, and cerebral edema. Secondary 

brain injuries are classified as primary injury-induced ionic and neurochemical cascades 

resulting in pathophysiological cellular and molecular changes. Secondary injuries, such as 

mitochondrial dysfunction, generation of free radicals, inflammatory responses, and cell 
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death, occur over a spectrum of hours, days, and weeks, further demonstrating that TBI is a 

complicated and progressive disease state (Bramlett and Dietrich, 2014).

Currently, there is a paucity of substantiated treatments for TBI patients, and Phase 3 clinical 

trials have been unsuccessful in showing improvements in neurologic outcomes 

(Roozenbeek et al., 2012). Neuropharmacotherapies for TBI are an important area of 

research that warrants extensive investigation. Due to an incomplete understanding of the 

injured state of the brain, novel treatments that address the dichotomy of both the 

neuroreparative and pathological responses of the injured brain are of the utmost 

importance.

1.2 Adult Neurogenesis and TBI

Adult neurogenesis is defined as the birth, maturation, and functional incorporation of 

newly-generated neurons in the postnatal brain. Postnatal hippocampal neurogenesis initiates 

in the subgranular zone (SGZ) of the dentate gyrus (DG), and has been detected in virtually 

all land-born mammals, including humans (Kempermann et al., 2018). The temporal profile 

of neuronal maturation is species-dependent, taking approximately 4 weeks in the rat 

(Espósito et al., 2005) and a minimum of 6 months in the nonhuman primate (Kohler et al., 

2011). Newborn neurons have distinct electrophysiological profiles and are highly plastic, 

characteristics that are central to their unique role within the hippocampal network (Schinder 

and Gage, 2004). Several studies have shown that adult-born hippocampal neurons are 

involved in contextualization of spatiotemporal information, pattern separation, forgetting, 

affective behaviors, and endogenous repair responses after injury, across multiple species 

(Kempermann et al., 2018; Christian et al., 2014; Deng et al., 2010; Lie et al., 2004). 

Although adult neurogenesis is dynamic, with the rate of newly-added neurons decreasing 

with age (Galvan and Jin, 2007), several studies have reported continued neurogenesis 

throughout adulthood in the human hippocampus (Boldrini et al., 2018; Kempermann et al., 

2018; Dennis et al., 2016; Ernst et al., 2014; Yang et al., 2014; Spalding et al., 2013; Knoth 

et al., 2010; Eriksson et al., 1998), however, a recent study argued that adult neurogenesis is 

extremely rare in adult humans (Sorrells et al., 2018). Additional investigation and 

optimized techniques to fully assess the phenomenon of human adult neurogenesis are 

clearly warranted.

Despite the current state of controversy, it has been well established that various stimuli can 

enhance or downregulate adult neurogenesis. Augmentation occurs with voluntary exercise, 

cognitive stimulation, and environmental enrichment, as well as after seizures, while 

reduction ensues with negative external factors such as stress, isolation, and in various CNS 

disease states (Aimone et al., 2014). TBI in particular has been shown to alter endogenous 

adult neurogenesis in a biphasic manner. After experimental TBI, there is an acute 

upregulation of newborn neurons followed by a chronic reduction of baseline neurogenesis 

(Blaiss et al., 2011; Atkins et al., 2010). Studies suggest this could be the result of a 

depletion of the neural progenitor pool that is required for sustained neurogenesis as well as 

the pathological death of immature hippocampal neurons, two adverse events that potentially 

contribute to chronic cognitive impairment after TBI (Blaiss et al., 2011; Gao et al., 2008). 

In any event, the significant decrease in the net magnitude of endogenous neurogenesis, 
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together with extensive neuronal cell death and dysfunction throughout the hippocampus and 

other regions of the brain, significantly contribute to TBI-induced neuropathological 

outcomes.

TBI may result in neuropsychiatric comorbidities such as the development of depression, 

anxiety, or posttraumatic stress disorder (Ahmed et al., 2017). TBI-induced alterations of 

adult neurogenesis have been implicated in the etiology of these neuropsychiatric disorders, 

as preclinical studies have shown that animal models with impaired hippocampal 

neurogenesis display more anxiogenic and depressive behaviors (Miller and Hen, 2015). 

Lack of sufficient adult hippocampal neurogenesis may increase and prolong stress 

responses, which contribute to clinical manifestation of psychiatric illness (Cameron and 

Glover, 2015).

2.1 Discovery of the P7C3 Class of Neurotherapeutic Compounds

There is a disruption of adult neurogenesis and increased neuronal cell death in several 

preclinical models of deleterious neurological conditions, including Alzheimer’s disease 

(AD), Huntington’s disease, TBI, and other CNS injuries, which affect millions of people 

around the world. In order to address the unmet need for effective treatments, Pieper and 

colleagues (2010) utilized a target-agnostic, in vivo screen to identify novel, drug-like small 

molecules that enhance the net magnitude of adult hippocampal neurogenesis. 

Intracerebroventricular (ICV) infusion of 1000 drug-like compounds, selected based on their 

chemical diversity, size, and complexity, was carried out in living mice over 1 week. During 

the infusion process, mice also received injections of bromodeoxyuridine (BrdU), a 

thymidine analogue that incorporates into newly-synthesized DNA and labels dividing 

progenitor cells. By comparing the infused compounds against negative and positive 

controls, and assessing the net magnitude of hippocampal neurogenesis in the contralateral 

SGZ, eight proneurogenic compounds were revealed. One in particular, the aminopropyl 

carbazole Compound #3 (C3) contained within screening Pool #7 (P7) – hence named P7C3 

– was found to potently stimulate robust BrdU-positive signal by increasing the survival of 

newborn neurons, without affecting their rate of proliferation (Figure 1, left). This was 

determined by comparing short- and long-term incorporation of BrdU, which revealed that 

P7C3 enhanced the net magnitude of newborn hippocampal neurons through increased 

survival rates, as opposed to stimulation of mitotic division and subsequent neural stem cell 

(NSC) proliferation (Pieper et al., 2010).

Furthermore, in silico investigation revealed that P7C3 was likely to have favorable brain 

penetration, and that this molecule could be peripherally administered by oral and 

intraperitoneal (IP) delivery, eliminating the need for ICV delivery (Pieper et al., 2010). 

Additional investigations determined bioavailability, half-life, rate of clearance, and 

magnitude of blood brain barrier (BBB) penetration. P7C3 was found to be 32% orally 

bioavailable, possess a half-life of 6.7 hours after IP administration, and readily able to cross 

the BBB. The researchers conducted dose-response experiments and found consistent, 

graded responses. A subsequent in vivo structure-activity relationship experiment assessed 

37 chemical variants of the P7C3 parent compound and revealed one in particular with 

significantly enhanced neuroprotective activity. This molecule, deemed P7C3–A20, 
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contained a fluorine instead of a hydroxyl group at the chiral center (Pieper et al., 2010; 

Figure 1, center).

The authors next investigated whether P7C3 increased the net magnitude of neurons alone or 

also increased numbers of non-neuronal cell types. They found that BrdU immunoreactivity 

colocalized exclusively with neuronal markers (Pieper et al., 2010). Thus, P7C3 appeared 

neuron-specific in the context of hippocampal neurogenesis, a process in which a small 

number of surviving cells sometimes differentiate instead into glia cells (Gage, 2000).

