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(−)-P7C3-S243 protects a rat model of Alzheimer’s disease from
neuropsychiatric deficits and neurodegeneration without
altering amyloid deposition or reactive glia.
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Abstract
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Background: In addition to cognitive deficits, Alzheimer’s disease (AD) is also associated with
other neuropsychiatric symptoms, including severe depression. Indeed, depression often precedes
cognitive deficits in patients with AD. Unfortunately, the field has seen only minimal therapeutic
advances, underscoring the critical need for new treatments. P7C3 aminopropyl carbazoles
promote neuronal survival by enhancing nicotinamide adenine dinucleotide flux in injured
neurons. Neuroprotection with P7C3 compounds has been demonstrated in preclinical models of
neurodegeneration by virtue of promoting neuronal survival independently of early disease-
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specific pathology, resulting in protection from cognitive deficits and depressive-like behavior. We
hypothesize that P7C3 compounds might thus be uniquely applicable to patients with AD, given
the co-morbid presentation of depression and cognitive deficits.
Methods: Aging male and female wild-type and TgF344-AD rats, a well-characterized
preclinical AD model, were administered daily (−)-P7C3-S243 for 9 and 18 months, beginning at
6 months of age. Behavioral phenotypes related to cognition and depression were assessed at 15
and 24 months, and brain pathology and biochemistry were assessed at 24 months.
Results: (−)-P7C3-S243 safely protected aging male and female wild-type and TgF344-AD rats
from cognitive deficits and depressive-like behavior. Depressive-like behavior occurred earlier
than cognitive deficits in TgF344-AD rats, consistent with AD in many patients. Treatment with
(−)-P7C3-S243 blocked neurodegeneration in TgF344-AD rats, without altering amyloid
deposition or indicators of neuroinflammation.
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Conclusions: Neuronal cell death-specific treatment approaches, such as offered by P7C3
compounds, may represent a new treatment approach for patients suffering from the combination
of cognitive deficits and depression associated with AD.
Keywords
Alzheimer’s disease; P7C3; neurodegeneration; neurogenesis; neuroprotection; TgF344-AD;
depression
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Alzheimer’s disease (AD), the most common form of dementia worldwide, progressively
destroys cognition and other mental functions, including the ability to regulate mood and
social behavior. AD was named after Dr. Alois Alzheimer, the psychiatrist and
neuroanatomist who in 1906 described key changes in the brain of a woman who died from
what was then described as an unusual form of mental illness, characterized by memory
loss, language difficulty, and unpredictable behavior. Dr. Alzheimer discovered clumps and
tangled bundles in her brain, which subsequently became identified as amyloid plaques and
neurofibrillary tangles (NFTs), respectively (1, 2). Today, over a century later, amyloid
plaque deposition, NFTs, and neuronal cell loss associated with vacuole formation and
neuroinflammation are defining pathological hallmarks of AD (3–5).

Author Manuscript

Currently available treatment strategies for patients with AD include medications that
augment synaptic signaling, or environmental management strategies that address the
changing needs of patients (6, 7). While these interventions may temporarily improve
symptoms or help patients accommodate to new challenges, they do not prevent the
progressive neuronal cell death that drives deteriorating neuropsychiatric function in
patients. The majority of efforts to develop new therapeutics have thus far focused
predominantly on targeting early events of neuroinflammation or amyloid pathology that
precede neuronal loss in AD (6). Unfortunately, this approach has thus far failed to help
patients (8–10). As the AD crisis rapidly escalates, there is an ever-increasing need for
disease-modifying treatments. Specifically targeting the late stage of neuronal cell death,
independently of earlier pathological processes, is a therapeutic strategy that has not been
previously explored. The novel P7C3-series of neuroprotective aminopropyl carbazoles
provides a basis for specifically testing this approach.
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P7C3 was discovered through a target-agnostic in vivo screen for drug-like molecules that
could safely enhance the net magnitude of postnatal hippocampal neurogenesis, by
increasing either proliferation or survival of newborn hippocampal neurons in the dentate
gyrus of the hippocampus. In the screening platform, the third compound (C3) of the seventh
pool (P7), thereby named P7C3, was discovered to augment postnatal hippocampal
neurogenesis by protecting young hippocampal neurons from dying, without affecting their
rate of proliferation, and was also shown to mitigate cognitive decline in terminally aging
rats (11). Subsequent medicinal chemistry efforts led to more potent variations of the
original P7C3 molecule (12–14) and also generated bioactive probes that facilitated the
discovery that P7C3 molecules enhance flux of nicotinamide adenine dinucleotide (NAD) in
mammalian cells (15). Treatment with P7C3 has recently been shown to indirectly mitigate
other critical cell death signaling events as well (16). Thus, P7C3 treatment renders neurons
able to survive under conditions of otherwise overwhelming energy crisis that normally lead
to death. Broad therapeutic efficacy of P7C3 compounds has been demonstrated in multiple
preclinical models of neurodegeneration, including amyotrophic lateral sclerosis (17),
Parkinson’s disease (13, 16, 18, 19), traumatic brain injury (20–22), psychological stressrelated hippocampal cell death (23, 24), peripheral nerve crush injury (25), and stroke (26).
