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Abstract

Introduction: The neuronal mechanism driving Alzheimer’s disease (AD) is incom-

pletely understood.

Methods: Immunohistochemistry, pharmacology, biochemistry, and behavioral testing

are employed in two pathological contexts—AD and a transgenic mouse model—to

investigate T14, a 14mer peptide, as a key signalingmolecule in the neuropathology.

Results: T14 increases in AD brains as the disease progresses and is conspicuous in

5XFAD mice, where its immunoreactivity corresponds to that seen in AD: neurons

immunoreactive for T14 in proximity to T14-immunoreactive plaques. NBP14 is a

cyclized version of T14, which dose-dependently displaces binding of its linear coun-

terpart to alpha-7 nicotinic receptors in AD brains. In 5XFAD mice, intranasal NBP14

for 14 weeks decreases brain amyloid and restores novel object recognition to that in

wild-types.

Discussion: These findings indicate that the T14 system, for which the signaling path-

way is described here, contributes to the neuropathological process and that NBP14

warrants consideration for its therapeutic potential.
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1 BACKGROUND

The basic mechanism driving Alzheimer’s disease (AD), as well as

Parkinson disease and motor neuron disease, may be the deleterious

activation in thematurity of a signaling system that had been beneficial
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in development.1–4 Toxic effectsmay occur if this system is activated in

the mature brain in response to a blow to the head,5 ischemia,6 or a

decline in scavenging mechanisms.7 Such a phenomenon would exem-

plify antagonistic pleiotropy, as proposed in George Williams’ evolu-

tionary explanation of senescence.8,9 His theory concerns tradeoffs
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between early life benefits and late-life detriments and is consistent

with adecline in thepotencyof natural selectionwith age. The signaling

molecule driving this particular trophic-toxic process is posited to be

T14,1,2 a 14mer peptide that binds to an allosteric site on alpha-7 nico-

tinic receptors.10,11 This peptidederives fromtheC-terminusof acetyl-

cholinesterase (AChE),12 a protein that has long been implicated in

AD.13 Inhibiting the hydrolyzing action ofAChEonacetylcholine (ACh),

with drugs such as galantamine, increases the availability of synaptic

ACh; such treatments are clinically useful inAD, a finding that validates

the cholinergic hypothesis for this disease.13 Enhancing ACh availabil-

ity may also favor the cholinergic alleviation of inflammation,14 a hall-

mark of AD.15 Conversely, transgenic mice overexpressing AChE show

AD-like cognitive impairment16; the authors of that study speculated

that the excess AChE “may have effects that relate to the potential

noncatalytic function(s) of this intriguing protein.” We now hypothe-

size that T14, a peptide cleaved fromAChE,12 drives such effects.1 This

peptide, which shares a partial sequence homology with amyloid,1,2

has been shown to promote amyloid beta production and tau phospho-

rylation, thereby replicating the principal features of AD pathology.17

It also enhances calcium influx,10 modulates plasticity (ie, long-term

potentiation [LTP]),8 acts as a developmental signaling molecule,2 and

is bioactive in a range of tissues including rat hippocampal organotypic

cultures2 and ex vivo brain slices from hippocampus10 or the rat pre-

frontal cortex.18

In the normal adult brain, there is a prevalence of G4, the tetramer

that constitutesmembrane-boundAChE, overG1, themonomeric form

of AChE.19 The latter is the parent molecule for T14.12 In contrast, in

the early embryonic human brain, G1 exceeds G4.19 the prevalence

of G1 is consistent with an involvement of its cleavage product in

development.1 Notably, it also exceeds G4 in various brain regions in

AD.19 Thus, the initially beneficial developmental effects of T1410 may

turn excitotoxic with aging, when tolerance to calcium influx is lower,20

via an allosteric site on alpha-7 nicotinic receptors.10 The capacity

of the peptide to upregulate that receptor’s messenger RNA (mRNA)