After affirming prosurvival activity in wild-type mice, Pieper and colleagues (2010) next 

assessed P7C3 in a mouse model of impaired hippocampal neurogenesis. Neuronal PAS 

domain protein 3 (NPAS3) is required for appropriate expression of fibroblast growth factor 

(FGF) receptor 1 in the hippocampus. Transgenic mice lacking npas3, a master regulator of 

neuropsychiatric function (Michaelson et al., 2017), have nearly complete loss of DG adult 

neurogenesis by virtue of massively increased cell death in this process (Pickard et al., 2006; 

Pieper et al., 2005). This knockout model is characterized by aberrant hyperexcitability and 

morphological abnormalities of DG granular neurons. Prolonged administration of P7C3 to 

npas3−/− mice restored the dendritic morphology of DG neurons and corrected 

electrophysiological deficits in the DG, but not in CA1. (Figure 2). Immunohistochemical 

staining with cleaved caspase-3 (CCSP3), a marker of apoptotic cell death, showed that 

P7C3-receiving npas3−/− mice had a statistically significant reduction of CCSP3-positive 

cells in the hippocampus. These findings suggest that P7C3 effectively overcomes the 

genotypic hippocampal cell death of npas3−/− mice by protecting newborn neurons from 

death. Apoptotic cell death can be activated by an intrinsic pathway that is initiated in 

mitochondria (Green and Reed, 1998). Once apoptosis commences, intracellular signaling 

cascades result in mitochondrial membrane permeabilization (MMP) and degradation of 

cellular components (Kroemer et al., 2007). Because P7C3-treated animals had reduced 

levels of CCSP3 in the DG, and MMP plays a significant role in apoptosis, Pieper and 

colleagues (2010) sought to investigate the effects of P7C3 specifically on mitochondrial 

membrane integrity. In vitro experiments evaluating calcium-induced mitochondrial 

dissolution revealed that P7C3 and derivatives significantly protected mitochondrial 

membrane potential relative to vehicle-treated cells in a dose-dependent manner. These 

experiments suggested that P7C3 may be protecting vulnerable neurons by acting in a 

manner that stabilizes mitochondrial function.

Because adult DG neurogenesis is a putative mediator of hippocampal-dependent learning 

and memory, the next step was to assess the effect of P7C3 administration in aged rats. A 

depreciation of hippocampal neurogenesis occurs in biological aging, which is related to 

greater hippocampal NPC apoptosis in the aged brain, and contributes to cognitive 

deterioration (Kuhn et al., 1996). The Morris water maze (MWM) is a valuable tool to assess 

hippocampal-dependent spatial acquisition and retention (Morris, 1981). Rats received daily 

injections of 10 mg/kg of P7C3 intraperitoneally for 2 months, at which point they were 

tested for cognitive function in the MWM. Hippocampal-dependent learning in aged animals 

that were administered P7C3 was significantly enhanced relative to aged control animals 

(Pieper et al., 2010). In summary, Pieper and colleagues discovered a proneurogenic, 

Blaya et al. Page 5

Neuropharmacology. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neuroprotective compound that was highly active in multiple models of impaired 

neurogenesis, and maintained significant clinical potential.

2.2 Optimization of the P7C3 Scaffold

In subsequent years since the initial discovery, experiments have been carried out to further 

characterize and chemically optimize the highly-active scaffold of P7C3. Several derivatives 

designed from the parent scaffold have been developed and tested in a variety of injury and 

neurodegenerative disease states in which neuronal survival is compromised. P7C3–A20 was 

found to have greater potency and stability, was nontoxic at high doses, and, importantly, 

could be synthesized on a large scale (Naidoo et al., 2013). As discussed briefly above, this 

improved compound is a result of systematic manipulation and optimization of each 

subsection of P7C3, which determined that fluorination improved innate neuroprotective 

efficacy. Using this alteration as a new starting point, Naidoo et al. (2014) further designed 

an additional P7C3 derivative in which the aniline moiety was replaced with an alternative 

heterocycle to increase polarity. In this work, they described the discovery and meticulous 

assessment of a superior P7C3 molecule called (−)-P7C3–S243 with optimal 

physiochemical and pharmacokinetic properties coupled with greater neuroprotective 

efficacy (Figure 1, right).

Since this groundbreaking discovery and assessment of P7C3 efficacy in models of impaired 

neurogenesis (Pieper et al., 2010), multiple experimental models of neurodegenerative 

diseases have shown robust preclinical evidence for sensitivity to treatment with P7C3 

agents. For example, experiments have shown potent neuroprotection of dopaminergic 

neurons in mouse and rat models of Parkinson’s disease (Jesús-Cortés et al., 2015; Naidoo et 

al., 2014; Jesús-Cortés et al., 2012), decreased motor neuron cell death in the spinal cord of 

a mouse model of amyotrophic lateral sclerosis (Tesla et al., 2012), and protection in 

neonatal rats from nerve cell death and dysfunction in a model of obstetric brachial plexus 

palsy (Kemp et al., 2015). Research has also shown that P7C3 treatment reversed retinal 

apoptosis in a zebrafish model of retinal degeneration (Asai-Coakwell et al., 2013), and 

provided protection from hippocampal cell death in preclinical models of anxiety (Lee et al., 

2016) and depression (Walker et al., 2015). In experimental acute ischemic stroke, our 

laboratory recently reported a significant reduction of cortical and hippocampal atrophy, 

enhanced neurogenesis, and improved neurological outcomes after treatment with P7C3–

A20 (Loris et al., 2018, 2017). More recently, robust protective efficacy of P7C3 compounds 

for nerve cell death and neurological dysfunction has also been established in preclinical 

models of AD (Voorhees et al., 2017) and chemotherapy-induced peripheral neuropathy 

(LoCoco et al., 2017).

3.1 P7C3 Proposed Mechanism: Enhanced NAMPT activity

While the proneurogenic efficacy of P7C3 had been reproduced in multiple experimental 

models of disease and injury in which neuronal survival is compromised, the mechanism by 

which P7C3 compounds exert these effects remained elusive. However, four years after the 

initial discovery, Wang and colleagues (2014) reported that P7C3 compounds augmented the 

activity of a critical enzyme involved in the biosynthesis of nicotinamide adenine 
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dinucleotide (NAD+). NAD+ is an indispensable enzyme that contributes to a broad number 

of cellular functions and has an essential role in maintaining organism homeostasis. It is a 

coenzyme in reduction-oxidation reactions and mediates regulation of cellular metabolism 

and mitochondrial respiration. NAD+ is also a critical cosubstrate for additional pleiotropic 

enzymes such as sirtuins (SIRTs), poly-adenosine diphosphate (ADP)-ribose polymerases 

(PARPs), and cyclic ADP-ribose (cADPR) synthases (Verdin, 2015; Figure 3). Using 

photocrosslinking and click chemistry, Wang et al. (2014) revealed that P7C3 compounds 

bind to and enhance the activity of nicotinamide phosphoribosyltransferase (NAMPT), 

which is the rate-limiting enzyme for NAD+ biosynthesis via the salvage pathway. In order 

to establish whether P7C3-mediated increases in NAMPT activity affected downstream 

NAD+ levels, the authors utilized doxorubicin (dox), a toxin that damages DNA and 

activates PARPs (Muñoz-Gámez et al., 2009). PARP proteins contribute to an assortment of 

cellular processes including DNA repair and cell death pathways. PARPs consume NAD+ to 

catalyze the synthesis of poly-ADP-ribose (Kim et al, 2005). Thus, activation of PARPs 

decreases cellular levels of NAD+. Wang et al. (2014) showed that P7C3 treatment 

significantly reversed dox-mediated decline in intracellular NAD+ stores in a dose-

dependent manner. Additional experiments showed that purified, recombinant human 

NAMPT enzymatic activity was enhanced with multiple active derivatives of P7C3. Thus, 

the authors concluded that the family of P7C3 aminopropyl carbazoles is neuroprotective 

and proneurogenic through augmentation of NAMPT activity and subsequent restoration of 

cellular NAD+ levels (Wang et al., 2014; Figure 3).