In these studies, behavioral protection was associated with direct neuroprotective efficacy on
neurons, without modulation of preceding pathological hallmarks of the disease.
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For this study, we utilized the TgF344-AD rat model of AD (27). These animals overexpress
human mutant amyloid precursor protein gene (APPSW) and human Δ exon 9 mutant
presenilin-1 gene (PS1ΔE9), two familial mutations known to cause AD and directly affect
amyloid pathology. Although these two mutations have not been observed to occur
simultaneously in patients, they nonetheless produce a preclinical model that develops the
classic neuropathological features of AD. Specifically, TgF344-AD animals develop
progressive amyloid plaque deposition, early onset of hyperphosphorylated tau,
neuroinflammation, neuron cell loss, and learning and memory deficits—the essential
hallmarks of the human disease (27). Furthermore, TgF344-AD rats also develop early
ocular and neurovascular deficits, akin to what is observed in people, highlighting the
translational value of this AD model (28, 29). Prior to this study, examination of AD-related
depressive-like behavior in this model had not been conducted. Nonetheless, while other
commonly used rodent models of AD faithfully produce some aspects of the disease, the
TgF344 AD rat model is the only one that has been established as manifesting such an
extensive spectrum of pathological and behavioral hallmarks of human AD. Rats are also 4-5
million years evolutionarily closer to humans than mice, and their larger size and more fully
characterized physiology further increases their translational value over mouse models (30).
Therefore, TgF344-AD rats provide a uniquely valuable preclinical platform for
characterizing the efficacy of putative therapeutic treatments for patients with AD.

METHODS AND MATERIALS
Details regarding animals, behavioral tasks, reagents, tissue preparation,
immunohistochemistry and microscopy, morphological analysis and whole brain neuronal
estimates, biochemical analysis are provided in Supplement 1.
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Extensive animal behavior testing was conducted on two individual cohorts. To limit
confounding factors of repeated animal behavior testing, the order of each behavior test
conducted was kept consistent throughout the duration of the experiment (Supplemental
Figure 1). Less aversive tasks were conducted first, with more stress inducing tasks
conducted on subsequent days.
Statistical analysis

Author Manuscript

All data were normally distributed; therefore, in instances of multiple mean comparisons,
analysis of variance (ANOVA) was used, followed by post-hoc comparison using Tukey’s
method. In instances of direct comparison, a two-tailed Student’s t-test was performed.
Alpha levels were set to 0.05, and analyses were conducted using GraphPad Prism
(GraphPad Prism Software, Inc, CA.). Outliers were determined using ROUT method in
Prism and were removed only with Q=0.1%. Significance is denoted as *p < 0.05; **p <
0.01; ***p<0.001; ****p<0.0001; n.s. = not significant. A blinded examiner conducted all
analyses, and code was not broken until analyses were completed.

RESULTS
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We chose to evaluate efficacy of one of the most potent compounds in the P7C3 series, (−)P7C3-S243, which lacks the potential liability of the aniline ring found in other P7C3
derivatives. (−)-P7C3-S243 readily crosses the blood brain barrier and is readily prepared as
a single active enantiomer (13, 18, 22). Although the kinetics of (−)-P7C3-S243 have been
previously established in mice (13), we wanted to ensure that we could achieve similar blood
levels in rats before embarking on this study. Therefore, we administered 3 mg/kg/d of (−)P7C3-S243 for two months and collected plasma samples at various time points for
pharmacological analysis. As shown in Figure 1A, this dosing regimen achieved plasma (−)P7C3-S243 concentrations previously reported to be sufficient for biological activity (13).
Consistent with what has been seen in mice, (−)-P7C3-S243 showed a prolonged terminal
elimination phase with good exposures maintained between the 24-hour dosing interval.