and protein expression and to enhance its trafficking to the plasma

membrane11 may promote a vicious cycle. Hence, the process that

drives the pathology may be an aberrant recapitulation of T14’s devel-

opmental actions.1

The present study was designed to characterize the T14 system

in two pathological contexts—AD and the 5XFAD (Five Times Famil-

ial AD Mutations) mouse model of AD—and to explore whether a

T14 antagonist has therapeutic potential. For the immunohistochem-

ical studies on human and mouse brains, a polyclonal antibody was

used; it was raised against the T14 C-terminus and does not cross-

react with AChE or amyloid.17 T14 immunoreactivity in the hippocam-

pus, a region severely afflicted by the disease, was assessed in early

versus late-stage AD and in 5XFAD mice compared with their FAD-

negative counterparts, F1 offspring of the same background strain

lacking the transgene.21 5XFAD mice provide a valid, rapid-onset,

aggressive amyloid model displaying neuropathological and neuropsy-

chological AD-like hallmarks.21 The age-dependent development of

cognitive deficits in these animals is comparable to that in AD; the ear-

liest observable impairment is in spatial working memory followed by

HIGHLIGHTS

∙ The T14 peptide system is characterized in Alzheimer’s

disease (AD) and the 5XFAD transgenic model

∙ AD and 5XFAD mice show T14 immunoreactivity in neu-

rons and adjacent plaques

∙ NBP14, a cyclized version of T14, dose-dependently dis-

places T14 in AD

∙ Intranasal NBP14 treatment for 14 days reduces amyloid

in 5XFADmice

∙ The NBP14 treatment protects the 5XFAD mice from

impaired novel object recognition

RESEARCH INCONTEXT

1. Systematic Review: Over the past 50 years, evidence

has accumulated within the literature, and from our own

research, that acetylcholinesterase has additional, non-

catalytic roles. Diverse findings demonstrate its role as

a signaling molecule, irrespective of cholinergic transmis-

sion. The beneficial, trophic actions of this system during

development may turn excitotoxic in maturity and conse-

quently driveAlzheimer’s disease (AD). Twenty years ago,

a 14mer peptide cleaved from the C-terminus, T14, was

identified as the salient agent.

2. Interpretation: Our findings on T14 localization and lev-

els are comparable in AD brains and in the 5XFAD trans-

genic mouse model. NBP14, a cyclized antagonist of T14,

displaces T14 from alpha-7 nicotinic receptors in the AD

hippocampus. In 5XFADmice, it lowers brain amyloid and

protects memory.

3. FutureDirections: Further researchwill pursue the novel

idea that T14 is the key signalingmolecule driving AD and

assess the potential of NBP14 as a therapeutic.

deficits in recognition memory.22,23 Female 5XFAD mice were used in

the present study because they display more severe amyloid pathol-

ogy than 5XFAD males21,24–26; within the hippocampal formation, the

females show a consistently higher density of amyloid plaques than

age-matchedmalemice.24

NBP14 is a cyclic form of the linear T14 peptide, acting as an

antagonist.17 It binds at alpha-7 receptors some 50 times more effec-

tively than galantamine,17 which recognizes not only the allosteric

alpha-7 site27 but also, unlike NBP14, modulates the closely related

α4β2 nAChR,27 a receptor not activated by T14.17 Irrespective of the

functional efficacy of NBP14 in vitro ,3,17,28 including its capacity to

displace T14-binding in post-mortem AD brains as assessed here, its

therapeutic potential requires access to the brain in vivo. Intranasal
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administrationhasbeen found tobemoreeffective than intravenousor

oral routes for peptides to cross the blood-brain barrier.29 To evaluate

the effectiveness of such treatment, 5XFADmicewere given intranasal

vehicle or NBP14 (10 mg/kg, 10 μL/mouse) twice weekly for up to

14 weeks. Its penetration into the brain and its effects on memory and

brain amyloid were assessed. The treatment started at 7- to 10 weeks

of age, sufficiently early to allow the drug to interact with its targets

before the neuropathological processes commenced.21

Cognitive performancewas evaluatedwith theNovelObject Recog-

nition Test (NORT), a non-spatial, non-aversive memory test widely

used in assessing drug effects on recognition memory.30 The NORT is

based on the innate preference of animals to explore a novel over a

familiar object, requiring memory of the object presented in the previ-

ous trial. The 5XFADmiceweremonitored in theNORTprior to the ini-

tial intranasal vehicle orNBP14, followed by further testing after 6 and

14 weeks. Naive wild-type mice not subjected to the treatment were

included in the study and tested in the NORT in parallel with 5XFAD

mice.