3.2 NAMPT-NAD+ Axis in TBI

NAD+ is disproportionately depleted after TBI (Clark et al 2007; Satchell et al 2003). 

Secondary injury mechanisms contribute to the pathological activation of PARPs, which 

consume NAD+ and deplete ATP, creating cellular energy failure and initiating 

mitochondria-mediated apoptosis (Alano et al., 2010). Although the temporal expression of 

NAMPT after TBI remains to be fully delineated, our laboratory and others have shown that 

neuronal NAMPT in the hippocampus is acutely upregulated after TBI (Wang et al., 2011; 

Figure 4). It is suggested that this upregulation is part of a natural stress response to injury 

and initiation of a neuroreparative program. However, due to excessive TBI-induced 

depletion of NAD+ and subsequent energy failure, this endogenous reparative process is 

insufficient and unable to inhibit neuronal death. Because neuronal NAMPT transcription 

relies on NAD-dependent sirtuin 1 (SIRT1; Figure 3), NAMPT levels may become depleted 

in the chronic period after TBI when NAD+ is pathologically consumed. Because of the 

importance of NAMPT-mediated NAD+ production to the survival of the cell, and because it 

is compromised after TBI, it is an enticing neuropharmaceutical target.

3.3 NAMPT and Neurogenesis

NAMPT is also highly expressed in both immature and mature neurons in the hippocampus. 

NAD+ is essential for maintaining the stemness of pluripotent stem cells and for their unique 

bioenergetic requirements (Zhang et al., 2012). Stem cell metabolic plasticity requires 

adequate availability of NAD+ for participation in critical pathways governing proliferation 

and fate determination (Folmes et al., 2012). When the NAMPT-regulated salvage pathway 
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is disrupted and neuronal NAD+ is depleted, the resulting imbalance alters cellular 

metabolism that can result in premature stem cell death (Wang et al., 2016).

NAMPT involvement in adult neurogenesis has also been reported by Stein and Imai (2014) 

who showed that ablation of NAMPT in adult NSCs impaired self-renewal, proliferation, 

and neuronal maturation, and mimicked age-related cognitive impairment. Aged animals 

have deficient neurogenesis and cognitive deterioration (Kuhn et al., 1996). These age-

related changes coincide with temporal depletion of hippocampal NAMPT and NAD+. 

Thus, injury-induced alterations in NAMPT/NAD+ levels are considered one of the 

contributing factors underlying disruption and chronic depletion of hippocampal 

neurogenesis after TBI.

3.4 NAMPT-NAD+ Axis as a Therapeutic Target: Role for Sirtuins

Several studies have evaluated interventions to enhance NAMPT/NAD+ pools and have 

provided evidence to support a role for the NAMPT-NAD+ axis in neuroprotection. In 

experiments manipulating NAMPT activity, there was significant aggravation of ischemia-

induced cerebral infarct volumes and neuronal injury when NAMPT was inhibited, while 

overexpression of NAMPT resulted in a considerable reduction of neuronal injury as well as 

increased numbers of NSCs, greater adult neurogenesis, and neurological recovery (Zhao et 

al., 2015; Wang P. et al., 2011). Won and colleagues (2012) reported that intranasal 

administration of NAD+ after concussive TBI protected hippocampal neurons from death 

and attenuated proinflammatory microglia activation. The ability of neuronal NAMPT/NAD

+ to exert neuroprotective effects and positively mediate cell survival makes this axis an 

alluring target to combat the deleterious consequences of brain injury. The activity by which 

neuroprotection occurs has been attributed to NAMPT/NAD+-dependent prosurvival, 

antiapoptotic signaling cascades.

Sirtuins are NAD+-dependent deacetylases that interact with an assortment of proteins 

involved in cell survival, DNA repair, and apoptosis (Haigis and Sinclair, 2010). Importantly, 

NAMPT is under transcriptional control of SIRT1 as an essential part of the mammalian 

circadian clock feedback cycle (Haigis and Sinclair, 2010; Ramsey et al., 2009; Figure 3). 

Thus, NAMPT cosynthesizes NAD+, which activates SIRT1, which then transcribes 

NAMPT, over a 12-hour cycle.

SIRT1 signaling may be an important neurotherapeutic target in several neurodegenerative 

diseases, CNS injury, and age-related decline (Donmez and Outeiro, 2013). NAMPT/NAD+-

mediated neuroprotection in experimental TBI and other CNS injury studies has been 

attributed to prosurvival SIRT1 signaling cascades (Zhao et al., 2012). Under ischemic 

stress, NAMPT exhibited substantial neuroprotection in vivo through SIRT1/AMP-activated 

protein kinase (AMPK) signaling, which is critical for cell growth, metabolism, and 

senescence (Mihaylova and Shaw, 2012; Wang Y. et al., 2011). Furthermore, SIRT1 has been 

shown to suppress inflammation in several tissues (Haigis and Sinclair, 2010), and nuclear 

factor kappa-light-chain-enhancer of activated B cells (NF-κB), a principal regulator in the 

innate and adaptive immune responses activated after TBI, was effectively repressed by 

SIRT1 through blockade of NF-κB proinflammatory transcriptional activity (Salminen et al., 
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2008). Inhibition of SIRT1 after TBI exacerbated mitochondrial impairment and neuronal 

injury (Yang et al., 2016). Furthermore, knockout experiments concluded that SIRT1 was 

essential for hippocampal-dependent cognition and synaptic plasticity in mice (Michán et 

al., 2010). SIRT1 is a positive regulator of Wnt signaling, a critical pathway for NPC 

proliferation and adult neurogenesis (Holloway et al 2010; Lie et al., 2005). These findings 

support acute NAMPT-NAD+-SIRT activation as an important inhibitor in TBI-mediated 

secondary injury and a promoter of survival and proneurogenic activity. The ability of P7C3 

to target and enhance NAMPT activity may enhance signaling of neuroprotective SIRT1 

through restoration of NAD+ levels (Figure 3).

4. P7C3 Provides Neuroprotection, Enhances Hippocampal Neurogenesis, 

and Restores Function after Moderate TBI

Our laboratory first investigated P7C3 in experimental moderate parasagittal fluid 

percussion injury (FPI) characterized by clinically-relevant histopathological changes and 

long-term functional impairment (Blaya et al., 2014). Because of the vulnerability of select 

populations of adult neurons and of the depression of hippocampal neurogenesis in this 

model, we hypothesized that administration of the highly-active agent P7C3–A20 would 

stimulate reparative neurogenic responses and promote neuroprotection, which would 

translate to histological and functional improvement after TBI.