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Although we have previously shown that P7C3 compounds are bioactive in aged Fischer 344
rats (11), and TgF344-AD rats are on Fisher 344 genetic background, we also wanted to
ensure that (−)-P7C3-S243 was similarly bioactive in the transgenic animals before
conducting the full study. To determine this, we turned to the classic postnatal hippocampal
neurogenesis assay by which the original P7C3 compound was discovered. In this in vivo
assay of biological activity, P7C3 compounds increase the net magnitude of postnatal
hippocampal neurogenesis by blocking cell death of newborn hippocampal neurons in the
dentate gyrus (11). We administered (−)-P7C3-S243 at 10 mg/kg/d for ten days to 3-month
old male and female TgF344-AD rats, along with daily injections of bromodeoxyuridine
(BrdU, 50 mg/kg/d). Twenty-four hours after administration of the final doses of BrdU and
(−)-P7C3-S243, animals were transcardially perfused and brains were processed for
immunohistochemical staining of BrdU to quantify hippocampal neurogenesis, per standard
procedures (11). As shown in Figure 1B, treatment with (−)-P7C3-S243 significantly
enhances neurogenesis in TgF344-AD rats by two fold, from a baseline of approximately
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3000 BrdU+ cells / mm3 dentate gyrus in vehicle-treated TgF344-AD rats up to
approximately 6000 BrdU+ cells / mm3 in (−)-P7C3-S243-treated TgF344-AD rats.
Importantly, no difference in biological activity was observed between sexes.
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Confident in the knowledge that (−)-P7C3-S243 achieved good exposure and was bioactive
in this preclinical model of AD, we then chronically administered this agent daily to wildtype (WT) and TgF344-AD rats, starting at 6 months of age, before the onset of robust
symptoms (27) (Figure 1C). Over the years, male animals have been disproportionately
studied in basic science research, leading to a lack of awareness of sex-specific differences
(31, 32). Therefore, we included equally robust numbers of both male and female animals in
our study. Behavioral testing was conducted at 15 and 24 months of age, representing 9 and
18 months of daily treatment, respectively. Then, brain tissue was collected for histologic
and biochemical analysis. Multiple behaviors were assessed within each animal cohort, with
careful consideration taken to determine a behavioral testing sequence that reduced the
confounding factors of stressful behavior testing on subsequent tests (Supplemental Figure
1). Animals were assigned an identification number to ensure that animal information
remained coded for blinded data collection and analysis throughout the study. Furthermore,
at 5 months of age, prior to initial treatment, all animals were subjected to Barnes maze
testing to ensure that they were randomly and equally placed into vehicle or (−)-P7C3-S243
treatment groups. At this time point, no differences were observed in the learning or memory
portion of the Barnes maze task, and thus no animals were removed from the study due to
behavioral deficits.
15-month old TgF344-AD rats develop early depressive-like behavior that is blocked by (−)P7C3-S243 treatment.
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Numerous studies in humans have identified psychiatric disturbances as early indicators of
AD, occurring before the classic memory deficits. For example, anxiety, depression,
irritability, psychosis, and sleep disturbances are often observed early in AD patients (33),
with depression frequently being the earliest manifestation of disease (34, 35). Notably, we
observed the correlate of this pattern in our animal studies as well. At 15 months of age,
neither male nor female TgF344-AD or WT littermate rats showed significant deficits in
learning or memory in the Barnes maze (Figure 2A-F). However, both male and female 15month old TgF344-AD rats did display significant depression-like behaviors in the Porsolt
forced swim test (FST) (Figure 2G-I), with no effect on general locomotor activity (Figure
2J-L).
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FST is used to examine depression-like phenotypes by measuring the extent of effort exerted
by an animal to escape a stressful situation, which in this case is a water-filled cylinder. In
the FST, depression-like behavior is indicated by less time spent moving and more time
spent immobile (36). (−)-P7C3-S243 proved protective against this depression-like
phenotype in both male and female TgF344-AD rats, as the time spent immobile in the task
was significantly reduced and comparable to that seen in WT animals (Figure 2G-I). The
proneurogenic efficacy of P7C3 compounds has been previously reported to be responsible
for their anti-depressant-like effects (23), which is consistent with the proneurogenic
efficacy of (−)-P7C3-S243 that we observed in TgF344-AD animals (Figure 1B).
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(−)-P7C3-S243 protects 24-month old TgF344-AD rats from developing cognitive deficits.
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As there were no significant behavioral differences between sexes (Figure 2), we combined
males and females for subsequent analysis. Extensive behavioral analysis was conducted on
a second cohort of 24-month old animals, a time point by which impairments in cognition
have been shown to manifest in TgF344-AD rats (27). Regardless of genotype or treatment
group, survival at this time point was reduced roughly 50% relative to the 15 month time
point. By this age, it is well known that almost all Fisher rats will have started to develop
benign neoplasms that may reduce mobility and impede quality of life. The animal care staff
discourages repeated removal of masses in aging animals, and thus animals were removed
from the study if they required more than one surgical mass removal. All surviving animals
at this time point, regardless of genotype or treatment group, performed similarly in the
initial Morris water maze test of learning and memory (Figure 3A, B). However, more
rigorous testing with the Morris water maze reversal task showed that hippocampaldependent spatial memory was significantly impaired in TgF344-AD rats relative to WT
littermate controls, while learning was only mildly affected (Figure 3C, D). Of note, this
determination of the relearning task as mildly affected relates to the lack of statistical
significance between TgF344-AD rats and WT littermates in the vehicle condition when
compared via two-way ANOVA analysis. When these two groups are compared directly to
one another by Student’s t-Test, however, a statistically significant difference is found for
both Day3:Day1 Latency (t=2.067, df=23, p=0.05) and Day 3 Latency (t=2.077, df=29,
p=0.0468). Thus, we propose that TgF344-AD rats did not relearn the task, while WT
littermates did. Lack of relearning can be equated to behavioral inflexibility, which is often
associated with deficits in prefrontal cortex function. In the reversal procedure, the hidden
platform is moved to a different location in the water tank, and the animal’s ability to react
to this change to learn and remember the new escape location is measured. This more
challenging test of cognitive function in the MWM revealed that TgF344-AD rats required
2-3 times longer to travel the new location of escape platform than WT littermates in the
memory probe phase (Figure 3D), which could indicate significant impairment in memory,
as there were no differences in swim speed, as well as impaired learning (Figure 3E).