Brain amyloid immunoreactivitywas investigated in satellite 5XFAD

mice after vehicle or NBP14 treatment for 6 weeks and at the termi-

nal time point of 14 weeks in the 5XFAD mice studied in the NORT.

The cortex, hippocampus, and basal forebrainwere analyzed, being key

sites affected with extensive amyloid deposits in AD.31

2 MATERIALS AND METHODS

2.1 Human and mouse brains

Human hippocampal blocks were provided by Dr Wayne Poon (UCI

MIND Tissue Repository Gillespie Neuroscience Research Facility at

University of California, Irvine) and the National Brain Bank (https:

//neurobiobank.nih.gov/about/) fromall Braak stages,male and female,

with post-mortem interval (PMI), apolipoprotein E (APOE) gene, plaque

stage, and clinical syndrome described. The human hippocampus sam-

ples analyzed in western blots for T14 were provided by the Oxford

Brain Bank, and classified as Braak stages 0, I, II, V, or VI. Themice used

for amyloid immunohistochemistry and the parallel behavioral study

were wild-type (WT) B6SJL female (n = 15) and transgenic 5XFAD

female (n = 95), supplied by Jackson Laboratories (Bar-Harbor, ME,

USA). The mice were 4- to 8-weeks-old at the time of arrival (main-

tained n = 5/cage, 12-hour light/dark cycle, lights from 6:00 hours,

20◦C–22◦C). Femalemicewere studiedbecause theamyloidpathology

in 5XFAD transgenics is more severe in female than male mice.21,24–26

The 5XFADmice used for T14 immunohistochemistry were purchased

from JAX Genomic Medicine (Farmington, CT, USA); they were 34- to

40-weeks-oldwhen studied. Experimental procedureswere conducted

between 9:00 and 16:00 hours and undertaken under authorization

from the ItalianMinistry ofHealth (Project Internal Code n. 820/2019-

PR), in accordancewith Italian LegislativeDecreeNo. 26/2014, or from

the InstitutionalAnimalCareUseCommitteeUSA (VA IACUC#08032-

09); ARRIVE Guidelines were followed for reporting in vivo experi-

ments (see SupplementaryMaterials).

2.2 Western blot detection of T14

Western blots were carried out as described previously.17 Briefly,

≈0.2 g of frozen human brain tissue was thawed and homogenized

in ice-cold Neuronal Protein Extraction Reagent supplemented

with phosphatase and protease inhibitors. Buffer , 1 mL, was added

per 0.2 g of brain tissue. Homogenate was centrifuged (16,000 ×

g, 30 minutes, 4◦C) and supernatant quantified for protein. One

hundred micrograms of protein was mixed with 4× Laemmli sample

buffer (62.5 mM Tris-HCl pH 6.8, 10% glycerol, 1% LDS, 0.005%

Bromophenol Blue, 50 mM dithiothreitol [DTT]), heated to 50◦C

(10 minutes), and loaded onto 4%–20% Mini-PROTEAN TGX Precast

Protein Gels, 10-well, 50 μL. Proteins were separated by elec-

trophoresis, transferred to PVDF (0.45 μm) membrane, and blocked

(1 hour; RT) with 5% Blotting Grade Blocker Non-Fat Milk in Tris-

buffered saline plus 0.05% Tween 20 (TBS-T 0.05%). The membrane

was incubated overnight with T14 antibody (stock 1 mg/mL, dilu-

tion 1:1000) as described previously.17 Membranes were washed,

incubatedwith secondary antibody (1:10000), washed, and immunore-

activity visualized as described previously. Bands were quantified

using ImageJ, and unpaired t tests were performed using GraphPad

Prism9.0.