Sprague Dawley rats received a moderate fluid percussion-induced TBI that was generated 

over the right parietal cortex. Animals were injected IP with 10 mg/kg of P7C3–A20 or 

vehicle 30 minutes after insult followed by subsequent injections twice daily for the next 7 

days. Animals also received IP injections of a concentrated aqueous solution of a BrdU 

labeling reagent 24 hours post TBI and daily thereafter for 7 days. Sham-designated animals 

underwent identical procedures and treatment except for the physical fluid percussion-

induced insult.

One week after TBI, volumetric and stereological analyses revealed that P7C3–A20 

significantly reduced contusion volumes at multiple bregma levels and prevented cortical 

neuronal loss (Figure 5).

Doublecortin (DCX) is a microtubule-associated protein that is transiently expressed in 

immature neurons prior to maturation. At 1 week post TBI, we observed an increase in the 

magnitude of both BrdU and DCX-immunoreactive cells in the ipsilateral DG, indicative of 

early stage neurogenesis. P7C3–A20 treatment significantly enhanced the number of 

surviving nerve cells expressing these markers (Blaya et al., 2014). Five weeks after TBI, 

sufficient time for neuronal maturation, we quantified dentate granular cells that were 

immunoreactive for both BrdU and neuronal nuclei (NeuN), a marker for mature neurons. 

Cells coexpressing both markers indicated newly-born dentate granular neurons. 

Stereological quantification revealed a TBI-induced increase in hippocampal neurogenesis, 

which is consistent with the literature, while injury coupled with administration of P7C3–

A20 significantly enhanced neurogenesis as demonstrated by a more robust number of 

double-labeled cells relative to controls. Furthermore, these newly-generated neurons 

Blaya et al. Page 9

Neuropharmacology. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



appeared to migrate outside of the SGZ into the granular cell layer, which is consistent with 

maturation profiles in adult hippocampal neurogenesis (Figure 6).

While histopathological improvement was promising and neurogenic responses were robust, 

our laboratory next sought to assess functional outcome measures to fully investigate the 

therapeutic capacity of P7C3–A20 after experimental TBI. A behavioral test assessing 

sensorimotor function at 1 week showed rescue of contralateral forelimb placement with 

P7C3–A20, which is compromised in our TBI model. Testing in the MWM 4 weeks after 

FPI, a time point selected based on the temporal maturation and electrophysiological profiles 

of newborn neurons, revealed that P7C3–A20-treated TBI animals performed significantly 

better in several parameters relative to TBI-controls (Blaya et al., 2014). We proposed that 

improved sensorimotor function was attributed to preservation of the cortical 

cytoarchitecture, as observed with reduced contusion volume and decreased cortical neuron 

cell death at this 1-week time point. We suggested that improved cognitive capacity 

however, was a result of augmented hippocampal neurogenesis. We tested a separate group 

of animals 2 weeks post TBI, before neuronal maturation is fully complete, and found no 

P7C3–A20-mediated effect in hippocampal-dependent memory (Blaya et al., 2014).

Taken together, P7C3–A20 administration improved histopathological consequences and 

rescued pericontusional neurons. Furthermore, we observed a significant increase in the 

magnitude of adult hippocampal proliferation and neurogenesis, changes that were 

associated with attenuation of hippocampal-dependent memory impairment and 

sensorimotor deficits. Injury-induced neurogenesis is considered an initiation of an 

endogenous neuroreparative strategy aimed at correcting disproportionate cell loss (Blaiss et 

al., 2011). However, this acute upregulation appears insufficient and dysregulated as it is 

followed by a persistent depression of neurogenesis in the chronic posttraumatic period. The 

ability of P7C3–A20 to mitigate TBI-induced death of vulnerable newborn and adult 

neurons, enhance endogenous neurogenic responses, and promote clinically-relevant 

functional recovery further supports the P7C3 class of aminopropyl carbazoles as novel 

translational agents to preserve mature brain structures and help promote endogenous 

reparative processes after brain injury.

5. Administration of P7C3–A20 following FPI Prevents a Reduction in 

Long-Term Potentiation in the Medial Perforant Path-Middle Molecular Layer 

Synapse

In the aforementioned study, we reported improvement in spatial memory capacity with 

P7C3–A20 administration after moderate FPI (Blaya et al., 2014). In order to further expand 

on these findings, we next sought to assess potential changes in electrophysiological 

correlates of learning and memory with and without P7C3–A20 treatment. As discussed 

previously, traumatic insults to the brain result in attentional, motivational, learning, and 

memory impairments, due in part to damage to the hippocampus. The DG gates information 

from the superficial layers of the entorhinal cortex into hippocampal areas CA1 and CA3 

(Winson and Abzug 1997). Electrographic changes in excitability in the hippocampus 

following FPI manifest in a biphasic fashion with time (Reeves et al. 1997). Acute 

Blaya et al. Page 10

Neuropharmacology. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



extracellular recordings from CA1 revealed increased synaptic strength after electrical 

stimulation of Schaffer collaterals two days following FPI (Reeves et al., 1995). At a one-

week post FPI time point, however, injured animals had reduced CA1 excitability relative to 

sham controls, while increased excitability persisted in the DG (Zhang et al. 2011; 

Santhakumar et al. 2001). Furthermore, long-term potentiation (LTP), a proposed 

mechanism for information storage in the brain (Bliss and Lomo 1973), was reduced in 

CA1, but increased in the DG one week following moderate FPI (Zhang et al, 2011). 

Evaluation at 2 and 4 weeks after injury also showed a continued reduction of CA1 LTP 

(Sanders et al. 2000; Reeves et al. 1995). However, less is known about DG LTP at more 

chronic time points following FPI, and P7C3–A20 administration had yet to be investigated 

in this context. We sought to answer these questions using acute hippocampal slice 

recordings (prepared as described in Raval et al., 2012) acquired 4 weeks after moderate FPI 

from Sprague Dawley rats receiving twice-daily IP injections of PC73-A20 (10 mg/kg) 7 

days post injury. In this study, P7C3–A20 treatment was initiated at either 30 min or 3 hours 

post surgery in order to investigate whether a temporal effect was present with delayed onset 

of administration.

Following high-frequency stimulation of the medial perforant path (MPP; as described by 

Colino and Malenka, 1993) in the presence of 100 uM picrotoxin, there was a modest 20% 

post tetanic potentiation, which approached 10% and persisted until the end of the recording 

(Figure 7). In sham animals, this modest degree of LTP in the dorsal DG was consistent with 

findings comparing the magnitude of LTP along the dorsal-ventral axis in the DG (Schreurs 

et al. 2017). One hour after high-frequency stimulation, the slope of the evoked field 

excitatory postsynaptic potential (fEPSP) from the MPP-middle molecular layer (MML) 

synapse was significantly less after FPI than that observed in sham animals. P7C3–A20 

administration at 30 min and 3 hours post injury, however, was associated with significantly 

greater evoked responses from the MPPMML synapse relative to TBI control animals, and 

comparable to sham groups. No significant differences were observed in the input/output 

relationships for the slope of each fEPSP (data not shown). The fact that no differences were 

observed between experimental groups during paired pulses suggests that FPI did not impair 

short-term plasticity in the MPP-MML synapse. These results indicate that at 4 weeks after 

FPI, synaptic plasticity is reduced in the DG, but basal synaptic transmission is unaltered.