Continuous daily treatment with (−)-P7C3-S243 for 18 months proved protective against this
memory deficit, as evidenced by improving the TgF344-AD animal’s time to locate the
target position in the reversal memory probe (Figure 3D). Importantly, no significant
locomotor differences were observed across groups at 24 months of age (Figure 3E). With
respect to depression-like behavior, 24-month old TgF344-AD animals continued to display
deficits in the FST, which at this advanced stage of disease could no longer be corrected by
treatment with (−)-P7C3-S243 (time spent immobile in seconds: TgF344-AD, Vehicle n=6:
31.3 ± 17.028; TgF344-AD, (−)-P7C3-S243 n=8: 32.2 ± 37.708). However, in contrast to
the 15-month time point, 24-month old WT animals displayed depression-like behavior in
the FST, which was indeed significantly ameliorated by treatment with (−)-P7C3-S243
(Figure 3F).
(−)-P7C3-S243 treatment does not alter amyloid plaque deposition, tau
hyperphosphorylation, or glial reaction in TgF344-AD rats.
Brains from 24-month old animal were harvested to examine histopathology and classical
markers of amyloid deposition, tau hyperphosphorylation, and neuroinflammation. Amyloid
Biol Psychiatry. Author manuscript; available in PMC 2019 March 13.
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deposition is a well-characterized pathological hallmark of AD (4, 5). When normal
processing of the amyloid precursor protein (APP) becomes dysregulated, a shift in Aβ1-40
and Aβ1-42 peptide fragment formation occurs, with Aβ1-42 fragments disproportionately
formed and widely considered to be more toxic than Aβ1-40 peptides (37). Aβ1-42 fragments
have strong binding affinity for one another and thus form insoluble Aβ plaques.
Alternatively, some Aβ fragments also remain soluble in smaller fibril forms, which disrupt
synaptic signaling (37).
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In vehicle-treated 24-month old TgF344-AD animals, abundant amyloid plaque deposition
was evident throughout the brain by both H&E and Congo Red staining (hippocampus,
cerebral cortex, frontal cortex, and cerebellum), but neither the degree nor distribution of
plaque deposition was significantly altered by treatment with (−)-P7C3-S243 (Figure 4A-E).
To further examine whether (−)-P7C3-S243 could impact amyloid pathology in TgF344-AD
rats, we next assayed amyloid peptide deposition in triton soluble (i.,e. soluble Aβ peptides)
and 5 M guanidine HCl soluble (i.e. insoluble Aβ oligomers) brain extracts using Aβ1-40 and
Aβ1-42 peptide ELISAs. Both soluble and insoluble Aβ1-40 and Aβ1-42 were significantly
increased in male and female TgF344-AD rats relative to WT controls at 24 months (Figure
4F, G). However, no significant differences were observed in TgF344-AD rats treated with
(−)-P7C3-S243, relative to vehicle-treated controls (Figure 4F, G). Therefore, (−)-P7C3S243 exerts its protective efficacy independently of altering amyloid pathology in TgF344AD rats.
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Next, we assessed tauopathy in the brain at 24 months. Tau proteins function primarily in the
axons of neurons to stabilize microtubules by interacting with tubulin, and disruption of this
function by mutations or excessive phosphorylation of tau is associated with
neurodegeneration (38). Tau also becomes hyperphosphorylated in normal aging (39). When
tau becomes hyperphosphorylated, it forms intracellular NFTs predominantly in large
pyramidal neurons of the entorhinal cortex, hippocampus, association cortex, and other
cortical regions as the disease advances (4, 5). Although it is unclear whether the NFTs
themselves, tau oligomers released prior to NFT formation, or perhaps both, lead to cell
death (40), the endpoint of NFT accumulation is a classic hallmark seen on post-mortem
examination of the brains of patients with AD. NFTs can be measured using routine
detergent (sarkosyl) extractions, and sarkosyl-insoluble tau correlates with the pathological
features of this altered protein that accumulates in vivo. We applied this method to measure
the immunoreactivity of a commonly phosphorylated phosphoserine site on tau using an
antibody that recognizes Tau PS199/202, and found no significant increases in TgF344-AD
rats relative to WT controls (Figure 4H, I). This is consistent with what has been previously
reported in older TgF344-AD rats (27). Tau PS199/202 was also not impacted by (−)-P7C3S243 treatment in aged WT or TgF344-AD animals (Figure 4H, I).