2.3 AlphaLISA detection of T14-alpha-7 complex

Samples were extracted from homogenized human brain tissue using

PerkinElmer lysis buffer and the protein concentration determined

using the BCA method. For 100 mg tissue homogenization, 1 mL of

lysis buffer was used. Five cycles of 40 second pulse, and 10 second

breaks, on a shielded homogenizerwere used for each sample. Samples

were centrifuged at 40◦C, 15000 rpm (15 minutes) for supernatants;

these were diluted in PerkinElmer Assay buffer and used to measure

T14-alpha-7 nicotinic receptor complexes in the presence of NBP14

(concentrations 0.065μM -900μM) with AlphaLISA following the

manufacturer’s protocol.32 The antibodies were biotinylated BTX on

SA-donor beads and anti-rabbit T14 on acceptor beads; results read in

an AlphaLISA Reader.

2.4 Immunohistochemistry

Details for the immunohistochemical processing of human and mouse

brain tissue and image analysis are provided under Supplementary

Materials.

2.5 NBP14 synthesis and stability

NBP14 was synthesized by Genosphere Biotechnologies (Paris,

France) as described previously.17 Confirmation of its stability at RT is

described under SupplementaryMaterials.
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2.6 Intranasal (IN) dosing with NBP14

The NBP14 dose was freshly dissolved in vehicle (0.9%NaCl) to obtain

the required concentrations at a final volume of 10 μL for the corre-

sponding dose of 10mg/kg for each animal. Animals were sedatedwith

isoflurane. The IN dose was administered at 5 μL per nares using a

pipette allowing the animals to sniff the drops into the nasal cavity over

the following 10minutes.

2.7 Blood-brain exposure to NBP14

A preliminary pharmacokinetic (PK) study of acute intranasal (IN)

administration of NBP14 at 30 mg/kg was carried out with brains col-

lected at 0.25, 0.5, 2, and 8 hours post NBP14 administration. The PK

profile of NBP14 (10mg/kg; IN) following repeated administrationwas

assessed in 5XFAD mice at four time points (as described in Figure 2).

Thirty minutes after treatment administration, following an overdose

of isoflurane, blood samples from the descending vena cava and the

brain were collected. The group of mice sampled 2 days after the final

treatment in week 14 were not treated with NBP14 on the day of

blood and brain tissue collection to test for any accumulation of the

drug.

Blood and brain samples were processed immediately after ani-

mal sacrifice by dilution or homogenization followed by protein pre-

cipitation with three volumes of acetonitrile containing 0.1 ng/mL of

leucine encephalin. After centrifugation, supernatant was diluted with

1.5 volumes of H2O. The samples were assayed by LC-MS/MS anal-

ysis with an optimized analytical method on an Acquity HSS T3 col-

umn 1.7 μm 50 × 2.1 mm (Waters, Milford MA, USA). A binary chro-

matographic gradient of Phase A (water +0.1% formic acid) and Phase

B (acetonitril +0.1% formic acid) was used for separation at a flow

rate of 0.65 mL/minute. Quantitation was performed in multiple reac-

tion monitoring on an API 6500+ Instrument (Sciex, Framingham,

MA USA) NBP14 (m/z 462.3 → 110.1) and leucine enkephalin (m/z

556.0→ 397.0).

2.8 NORT

The cognitive performance of mice was tested using the NORT. Object

exploration was defined as active interaction with the object, that is,

sniffing or touching the object with the nose and/or forepaws. In con-

trast, circling, sitting on, or leaning close to the object were not consid-

ered active exploration. The results were expressed as total time (sec-

onds) spent by animals exploring the object. A recognition index calcu-

lated for each animal was the percentage of time spent exploring the

familiar versus the novel object. A criterion of minimal object explo-

ration was used to exclude animals with naturally low levels of sponta-

neous exploration: the two animals that explored for<10 seconds dur-

ing both the acquisition and choice sessions were not included in the

study.General activitywas also recordedas the total time spent in loco-

motor activity, rearing, and self-grooming behaviors. 5XFADmicewere

tested in theNORTat three time points, and brainswere then removed

and processed as described above.

2.9 Statistical analysis

Statistical analyses were conducted using either GraphPad Prism7.0

(GraphPadSoftware) or SAS9.4.NORTdatawere analyzedbyone-way

analysis of variance (ANOVA) for each treatment group at each time

point, and in other cases such as general activity and recognition index,

a two-way ANOVA followed by Bonferroni‘s post hoc test was used.