Taken together, we found that P7C3–A20 administration initiated at both 30 min and 3 hours 

prevented an injury-induced reduction of LTP in the MPP-MML 4 weeks after moderate 

FPI. Interestingly, we observed the greatest degree of LTP in 3 hour-TBI-A20-treated 

animals relative to all other groups (Figure 7). This finding, however, was not significantly 

different from 30 min-TBI-A20 animals. Given the low n in the 3 hour group (n = 2), further 

experimentation into the temporal differences of P7C3–A20 administration in this FPI 

model are warranted.

6.1 P7C3 Efficacy in Additional Models of TBI

An imperative quality of an effective and translational pharmacological intervention is 

therapeutic outcomes in an assortment of species and experimental models. After having 

positive histological, neurobehavioral, and electrophysiological outcomes with P7C3–A20 in 
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our FPI model in rats, we evaluated P7C3–A20 in a mouse model of controlled cortical 

impact (CCI). This injury is most commonly generated using a device that rapidly 

accelerates a rod to impact the exposed surface of the brain, which produces histological and 

neurobehavioral alterations comparable to those observed clinically (Osier and Dixon, 

2016). CD-1 mice were subjected to an actuator velocity of 4 m/s and a deformation depth 

of 0.5 mm resulting in a moderate TBI. 10 mg/kg of P7C3–A20 and a BrdU labeling reagent 

were administered IP as in our previous treatment paradigm (Blaya et al., 2014). Seven days 

after TBI, mice were transcardially perfused and immunostained for DCX and BrdU. 

Immunoreactive double-labeled cells in the ipsilateral DG were quantified using non-biased 

stereological methods. P7C3–A20-treated CCI mice exhibited significantly greater numbers 

of DCX/BrdU double-labeled cells indicative of elevated adult hippocampal early-stage 

neurogenesis (Figure 8). These results were consistent with the proneurogenic outcomes 

observed in our rat FPI model.

6.2 P7C3 after Blast-Mediated TBI

Another important rodent model of TBI is the blast injury model. This model reproduces 

some of the behavioral and histological changes that are frequently observed in military 

personnel exposed to explosions (Hoge et al., 2008). While multitrauma to several tissues 

and organs may occur, blast injury elicits a unique type of TBI characterized by DAI and 

neuronal dysfunction, which may result in cognitive and motor impairment as well as 

psychiatric symptoms (Hicks et al., 2010). As in other incidents of brain trauma, amnesia is 

a common comorbidity among patients with blast-induced TBI (Hicks et al., 2010). 

Hippocampal-dependent memory behavioral paradigms, such as the Barnes maze, can 

evaluate learning and memory disruption in rodent models of injury (Goldstein et al., 2012).

Yin and colleagues (2016, 2014) first demonstrated the unique susceptibility of neuronal 

axons to blast injury and neuroaxonal protective capacity of P7C3 compounds in a mouse 

model of blast-induced TBI. After blast exposure, they assessed the efficacy of the highly-

active compound, (−)-P7C3–S243. P7C3–S243 was administered 24 hours post TBI at 

various doses and Barnes maze testing commenced 7 days after injury. The authors reported 

that all doses (3, 10, and 30 mg/kg/day) of P7C3–S243 injected IP for 11 days offered 

complete protection of hippocampal-dependent spatial memory while vehicle-treated TBI 

mice had marked spatial memory deficits. To expand on these findings, the authors 

investigated whether the efficacy of P7C3–S243 was directly related to synaptic plasticity 

and hippocampal function. Using both LTP and paired pulse facilitation (PPF), Yin et al. 

(2014) reported that blast injury impaired both LTP and PPF, and that treatment with P7C3–

S243 reversed these deficits.

To evaluate the treatment window for P7C3 compound administration, Yin and colleagues 

(2014) found that spatial memory was intact with 30 mg/kg/day of P7C3–S243 when started 

36 hours after injury. When treatment was initiated 48 hours post TBI, however, no 

protective effect was observed at any of the doses. The authors also reported that P7C3–

S243 was efficacious with daily oral administration, strengthening clinical relevancy of 

P7C3 compounds.
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DAI and axonal degradation are some of the principle consequences of blast TBI. This study 

demonstrated significant axonal degeneration in the hippocampus and cerebellum 12 days 

post injury. However, P7C3–S243 administration initiated at 24 hours post TBI prevented 

axonal pathology. Transmission electron microscopy revealed a dose-dependent preservation 

of myelin integrity and axonal mitochondria structures in the hippocampus (Figure 9). Blast-

injured animals exhibited disruption of myelin sheath, abnormal mitochondrial membranes 

and internal cristae, fewer hippocampal dendrites, and accumulation of pyknotic neurons. 

These adverse microstructural outcomes were not observed in P7C3–S243-treated TBI 

animals. Furthermore, oral treatment of P7C3–S243 augmented motor function in balance 

and coordination tasks relative to injured-control groups (Yin et al., 2014). Taken together, 

these findings further extend credence to the potent neuroprotective capacity of the P7C3 

series of compounds, which maintain efficacious outcomes across various injury models of 

experimental TBI.

7. Neuropsychiatric Comorbidity and P7C3

According to a large cohort study, the prevalence of any psychiatric illness in the first year 

after moderate or severe TBI is 49%, and 34% after mild TBI (Fann et al., 2004). Psychiatric 

comorbidities include depression, generalized anxiety disorder, posttraumatic stress disorder, 

and agoraphobia (Bryant et al., 2010). As discussed previously, experimental studies have 

shown that aberrant hippocampal neurogenesis may contribute to depressive- and anxiety-

like behavior in animal models of TBI (Miller and Hen, 2015).

Walker et al. (2015) investigated the effects of P7C3 compounds in ghrelin receptor (Ghsr)-

null mice, which exhibit depressive-resembling behaviors when exposed to subclinical levels 

of psychosocial stress. The authors reported that P7C3 treatment reduced the prevalence of 

depressive behaviors in chronic stress-exposed transgenic mice, and that rescued 

hippocampal neurogenesis and neuroprotection were contributing factors. Walker and 

colleagues (2015) also showed that P7C3–A20 in particular conferred an antidepressant-like 

effect on wild-type mice not genetically prone to depressive-like behaviors under these 

experimental conditions. Of note, P7C3–A20 exhibited significantly greater neurogenic 

activity than currently marketed antidepressant therapies. Taken together, in addition to 

augmentation of cell survival and neurogenesis in CNS injury and neurodegenerative 

diseases, P7C3 compounds may also represent a novel approach for treating patients with 

neuropsychiatric disease, a common comorbidity of TBI.

8. P7C3 and Reactive Glia

Posttraumatic neuroinflammation can be both advantageous and deleterious. In the acute 

period after insult, cellular and molecular changes are initiated as protective measures, 

however prolonged overactivation is detrimental to recovery and repair (Simon et al., 2017). 

Microglia and astrocytes respond to environmental changes. Microglia can change along an 

activation spectrum spanning from an activated M1-like phenotype to an alternative M2-like 

phenotype. M1-like microglia generate free radicals and proinflammatory cytokines, while 

M2-like microglia secrete anti-inflammatory agents and mitigate inflammation. TBI-induced 

inflammation causes a disproportionate number of microglia to become activated and 
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resemble M1 morphology, which is characterized by short, or lack of, neurites and small 

ameboid-like cell bodies (Kettenmann et al., 2011). Prolonged overactivation of microglia is 

detrimental to the injured milieu and a significant contributor to secondary injury. In early 

preliminary studies, our laboratory has observed beneficial alterations in neuroglia in the 

posttraumatic environment after P7C3 treatment. Seven days of P7C3–A20 administration 

after moderate FPI appeared to reduce the reactive phenotype of Iba1-positive cells, a 

putative marker for activated microglia and macrophages, in the ipsilateral hippocampal 

hilus, with a greater proportion exhibiting resting-state morphology with highly-ramified 

branches (Figure 10A).