Finally, we investigated the effects of (−)-P7C3-S243 on indicators of neuroinflammation.
At 24 months of age, astrogliosis was not apparent in TgF344-AD rats relative to control
groups, and astrocyte activation was also not affected by treatment with (−)-P7C3-S243
(Figure 5A, B). Microgliosis, both independently located and in close proximity to amyloid
deposition, was evident in TgF344-AD rats, as previously observed by others (27), but also
was not affected by (−)-P7C3-S243 treatment (Figure 5C-E).
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(−)-P7C3-S243 treatment reduces neurodegeneration in TgF344-AD rats.
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Neuronal loss leads to vacuole formation following a sequence of cellular swelling, death,
and ultimately microglia-mediated clearage of cellular debris. Thus, this pathological
hallmark is indicative of a later stage of neuronal damage in AD, distal to plaque and NFT
formation. Indeed, we often noted degenerating neuronal cell bodies within regions dense
with amyloid plaques, typically in combination with glial and microglial responses (Figure
6A), and microglial engulfment of neuronal debris was also visualized in the original report
characterizing TgF344-AD rats (27). Due to the general neuroprotective activity of P7C3
compounds in other models, we wondered whether the protective effects of prolonged (−)P7C3-S243 administration seen here might be associated with reduced vacuole formation.
Indeed, blinded manual counting of vacuole formation in the hippocampus and cortex of
male and female TgF344-AD rats and WT littermates demonstrated that (−)-P7C3-S243
treated groups had significantly reduced numbers of vacuoles in both regions (Figure 6B-E).
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Next, we quantified neuronal cell counts in the hippocampus and cortex of male and female
TgF344-AD rats and WT littermates. We initially quantified neurons using the neuron
specific cell marker NeuN. However, we also observed NeuN+ microglial cells throughout
the brain, as microglia routinely phagocytize debris from dying neurons and thereby
physically incorporate markers for neurons. This complicated our automated cell counting
analysis, and artificially increased neuronal cell counts. We thus turned to cresyl violet,
another neuronal marker, that in cases of broad microglial activation serves as a more
selective stain for neurons by virtue of staining fewer microglia (Supplemental Figure 2).
Neuronal cell counts quantified using cresyl violet staining were significantly reduced in the
hippocampus and trending down in the cortex in TgF344-AD rats relative to WT controls at
24 months of age, and treatment with (−)-P7C3-S243 protected TgF344-AD rats from
neuronal cell loss in both regions (Figure 7A, B). Microglia were rarely identified in the
granule cell layer of the dentate gyrus, and thus we conducted neuron cell counts using the
NeuN marker in this densely packed region. Again, we observed significantly increased cell
counts in the dentate gyrus of the hippocampus in TgF344-AD rats treated with (−)-P7C3S243 relative to those treated with vehicle (Figure 7C).

Discussion

Author Manuscript

Identifying effective treatment strategies for AD, the most abundant neurodegenerative
disease worldwide, is crucial. Unfortunately, despite tremendous efforts in academic
medicine and the pharmaceutical industry, experimental therapies have thus far failed to
translate to effective treatments for patients. Here, we have investigated whether neuronal
protection at a more distal time point, at the level of actually blocking neuronal cell death,
irrespective of upstream events, might have protective efficacy in a preclinical model of AD.
P7C3 compounds have previously displayed protective efficacy in an array of preclinical
models of central and peripheral neurodegeneration, with the common feature that regardless
of earlier disease-specific pathological events, neurons across systems are critically
dependent on NAD salvage, a process augmented by P7C3 compounds. Here, we now report
efficacy of (−)-P7C3-S243 against acquisition of early depressive-like behavior, later
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cognitive impairment, and ultimately neuronal cell loss in the TgF344-AD rat model of AD.
Notably, (−)-P7C3-S243 was observed to be equally efficacious in both males and females.