A repeated-measures (treatment × time) approach was used for body

weight, with baseline values at week 0 included as a covariate in the

analysis (analysis of covariance [ANCOVA]), followed by Fisher‘s Least

SignificanceDifference (LSD) post hoc test. Histological datawere ana-

lyzed using the unpaired Student’s t-test.

3 RESULTS

3.1 T14 in the post-mortem Ad brain and
transgenic mouse model

Western blots of the AD hippocampus showed a single T14-reactive

band that increased≈2-fold fromearly (Braak0-II) to late stages (Braak

V-VI; Figure 1A, C). This signal could be eliminated by immunoneutral-

ization or omission of the primary antibody. The binding of T14 to the

alpha-7 receptor was investigated with AlphaLISA.32 This approach

revealed a greater level of T14-binding in late-stage AD (Braak V-VI)

compared with Braak I-II (Figure 1B). Immunohistochemistry of hip-

pocampal sections from late-stage AD showed T14-immunoreactive

neurons in the immediate vicinity of T14-immunoreactive plaques

(Figure 1D); the advanced state of the disease is confirmed by immuno-

histochemistry for phosphorylatedTau in adjacent sections (Figure1E).

In the hippocampus of 5XFAD mice, T14 immunoreactivity was at

a particularly high incidence in the subiculum (Figure 1F). Neurons

immunoreactive for T14 were seen in the immediate vicinity of T14-

immunoreactive plaques (Figure 1H, J). The immunoreactive signal for

T14 was lost following neutralization of the primary antibody with the

peptide (Figure 1G, I, K). In FAD-negative mice, the hippocampus con-

tained only a light degree of T14 immunoreactivity; therewere noT14-

immunoreactive plaques (Figure 1L).

3.2 Antagonizing T14 with a cyclized variant:
NBP14

The capacity of NBP14 to displace T14-binding to the alpha-7 recep-

tor in the human hippocampus in late-stageADbrainswas investigated

with AlphaLISA; this revealed a clear dose-response (Figure 1M), with

an IC50 of 61.4 μM.

To assess the penetration of NBP14, blood and brain tissue

were collected at four time points: following the initial treatment,

after 6 and 14 weeks of twice-weekly dosing, and, to test for any
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F IGURE 1 (A) Quantification of hippocampal T14 (mean± SEM) normalized to the data for Braak 0-II (n= 14), showing a significant increase
at Braak VI (n= 6,Mann-Whitney test). (B) T14-alpha-7 receptor binding using AlphaLISA in early stage (Braak I-II, n= 6) and late stage (Braak
V-VI, n= 12,Mann-Whitney test) hippocampal tissue. (C) Examples of western blots for hippocampal T14 at Braak I, II, and VI, showing an increase
at the later stage. (D, E) T14- and p-tau-immunoreactivity in Alzheimer’s disease; representative photomicrographs of the CA1 region of the
hippocampus in an 85-year-old man, Braak VI. (D) T14-immunoreactive neurons in proximity to T14-immunoreactive plaques. (E) T14- and
p-tau-immunoreactivity in adjacent sections. (F, H, J) Representative photomicrographs of hippocampal T14-immunoreactivity in the 5XFAD
mouse; (G, I, K) adjacent coronal sections showing loss of T14-immunoreactivity following immunoneutralization of the primary antibody. (L) The
Cornu ammonis 1 (CA1) region of the hippocampus in an FAD-negativemouse, showing light T14-immunoreactivity in pyramidal neurons and no
T14-immunoreactive plaques. (M) Dose-dependent effects of NBP14 in displacing T14-alpha-7 binding in advanced AD (Braak III-VI, n= 3-4,
two-way ANOVA) hippocampal tissue (NBP-14 IC50= 61.4 μM); data aremean± SEM. *P< .05, ** P< .01. Scale bars: 70 μm (D), 210 μm (E),
140 μm (F, G, L), 40 μm (H-K), sub, subiculum (F). Arrows (H, J), examples of a T14-immunoreactive neuron adjacent to a T14-immunoreactive
plaque

accumulation of the drug, 2 days after the final treatment in Week 14.