The role of reactive astrocytes after TBI is not fully understood. Posttraumatic astrocytic 

alterations include changes in proliferation, hypertrophy, and gene expression. In glia 

fibrillary-associated protein (GFAP)-immunoreactive sections, TBI-control animals 

exhibited classic astrocytic reactivity with greater GFAP staining intensity and increased 

number and length of GFAP-positive processes, which are morphological changes indicative 

of reactive gliosis (Wilhelmsson et al., 2006; Figure 10B). GFAP-positive astrocytes in TBI 

P7C3–A20-treated animals, however, exhibited morphology resembling that of sham 

animals.

While it has not yet been delineated how P7C3 specifically may be affecting neuroglia in the 

posttraumatic environment, Chen and colleagues (2015) showed that NAD+-dependent 

SIRT1 modulates immune responses by influencing M1-like microglia to adopt an 

alternative M2-like phenotype. Thus, P7C3-enhanced NAMPT/NAD+ levels may alleviate 

injury-induced inflammatory responses and direct the posttraumatic environment towards 

homeostatic, resting state conditions via anti-inflammatory signaling cascades.

9. Concluding Remarks

Although preclinical and clinical research report enthusiastic findings on potential treatment 

strategies for patients with TBI, there has not been an improvement in overall neurological 

outcomes or a decrease in TBI-related death over the past two decades (Roozenbeek et al., 

2013). With an increasing incidence of TBI worldwide, there has never been more urgency 

to tackle this significant global health problem.

There is an unmet need for pharmacotherapies that can be administered safely for prolonged 

periods and effectively target ongoing pathomechanisms that contribute to poor neurological 

outcomes in the chronic phases of TBI. Contemporary drug discovery utilizes high-

throughput screening against specific molecular targets. However, in TBI there is a lack of 

consensus regarding which molecular entities should be targeted. Unbiased, in vivo 
screening assays are an ideal route to uncover novel therapeutics given the ability to assess 

bioavailability, potency, stability, and toxicity directly in live animals.

Using this optimal method of unbiased drug discovery, Pieper and colleagues (2010) 

unveiled a novel neurotherapeutic compound. The P7C3-series of drug-like chemicals exerts 

potent neuroprotection in an assortment of CNS disease and injury states in which 

neurodegeneration and pathological cell death are hallmarks. P7C3 improved outcomes in 
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several maladies with distinct pathologies, which suggests utilization as a neuroprotectant 

that may act on a central aspect of neuronal cell death pathways.

Some additional questions remain to be answered. First, TBI frequently results in 

polytrauma of multiple organ systems. Does systemic P7C3 administration have the 

potential to confer protection in other tissues? P7C3 protected neurons in regions outside of 

the brain (LoCoco et al., 2017; Kemp et al., 2015; Asai-Coakwell, et al., 2013; Tesla et al., 

2012) and it would be interesting to investigate whether there is any effect on the peripheral 

or enteric nervous systems, or in other organs in which NAD+ levels play an important role 

in vitality after injury. Secondly, investigation of the treatment window for P7C3 

administration after blast injury revealed lack of efficacy when treatment was initiated 48 

hours after TBI (Yin et al., 2014). What is the significance of this treatment window with 

regard to the mechanisms underlying the neuroprotective effects of P7C3? Is P7C3 

mediating some early-occurring event in cell death pathways? Furthermore, what 

downstream signaling cascades are P7C3-mediated NAMPT/NAD+ activating that 

implement the behavioral effect? Wang and colleagues (2014) made the groundbreaking 

revelation that P7C3 enhanced the prosurvival NAMPT-NAD+ axis in neurons. Parallel 

investigation of the contribution of NAMPT/NAD+ to positive outcomes in CNS injury 

implicates SIRT1 involvement in neuroprotection and neurogenic processes. Lastly, 

preliminary findings in our laboratory showed qualitative changes in posttraumatic neuroglia 

after P7C3–A20 treatment that may result from neuronal SIRT1 signaling cascades 

mitigating the pro-inflammatory environment after TBI. Additional investigations assessing 

downstream signaling of P7C3-mediated NAMPT/NAD+ enhancement, as well as changes 

in non-neuronal cell types in the posttraumatic environment, are crucial.

While the prospect of enhancing endogenous neuroprotective pathways such as 

NAMPTNAD+-SIRT1 axis in CNS injury is enticing, it is vital to recognize the full extent 

of how systemic administration of a novel exogenous compound might affect these tightly-

regulated interactions, especially for extended periods of time. Furthermore, increased 

neurogenesis resulting from greater NSC survival could potentially have negative 

consequences. After TBI there is aberrant mossy fiber sprouting in the DG and 

reorganization of the hippocampal circuit, events that may contribute to the etiology of 

posttraumatic epilepsy (Neuberger et al., 2017; Atkins et al., 2010). Interestingly, Wang and 

colleagues (2014) showed that P7C3 administration had no effect on NAD+ levels in naive 

cells in which there was no dox-induced depletion of NAD+. In our experiments, there were 

no statistically significant differences between sham vehicle-treated groups and sham P7C3–

A20-treated groups in any outcome measures. Why there is no detectable difference of 

NAMPT/NAD+ influence on naïve cells remains unclear.

Although preclinical work revealed a broad spectrum of encouraging findings with P7C3 

administration after TBI (Table 1), there are limitations to the interpretation of these results. 

First, the majority of the aforementioned studies investigating P7C3 were carried out in 

rodent models of brain injury, or, in the case of LTP assessment, in hippocampal slice 

preparations in vitro. While there are significant overlaps in neuropathology, the rodent brain 

is different from the human brain, and there are challenges that need to be accounted for 

when investigating clinical therapies in this context (Marklund, 2016). Additional higher-
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order animal studies are imperative to establish therapeutic efficacy and translational 

potential. To this end, very recent work by Bauman and colleagues (in press) assessed long-

term administration of P7C3–A20 in the nonhuman primate brain. They reported robust 

hippocampal neuroprotection and complete lack of toxicity in the nervous system and 

peripheral organs after 9 months of oral P7C3–A20 treatment, further extending credence to 

the translational potential of P7C3. Future directions in P7C3-TBI studies will need to 

ascertain whether functional neurogenesis occurs with P7C3 administration after TBI. 

Assessment of specific synaptic markers, immediate early genes, and/or evaluating the 

electrophysiological profiles of newborn hippocampal cells would illuminate whether P7C3-

mediated survival fosters an increase in the number of newborn neurons actively 

participating in hippocampal neurocircuitry.

Replication studies are imperative for successful translation of preclinical findings to the 

clinic. Replication and reproducibility in translational biomedical research can be 

accomplished when independent groups obtain similar results and draw the same 

conclusions using near identical procedures (Macleod et al., 2014). Furthermore, the U.S. 