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Early in the disease process, before the onset of cognitive deficits, (−)-P7C3-S243 was
protective against depression-like phenotypes, which is often the earliest neuropsychiatric
symptom of AD in patients. Later in the disease process, when hippocampal-dependent
spatial memory became impaired at 24 months, treatment with (−)-P7C3-S243 also
protected from this deficit as well. Also at this later stage of 24 months of age, WT animals
additionally acquired depressive-like behavior, which was also blocked by treatment with
(−)-P7C3-S243. This antidepressant effect of (−)-P7C3-S243 is likely due to the
proneurogenic efficacy achieved by P7C3 compounds by virtue of protecting young
newborn hippocampal neurons from cell death, while the cognitive protection afforded by
(−)-P7C3-S243 is likely due to the combined effect of protecting both newborn hippocampal
neurons and mature neurons in the cortex and hippocampus. Strikingly, examination of
histological and biochemical markers in the brains of TgF344-AD rats revealed that (−)P7C3-S243 protects against neuronal damage without altering the traditional markers of AD
pathology: amyloid deposition, tau phosphorylation, and reactive glia. TgF344-AD rats
treated with (−)-P7C3-S243 did, however, display reduced neurodegeneration in the
hippocampus and cortex, two brain regions critical for learning and memory, as measured by
vacuole formation and neuron cell counts.
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P7C3 compounds accelerate flux of NAD salvage in neurons through enhancing activity of
nicotinamide phosphoribosyltransferase (NAMPT), the rate-limiting enzyme in this process.
NAMPT synthesizes nicotinamide mononucleotide (NMN) from nicotinamide, and normal
aging is associated with considerable reduction in NAMPT and NAD levels in the
hippocampus, along with reduced proliferation of hippocampal neural precursor cells. Thus,
NAMPT activation or other strategies aimed at enhancing hippocampal neurogenesis could
be a useful therapeutic intervention to increase survival of functioning newborn neurons in
the hippocampus (41, 42). Of note, NAMPT has also been proposed as a candidate
susceptibility gene for AD, by virtue of a rare copy number variation in NAMPT that was
identified in a patient with late-onset AD (43). In addition, other investigators have recently
shown some measure of protective efficacy with administration of NMN, the product of
NAMPT, in other rodent models of AD (44–46).
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Although our results do not rule out that traditionally-considered pathological events in AD
may contribute to impaired functioning in patients, we clearly show that preserving neuron
survival without attempting to intervene in other pathological aspects of the disease results
in significant protective efficacy in measures of depression-like behavior, cognitive function,
and neuronal cell death associated with AD. Thus, P7C3 compounds may form the basis for
a new class of neuroprotective drugs for mitigating the symptoms in patients with AD by
preserving neuronal cell survival, irrespective of other pathological events. P7C3 compounds
represent a novel route to treating depression, and new onset depression in elderly patients
may herald the development of Alzheimer’s disease with later cognitive impairments to
follow. Thus, it is reasonable to propose that a drug from the P7C3 class of neuroprotective
chemicals might one day offer a novel first-line treatment for new onset depression in the
elderly, by virtue of its combined antidepressant and neuroprotective properties that would
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simultaneously help normalize mood and protect from progression to other cognitive
symptoms of Alzheimer’s disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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IN THIS ISSUE Statement
Voorhees et al. demonstrate protective efficacy of P7C3 neuroprotective compounds in a
rat model of Alzheimer’s disease (AD), with respect to early depressive-like symptoms
and later problems with learning and memory. The protective effect correlated with direct
protection from neuronal cell death, without altering earlier classical hallmarks of AD,
such as amyloid plaque formation. Therapeutic strategies targeting cell survival
irrespective of earlier pathology may represent a viable path forward in treating patients
with AD.
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Experimental Design. (A) Peripherally-administered (−)-P7C3-S243 achieves blood levels in
rats equivalent to that required for biological activity in mouse preclinical models, and (B)
also enhances hippocampal neurogenesis in TgF344-AD rats. BrdU positive cell counts
treatment effect was t=3.763, df=10, p=0.0037 using a two-tailed Student’s t-test. Once this
effect was established, we proceeded to evaluate the efficacy of (−)-P7C3-S243 in TgF344AD rats using the experimental design in panel (C). Beginning at 6 months of age, (−)P7C3-S243 at 10 mg/kg was administered daily to male and female TgF344-AD rats and
age/sex-matched WT littermates. Behavior was assessed at 15 and 24 months, following 9
and 18 months of (−)-P7C3-S243 or vehicle treatment, respectively, in the form of
locomotor activity (open field), hippocampal-dependent spatial learning and memory
(Barnes maze and Morris water maze), and depression-like behavior (Porsolt forced swim
task). Pathological and biochemical analysis was subsequently conducted on tissue collected
at both time points.
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Figure 2.