The concentrations of NBP14 in blood and brain and their ratios are

shown (Figure 2A-C). An absence of compound accumulation was indi-

cated by the satellite group assessed 2 days after the final treatment in

Week 14 (data not shown).

Body weight was measured in the transgenic mice treated twice

weekly with vehicle (5XFAD-VEH) or NBP14 (5XFAD-NBP14) over

14weeks (Figure 2D).

3.3 Effects of chronic intranasal NBP14 on
memory in AD mouse model

There were no significant differences across the three groups—

untreated wild-types, 5XFAD-VEH, and 5XFAD-NBP14—at any time

point for general activity, recorded as the time spent in locomotion,

rearing, and self-grooming, indicating no non-specific effects of NBP14

on arousal levels (Figure 2E).

 23528737, 2022, 1, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/trc2.12274 by T

est, W
iley O

nline L
ibrary on [11/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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F IGURE 2 (A-C) Blood and brain concentrations of NBP14 in 5XFADmice following intranasal treatments with NBP14 (10mg/kg) and
brain-to-blood ratio. The samples (n= 3 for each time point) were collected 30minutes after a single initial treatment in T0Wand after twice
weekly treatments for 6 weeks or 14weeks; additional samples were collected 2 days after the final treatment in T14W, to test for any
accumulation of the drug. Friedmanmultiple comparison tests showed differences in NBP14 concentrations in blood between T0Wand T6W
(P= .0286) but not T0Wand T14W, and in the brain between T0Wand T14W (P= .0495) but not T0Wand T6W; the blood-to-brain ratio
increased significantly by T14W (P= .0306) but not by T6W. (D) Bodyweight (mean of biweekly measurements) of 5XFADmice (5XFAD-VEH and
5XFAD-NBP14) over the 14-week treatment period.Weights taken immediately before (Day 0) and following vehicle or NBP14 treatment twice
weekly for 14weeks (n= 14–28). Analysis of covariance revealed no overall effect of treatment per se (F(1, 39)= 2.17, P= .1484), but an effect of
time (F(13, 520)= 90.22, P< .0001) and a difference for themain effect of treatment x time (F(13, 520)= 1.90, P= .0281). Pairwise comparison
showed a significant difference between the 5XFAD-VEH and 5XFAD-NBP14mice at 12 to 14weeks of treatment. (E-H) Novel Object
Recognition Test performance in wild-type (WT) and 5XFADmice. (E) Time (s= seconds) spent in general activity by untreatedWT and 5XFAD
mice prior to and after 6 and 14weeks of vehicle or NBP14 treatment (n= 13-28; one-way ANOVA showed no significant differences> P> .05).
(F-H) Total object exploration time (s= seconds) for familiar and novel objects in 5XFADmice: (F) before treatment (T0W) and (G) after 6 weeks
(T6W) or (H) 14weeks (T14W) of intranasal vehicle or NBP14 (10mg/kg); untreated age-matchedWTwere tested concurrently (n= 13 for
vehicle, 28 for NBP14 one-way ANOVA). (I) Recognition Index showing percentage of recognition above chance (50%) levels, calculated as time
spent exploring the novel object/time exploring novel+ familiar object in untreatedWT and 5XFADmice prior to and at 6 and 14weeks of vehicle
or NBP14 treatment (n= 13–28); data aremean± SEM. * P< .05, ** P< .01 versus 5XFAD-VEH; ## P< .01 versus baseline value (T0W) of the
group in question, two-way ANOVA followed by Bonferroni‘s post hoc). T0W,Week 0; T6W,Week 6; T14W,Week 14.
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At the times of behavioral testing—Week 0,Week 6, andWeek 14—

the estimated age of the 5XFAD and wild-type mice was 7–10 weeks,

13–16 weeks and 21–24 weeks. Assessment before the start of the

treatment showed that the three groups discriminated between the

novel and familiar object after a 1-hour retention interval, spending a

significantly longer time exploring the novel object (Figure 2F).

At Week 6 (13–16 weeks of age), impaired performance was

observed in 5XFAD-VEH and 5XFAD-NBP14 mice (Figure 2H). At

Week 14, there was continued discrimination in wild-types (Figure 2I)

and continued failure to discriminate in 5XFAD-VEHmice (Figure 2H).