Food and Drug Administration requires at least two positive randomized controlled trials to 

demonstrate clinical efficacy of a new drug (U.S. Department of Health and Human 

Services, 1998). In this regard, P7C3–A20 is actively being tested by Operation Brain 

Trauma Therapy (OBTT), a multicenter, preclinical drug-screening consortium with the goal 

of parsing out candidates with the greatest therapeutic potential and streamlining them 

towards clinical trial (Kochanek et al., 2016). OBTT utilizes several TBI injury models 

across multiple, experienced laboratories to show efficacy and reproducibility in various 

neurological outcome measures.

While not having yet run the gauntlet of randomized controlled clinical trials to determine 

efficacy and safety for human consumption, toxicology studies and preclinical experimental 

work have been encouraging, most recently in the nonhuman primate. Thus, the highly 

potent scaffold and enhancement of neuroprotective NAMPT-NAD+-axis by P7C3 

establishes two new compelling neurotherapeutic targets for the treatment of TBI.
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AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis

BBB Blood brain barrier

BMAL1 Brain muscle ARNT-like protein 1
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BrdU Bromodeoxyuridine

cADPR Cyclic ADP (adenosine diphosphate) ribose

CCI Controlled cortical impact

CCSP3 Cleaved caspase 3

CLOCK Circadian locomotor output cycles kaput

CNS Central nervous system

DCX Doublecortin

DG Dentate gyrus

fEPSPs Field excitatory postsynaptic potential

FGF Fibroblast growth factor

FPI Fluid percussion injury

GCL Granular cell layer

GFAP Glia fibrillary-associated protein

Iba1 Ionized calcium-binding adapter molecule 1

ICV Intracerebroventricular

IP Intraperitoneal

IV Intravenous

LTP Long-term potentiation

MMP Mitochondrial membrane permeabilization

MPP-MML Medial perforant path-medial molecular layer

MWM Morris water maze

NAD Nicotinamide adenine dinucleotide

NAMPT Nicotinamide phosphoribosyltransferase

NeuN Neuronal nuclei

NMN Nicotinamide mononucleotide

NMNAT Nicotinamide mononucleotide adenylyltransferease

NPAS3 Neuronal PAS domain-containing protein 3

NSC Neural stem cell

PARP Poly ADP ribose polymerase
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SGZ Subgranular zone

SIRT1 Sirutin-1

TEM Transmission electron microscopy

TBI Traumatic brain injury
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Highlights

• Aminopropyl carbazole P7C3 was discovered via non-biased, in vivo 
screening

• P7C3 compounds are nontoxic, orally available, and highly brain penetrant

• P7C3 compounds enhance endogenous adult neurogenesis and protect mature 

neurons

• In TBI, P7C3 compounds blocked neurodegeneration and improved 

neurological outcomes

• P7C3 increases neuronal NAD+ levels and may promote prosurvival signaling
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Figure 1. 
Chemical structures of the P7C3 series of drug-like aminopropyl carbazoles. Chemical 

structure of the P7C3 parent compound (left). Highly-active P7C3–A20 (center) has fluorine 

substituted for the central hydroxyl and a methoxy group on the aniline ring. In the 

optimized derivative, (−)-P7C3–S243 (right), the aniline moiety is replaced with an 

alternative heterocycle conferring increased polarity. This compound can be synthesized as a 

single enantiomer and currently maintains the most favorable physicochemical properties.
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Figure 2. 
P7C3 Corrects Morphological and Electrophysiological Deficits in npas3−/− DG. A) Golgi-

Cox staining of the DG revealed aberrant dendritic arborization in npas3−/− mice relative to 

wild-type littermates (ten sections from each of five mice in each group). In addition to 

reduced dendritic length and branching, npas3−/− DG granular neurons also exhibited 

significantly reduced spine density relative to wild-type littermates (∗p < 0.00001, Student’s 

t test). The top lower-power micrographs of DG were taken at the same magnification (scale 

bar, 200 μm). For the bottom two higher-power micrographs of dendritic spines, scale bar is 
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10 μM. B) In hippocampal slice preparation from npas3−/− mice, synaptic transmission, as 

assessed by whole-field recordings of fEPSPs, was increased both in the outer molecular 

layer of the DG and the CA1 region of the hippocampus relative to that of wild-type mice. 

C) Golgi-Cox staining of DG granular neurons showed that prolonged daily treatment of 

npas3−/− mice with P7C3 enhanced dendritic arborization. Results shown are representative 

of ten sections from each of five mice in each group. Higher-power micrographs are shown 

on top (scale bar, 25 μm), and a lower-power micrograph illustrating the entire granular layer 

of the DG is shown below (scale bar, 200 μm). D) Prolonged administration of P7C3 

normalized whole field recordings of fEPSPs in the DG but not the CA1 region of npas3−/− 

mice. In all graphs, data are expressed as mean ± SEM. (Reprinted from Cell, 142(1), Pieper 

et al., Discovery of a Proneurogenic, Neuroprotective Chemical, 39–51, 2010, with 

permission from Elsevier)

Blaya et al. Page 28

Neuropharmacology. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
NAD+ biosynthesis via the salvage pathway, circadian regulation, and P7C3-mediated 

NAMPT enhancement. NAMPT (green) catalyzes the conversion of nicotinamide to NMN, 

which is then converted to NAD+ (dark blue) through the activity of NMNATs (yellow). 

NAD+ is a critical cosubstrate for the downstream enzymatic activity of PARPs, SIRTs, and 

cADPR synthases, which have extensive influence on cellular function, viability, and 

organism homeostasis. The circadian clock and NAD+-dependent SIRT1 (purple) regulate 

the transcription of NAMPT (right inset). Oscillations in NAMPT levels rely on SIRT1 

transcription, maintaining a positive feedback cycle between NAMPT, NAD+, and SIRT1. 

P7C3 compounds (red triangle) bind to and enhance the activity of neuronal NAMPT 

thereby increasing cellular NAD+ levels. NAD+-mediated neuroprotection implicates SIRT1 

signaling cascades, critical prosurvival pathways governing a multitude of cellular processes 

associated with viability, repair, inflammation, and neurogenesis. BMAL1, brain muscle 

ARNT-like protein 1; cADPR, cyclic ADP (adenosine diphosphate) ribose; CLOCK, 

circadian locomotor output cycles kaput; NAD, nicotinamide adenine dinucleotide; NAMPT, 

nicotinamide phosphoribosyltransferase; NMN, nicotinamide mononucleotide; NMNAT, 

nicotinamide mononucleotide adenylyltransferease; PARP, poly ADP ribose polymerase; 

SIRT1, sirtuin-1.
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Figure 4. 
6 hours after moderate FPI, Western blot analysis showed increased hippocampal DG 

NAMPT compared to sham-operated controls.