(−)-P7C3-S243 protects TgF344-AD rats from depression-like behavior at 15 months,
before the onset of cognitive deficits. (A-F) No learning or memory deficits were observed
at 15 months of age, regardless of sex, as assessed using Barnes maze. Barnes maze learning
treatment effect: Male F(1, 32)=0.5419, p=0.4670; Female F(1,29)=3.861, p=0.0591;
Combined F(1,65)=0.0734, p=0.7873. Barnes maze learning genotype effect: Male F(1,
32)=1.8020, p=0.1889; Female F(1,29)=0.7218, p=0.4025; Combined F(1,65)=0.3674,
p=0.5465. Barnes maze memory probe treatment effect: Male F(1,30)=0.0979, p=0.7565;
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Female F(1,27)=1.2350, p=0.2763; Combined F(1,57)=4.7950, p=0.0327. Barnes maze
memory probe genotype effect: Male F(1,30)=0.0092, p=0.9244; Female F(1,27)=0.0048,
p=0.9454; Combined F(1,57)=0.0318, p=0.8591. (G-I) Significant depression like
phenotypes in the Porsolt forced swim test (FST) were observed in TgF344-AD rats, also
regardless of sex, and (−)-P7C3-S243 administration for 9 months protected against
depression-like behavior. FST treatment effect: Male F(1,32)=6.456, p=0.0161; Female
F(1,28)=3.133, p=0.0876; Combined F(1,65)=7.119, p=0.0096. FST genotype effect: Male
F(1,32)=5.454, p=0.0260; Female F(1,28)=2.185, p=0.1505; Combined F(1,65)=5.253,
p=0.0252. (J-L) Locomotor activity was comparable between all groups. Open field
treatment effect: Male F(1,32)=0.1285, p=0.7226; Female F(1,28)=0.0150, p=0.9036;
Combined F(1,60)=0.2470, p=0.6210. Open field genotype effect: Male F(1,32)=0.3605,
p=0.5529; Female F(1,28)=4.5950, p=0.0412; Combined F(1,60)=1.296, p=0.2595. For each
measurement, n=9-10/group for males, n=7-10/group for females, and n=16-19/group for
combined sexes. Data are represented as mean ± SEM. Significance was determined using
two-way ANOVA with Tukey’s post-hoc multiple comparison analysis. *p < 0.05; **p <
0.01.
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Figure 3.

(−)-P7C3-S243 protects 24-month old TgF344-AD rats from memory deficits, and WT rats
from depression-like behavior. (A, B) TgF344-AD and WT rats preformed similarly in
initial Morris water maze learning and memory tasks. Morris water maze learning treatment
effect was F(1,56)=0.0012, p=0.9730 and genotype effect was F(1,56)=1.627, p=0.2073.
Morris water maze memory probe treatment effect was F(1,54)=0.0426, p=0.8373 and
genotype effect was F(1,54)=1.296, p=0.2599. (C, D) However, in Morris water maze
reversal testing, TgF344-AD rats performed significantly worse during the memory probe,
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and (−)-P7C3-S243 treatment was protective against this impairment. Morris water maze
reversal learning treatment effect was F(1,55)=0.0347, p=0.8530 and genotype effect was
F(1,55)=0.8550, p=0.3595. Morris water maze reversal memory probe treatment effect was
F(1,55)=3.808, p=0.0561 and genotype effect was F(1,54)=2.953, p=0.0913. (E) Locomotor
activity was equivalent in all groups. Open field treatment effect was F(1,56)=0.2017,
p=0.6551 and genotype effect was F(1,56)=0.8566, p=0.3587. For each measurement,
n=11-20/group. (F) WT rats exhibited significant depression-like behaviors in the FST and
were protected from this deficit by treatment with (−)-P7C3-S243. FST treatment effect was
t=2.613, df=18, p=0.0176. For FST measurements, n=9-12/group. Data are represented as
mean ± SEM. Significance was determined using two-way ANOVA with Tukey’s post-hoc
multiple comparison analysis or a two-tailed Student’s t-test. *p <0.05.
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Figure 4.