However, 5XFAD-NBP14 mice showed a significant increase in time

spent exploring the novel versus the familiar object (Figure 2H), an

effect consistent with a reversal of cognitive impairment. The NBP14

treatment significantly increased theRecognition Index in 5XFADmice

(Figure 2I). Two-way ANOVA showed an effect of time and a consider-

able difference for the main effect of treatment x time. Bonferroni‘s

post hoc test showed that the Recognition Index was significantly

higher in 5XFAD-NBP14 mice than in the 5XFAD-VEH mice (P < .01)

and did not differ significantly different from that of thewild-typemice

(Figure 2I).

3.4 Effects of chronic intranasal NBP14 on brain
amyloid in AD mouse model

In 5XFAD mice after 6 weeks of vehicle treatment, intracellular amy-

loid beta (Aβ) immunoreactivity was observed throughout the frontal

cortex and hippocampal formation, particularly in the subiculum, with

only a low incidence in the basal forebrain (Figure 3A, 3B and 3C). At

this time, the 5XFAD-NBP14 mice showed a significantly lower inci-

dence of intracellular Aβ immunoreactivity than the 5XFAD-VEHmice,

by 53% in the hippocampus (Figure 3A) and 38% in the frontal cortex

(Figure 3B), but there was no appreciable effect of NBP14 on themini-

mal amount of intracellular Aβ in the basal forebrain region (Figure 3C).
Further accumulation had occurred by the time the mice were 21–

24 weeks old, after 14 weeks of vehicle treatment (Figure 3D and 3E),

by which time plaques had become apparent in the basal forebrain

(Figure 3F). The 5XFAD-NBP14 group, in comparisonwith the 5XFAD-

VEH group, showed a significant reduction in extracellular Aβ by 50%
in the hippocampus (Figure 3D), 38% in the frontal cortex (Figure 3E),

and 42% in the basal forebrain (Figure 3F).

4 DISCUSSION

The presence of T14-immunoreactive neurons in proximity to T14-

containing plaques in the hippocampus in humans with late-stage AD

and in 5XFAD mice is consistent with the model presented (Figure 4)

for the role of T14 in the neuropathological process. A comparable

distribution has been reported for Aβ-immunoreactive neurons and

plaques in the 5XFAD hippocampus by Oakley et al.21 Furthermore,

T14 immunoreactivity is at a particularly high incidence in the subicu-

lum, as reported previously for Aβ immunoreactivity in this model.21

These findings, obtained in human and mouse brains, indicate that

T14 is prominent in late-stage AD and in 5XFAD mice. Hence, inter-

cepting the binding of T14 to alpha-7 receptors could be a strategy for

combating AD. Approaches focusing on this receptor as a therapeu-

tic target in AD are not new; however, candidate antagonists to date

havemetwith only limited success,17 perhaps because this site in AD is

already occupied by endogenous T14, acting as a more effective ligand

than the exogenous compounds.

The results of the present study demonstrate penetration into the

brain, increasing by ≈6-fold between Week 6 and Week 14 of treat-

ment. In contrast, the circulating level of the antagonist remained

unchanged between these time points, albeit at a far higher level than

after the first treatment in Week 0. The increase in the concentration

ofNBP14 in the brain, relative to blood, byWeek14may reflect a grad-

ual change in the permeability of the bloodbrain barrier as reported for

AD.33,34

The effect of chronic NBP14 treatment on body weight in the

5XFADmice indicates a beneficial action sufficient to offset the slower

weight gain typically seen in these animals.22,35 Previous research

found that their cognitive performance starts to decline between 12

and 24 weeks of age23; this is consistent with the unimpaired discrim-

ination between novel and familiar objects at 7–10 weeks of age prior

to the onset of treatment in the present study.

Although the cognitive performance of the 5XFAD mice was

improved by NBP14 only after 14 weeks of treatment (ie, 21–

24 weeks of age), a decrease in intracellular amyloid was observed

as early as 6 weeks after starting the treatment. This apparent delay

in the behavioral effects may relate to the greater amount of NBP14

reaching the brain byWeek14of treatment and/or the greater amount

of neuronal change required for this functional effect to be realized.