Blaya et al. Page 30

Neuropharmacology. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
P7C3–A20 administration was neuroprotective in vulnerable ipsilateral cortical regions 1 

week post TBI. (A and B) Representative NeuN-stained images of vehicle- (A) and P7C3–

A20-treated (B) animals. Selective neuronal loss was observed in the cortical region 

overlying the contusion site. Treatment with P7C3–A20 significantly reduced NeuN-positive 

cell loss. Boxes in A, B enclose the areas of neuronal loss. Arrows indicate subcortical 

lesion. C) Quantification of NeuN-positive cells between treatment groups revealed a 

significant neuroprotective effect of P7C3–A20 1 week post injury (Student’s t-test: p = 

0.015, t = 2.695; *p < 0.05; scale bar, 500 m); n=20. (Blaya et al., 2014).
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Figure 6. 
Confocal micrographs showing BrdU- and NeuN-immunoreactive cells within the DG 5 

weeks after TBI. A) Representative fluorescent images showing cells that colabeled for 

BrdU and NeuN in the ipsilateral DG (scale bars, 200 μm). Boxed regions outline the areas 

of higher magnification shown in bottom row of (A). B) Representative micrographs from a 

TBI-P7C3–A20 animal showing several cells coexpressing markers for BrdU and NeuN 

(arrows) in the ipsilateral DG. Double-labeled cells in P7C3–A20 animals appeared to 

migrate out of the SGZ into more superficial layers of the DG, consistent with neuronal 

maturation profiles (GCL, granular cell layer; SGZ, subgranular zone; scale bar, 10 μm). 

(Blaya et al., 2014).
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Figure 7. 
Administration of P7C3–A20 at 30 min or 3 hours following FPI prevented a reduction in 

long-term potentiation in the medial perforant path-middle molecular synapse in vitro. Two-

way repeated measures ANOVA (p = 0.029) showed a significant interaction between groups 

and time (p = 0.021). A student Newman Keuls post-hoc comparison revealed significance 

(p < 0.05) between sham and TBI control groups at time points (in min) 52, 55, 58, 64, 69, 

71, 72, and 73. TBI+A20–30 min was significantly different (p < 0.05) from the TBI control 

group at time points 19, 21, 24, 25, 36, 37, 38, 39, 40, 44, 49, 51, 52, 53, 55, 56, 57, 58, 64, 

65, 66, 68, 69, 70, 71, 72, and 73. TBI+A20–3 hr was significantly different (p < 0.05) from 

the TBI control group at time points 21, 39, 40, 41, 43, 44, 45, 49, 51, 52, 53, 55, 57, 58, 62, 

64, 65, 66, 68, 69, 70, 71, 72, and 73. n = 2–5/group. Sham+Veh and Sham+A20 recordings 

were not significantly different from each other (p > 0.05), so these groups were pooled into 

a single sham group.
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Figure 8. 
Confocal micrographs double-labeled with BrdU (green) and DCX (red) at 7 days post CCI 

in the mouse with P7C3–A20 administration. Double-labeled cell bodies and processes are 

visible in the ipsilateral DG (top panels). Quantification of cells coexpressing BrdU/DCX 

are shown (bottom). P7C3–A20 administration coupled with moderate CCI significantly 

increased the estimated population of BrdU/DCX cells relative to sham controls at this early 

posttraumatic time point. n = 4–5/group, one-way ANOVA, *p = 0.012, DF, 2. Tukey post 

hoc **p = 0.0095, DF, 10.
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Figure 9. 
Toluidine blue staining and transmission electron microscopy visualization of hippocampal 

protection by orally administered (−)-P7C3–S243 after blast injury. Daily oral 

administration of the highly active enantiomer (−)-P7C3–S243 for 14 days, starting 24 hr 

after injury, dose-dependently preserved CA1 morphology as well as myelin and 

mitochondrial structures in the hippocampus after blast injury. Two weeks after either sham 

or blast injury, animals were perfused and processed for ultrastructural pathology. Toluidine-

blue-stained semithin sections (left panel) of sham-injured mice treated with vehicle or (−)-
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P7C3–S243 showed normal CA1 histology, with densely packed neurons in the stratum 

pyramidale (1) and profuse dendritic profiles in the stratus radiatum (2; black arrows). Blast-

injured animals treated with vehicle showed accumulation of chromatolytic and pyknotic 

neurons (white arrow) throughout the stratum pyramidale as well as fewer dendrites in the 

stratum radiatum. There is no protection in CA1 morphology at the lowest concentration of 

blast-injured animals treated with 0.3 mg/kg/day of (−)-P7C3–S243. However, treatment 

with 3 mg/kg/day (−)-P7C3–S243 lowered the abundance of chromatolytic and pyknotic 

neurons and resulted in a more densely packed stratum pyramidale. At the highest 

concentration (30 mg/kg/day) of (−)-P7C3–S243, there was complete preservation of CA1 

morphology after blast-mediated TBI. Transmission electron micrographs (TEM; right 

panel) of immediately adjacent ultrathin sections showed normal myelin and axonal 

mitochondrial structures in the stratum radiatum of sham-injury mice treated with vehicle or 

(−)-P7C3–S243. Blast-injured mice treated with vehicle or 0.3 mg/kg/day of (−)-P7C3–S243 

showed degeneration of myelin sheath (red arrows), along with abnormal outer membrane 

and internal cristae structures within neuronal mitochondria (blue arrows). At 3 and 30 

mg/kg/day doses, however, both myelin and neuronal mitochondria were preserved. Pictures 

shown are representative of four animals per condition. Scale bars, 50 μM in Toluidine blue; 

500 nm in TEM. (Reprinted from Cell Reports, 8(6), Yin et al., P7C3 Neuroprotective 

Chemicals Block Axonal Degeneration and Preserve Function after Traumatic Brain Injury, 

1731–1740, 2014, with permission from Elsevier).
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Figure 10. 
Preliminary findings indicated P7C3–A20 administration altered neuroglia profiles in the 

hippocampal hilus 6 weeks after FPI. A) Qualitative observations showed Iba1-positive 

activated microglia and macrophage cells in the ipsilateral hippocampal hilus had varying 

activation states according to treatment paradigm. P7C3–A20 administration 30 min post 

TBI was associated with a greater proportion of Iba1-postive cells exhibiting the alternative 

M2-like phenotype relative to the TBI control group, and comparable to phenotypic 

observations in sham animals. Yellow arrows show highly-ramified resting state cells (M2-

like). Yellow arrowheads indicate ameboid, hyperactivated cells (M1-like). B) GFAP-

immunoreactivity was used to visualize astrogliosis 6 weeks after moderate FPI. GFAP-

positive cells in the TBI-vehicle group appeared to have greater staining intensity (area 

demarcated by white box) and increased branching (red arrows). TBI P7C3–A20-treated 

animals, however, had astroglia morphology resembling that of sham animals.
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TBI Model Species Treatment Paradigm Outcomes Reference

FPI Rat Twice daily 10 mg/kg P7C3–A20 IP 30 min post TBI 
for 7 days

Decreased contusion volume; 
protected pericontusional mature 

neurons; augmented adult 
hippocampal neurogenesis; 
improved neurobehavioral 

outcomes

Blaya et al., 2014

FPI Rat Twice daily 10 mg/kg P7C3–A20 IP 30 min or 3 hr post 
TBI for 7 days

Preserved injury-induced reduction 
in LTP Unpublished

CCI Mouse Twice daily 10 mg/kg P7C3–A20 IP 30 min post TBI 
for 7 days

Increased early-stage adult 
hippocampal neurogenesis Unpublished

Blast Mouse 3, 10, and 30 mg/kg/day P7C3–S243 IP or oral 24 hrs 
post TBI for 11 days

Blocked axonal degeneration in 
brain; improved learning, memory, 

motor coordination; preserved 
synaptic plasticity

Yin et al, 2014

FPI Rat Twice daily 10 mg/kg P7C3–A20 IP 30 min post TBI 
for 7 days

Reduced reactive phenotype of 
activated microglia, macrophages, 

astrocytes (qualitative)
Unpublished
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