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Amyloid plaque deposition and tau phosphorylation in TgF344-AD rats are unaffected by
treatment with (−)-P7C3-S243. (A-E) Amyloid plaque deposition is significantly increased
in TgF344-AD rats in the hippocampus, cerebral cortex, frontal cortex, and cerebellum, but
is not affected by (−)-P7C3-S243 administration. (A) Representative images of Congo Red
staining in the hippocampus are depicted and (B-E) quantified in the hippocampus, cerebral
cortex, prefrontal cortex, and cerebellum using Cy5 intensity quantification. Hippocampus
plaque treatment effect was F(1,21 )=0.8611, p=0.3640 and genotype effect was
F(1,21 )=135.2, p<0.0001. Cerebral cortex plaque treatment effect was F(1,21 )=0.3161,
p=0.5799 and genotype effect was F(1,21 )=115.3, p<0.0001. Prefrontal cortex plaque
treatment effect was F(1,21 )=0.0571, p=0.8135 and genotype effect was F(1,21 )=104.3,
p<0.0001. Cerebellum plaque treatment effect was F(1,21)=0.0203, p=0.8881 and genotype
effect was F(1,21)=30.63, p<0.0001. The white bar represents 100 μm. (F, G) Soluble
(triton) and insoluble (5 M guanidine HCl) Aβ 1-40 and Aβ 1- 42 peptides are elevated in
TgF344-AD rats relative to WT animals at 15 months, regardless of sex or treatment. (H)
Pathological tau in the form of insoluble (sarkosyl insoluble) hyperphosphorylated tau is
elevated in all groups. (I) Flyperphosphorylated tau (anti-Tau PS199/202) immunostaining in
the hippocampus is also similar between all experimental groups. Hippocampal tau ps199/202
treatment effect was F(1,21)=0.0005, p=0.9832 and genotype effect was F(1,21)=0.0324,
p=0.8589. Whole brain tau ps199/202 treatment effect was F(1,20)<0.0001, p=0.9973 and
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genotype effect was F(1,20)=1.126, p=0.3012. For each measurement, n=6-7/group. Data
are represented as mean ± SEM. Significance was determined using two-way ANOVA with
Tukey’s post-hoc multiple comparison analysis. *p < 0.05; **p < 0.01; ***p<0.001;
****p<0.0001.
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Figure 5.

Neuroinflammation in TgF344-AD rats is unaffected by treatment with (−)-P7C3-S243. (A,
B) GFAP staining is similar between all experimental groups, indicating that at 24 months of
age astrocyte activation is not increased in TgF344-AD rats or altered by (−)-P7C3-S243
treatment. (A) Representative images of GFAP staining in the hippocampus are presented
and (B) positive staining is quantified. GFAP positive staining treatment effect was
F(1,21 )=0.3610, p=0.5544 and genotype effect was F(1,21)=0.0079, p=0.9302. (C-E)
Microglia cell populations are increased in TgF344-AD rats at 24 months and unaltered by
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treatment with (−)-P7C3-S243. (C) Representative images of Iba1 staining in the
hippocampus are presented and (D) positive staining and (E) cell counts are quantified. Iba1
positive staining treatment effect was F(1,22)=0.0030, p=0.9569 and genotype effect was
F(1,22)=15.83, p=0.0001. Iba1 cell counts treatment effect was F(1,22)=0.2125, p=0.6494
and genotype effect was F(1,22)=34.18, p<0.0001. The black bars represent 100 μm. For
each measurement, n=6-7/group. Data are represented as mean ± SEM. Significance was
determined using two-way ANOVA with Tukey’s post-hoc multiple comparison analysis. *p
< 0.05; **p < 0.01.
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Figure 6.

Vacuole formation in the brains of TgF344-AD rats 455 is significantly reduced by treatment
with (−)-P7C3-S243. (A) H&E images of cortex (top) and hippocampus (bottom) of
TgF344-AD rats at 24 months show large, pale, eosinophilic amyloid plaques surrounded by
reactive microglia (arrowheads). In close proximity are neurons in variable stages of
degeneration (arrows). The black bars represent 50 and 100 μm, respectively. (B-E) Vacuole
formation, a common marker of neurodegeneration, was readily apparent in TgF344-AD
rats. Representative H&E images of vacuoles in (B) the hippocampus and (D) cortex are
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depicted. Vacuoles were manually quantified in (C) hippocampus and (E) cerebral cortex in
a blinded manner and found to be significantly decreased by (−)-P7C3-S243 treatment.
Hippocampal vacuole formation treatment effect was F(1,21 )=5.285, p=0.0319 and
genotype effect was F(1,21 )=174.3, p<0.0001. Cortex vacuole formation treatment effect
was F(1,21 )=7.528, p=0.0122 and genotype effect was F(1,21 )=285.9, p<0.0001. For each
measurement, n=6–7/group. Data are represented as mean ± SEM. Significance was
determined using two-way ANOVA with Tukey’s post-hoc multiple comparison analysis. *p
< 0.05; **p < 0.01.
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(−)-P7C3-S243 administration protects against neuronal cell loss in TgF344-AD rats. (A, B)
(−)-P7C3-S243 treatment for 15 months (24 months of age), protected TgF344-AD rats from
neuronal cell loss in the (A) hippocampus and (B) cortex. Hippocampal cell counts
treatment effect was F(1,22)=3.841, p=0.0128 and genotype effect was F(1,22)=3.829,
p=0.0632. Cortex cell counts treatment effect was F(1,22)=2.630, p=0.1191 and genotype
effect was F(1,22)=0.3121, p=0.5821. Dentate cell counts treatment effect was
F(1,20)=7.796, p=0.0113 and genotype effect was F(1,20)=4.631, p=0.0438. (C) Cell counts
were also significantly increased in the granule cell layer of the dentate gyrus of the
hippocampus.
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