Intraneuronal Aβ accumulates in the 5XFAD brain from 6 weeks of

age, before plaques form.21 By Week 14 of vehicle treatment, the

amyloid immunoreactivity was most readily observed as extracellular

plaques; in the NBP14-treated 5XFAD mice, this plaque-related Aβ
immunoreactivity was reduced markedly in key brain areas linked

to AD: hippocampus, frontal cortex, and basal forebrain. Given the

evidence that intraneuronal aggregates of Aβ play a significant role

in neurodegeneration and amyloid plaque formation,36 the effect

of NBP14 in reducing amyloid could result from its blockade of an

intracellular cascade initiated by T14 at alpha-7 receptors.2 The

proposed mechanisms of action of T14 and NBP14 are presented in

Figure 4.

T14 is a signaling molecule that putatively drives neurodegenera-

tion. The present study shows that hippocampal T14 increaseswith the

progression of AD and is a conspicuous feature of the 5XFAD mouse

model. NBP14, a cyclic version of T14, has the capacity to displace T14-

binding at alpha-7 receptors.3,17,28 NBP14 has been shown previously

to block the various effects of T14 in vitro 17 and ex vivo .3,28 The cur-

rent findings demonstrate the capacity of this drug to displace T14-

binding in post-mortemADbrains and to access themousebrain in vivo

by the intranasal route. In summary,NBP14hasprotective actions in an

established animal model of AD, evidenced by cognitive performance,

neurochemistry, and body-weight gain. The present findings suggest
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8 of 12 GREENFIELD ET AL.

F IGURE 3 Immunohistochemistry for Aβ (gold) in sagittal sections from 5XFADmice following intranasal treatment with vehicle (saline) or
NBP14 (10mg/kg) for (A, B, C) 6 weeks or (D, E, F) 14weeks; scale bars: hippocampus 6/14weeks (w)= 200 μm; frontal cortex 6w= 100 μm,
14w= 200 μm; basal forebrain 6/14w= 200 μm. Aβ deposits were detected in the hippocampus and frontal cortex in both groups at both time
points; in contrast, Aβwas detected in the basal forebrain only in the groups that had been treated for 14weeks, at which time the animals were
21- to 24-weeks-old. Levels of intracellular Aβwere calculated in the groups receiving treatment for 6 weeks as themean intensity in the
perinuclear region (AU, arbitrary units), and in the groups receiving treatment for 14weeks extracellular Aβwas calculated as themean area of
immunoreactivity. (G) Higher magnification examples showing intracellular amyloid and extracellular plaques in frontal cortex after, respectively, 6
and 14weeks of vehicle or NBP14. Arrows show examples of intraneuronal Aβ; asterisks show examples of extracellular Aβ plaques; scale
bars= 50 μm. At 6weeks of treatment (A, B, C) n= 10 for vehicle, n= 8 for NBP14; at 14weeks of treatment (D, E, F) (n= 4 for vehicle, n= 8 for
NBP14. Data aremean± SEM. * P< .05; **P< .01, unpaired t-tests)
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F IGURE 4 The T14 system participates in at least four interactive cascades. Cascade 1 (brown): (A) T14 binds at its allosteric site on the
alpha-7 receptor10 unless (B) this is blocked by NBP14.3,17,28 (C) T14 binding increases calcium influx (dotted line),17 causing (D) depolarization
and activation of voltage sensitive calcium channels (L-VOCC).17 (E) Elevated calcium triggers AChE release (G4 tetramer) from intracellular
storage, for example, smooth endoplasmic reticulum (SER)37 into extracellular space.1 Subsequently (F) proteases, for example, Insulin Degrading
Enzyme, cleave T14 from the parent molecule,38 leaving the G1monomer without the T14-containing disulfide bonds and therefore unable to
oligomerize.39 (G) T14 diffuses to act (H) on alpha-7 receptors on neighboring cells, thereby perpetuating the cycle. Cascade 2 (blue): (I) The
T14-induced increase in intracellular calcium activates the enzymeGSK-317 resulting in (J) tau phosphorylation17 and (K) cleavage of amyloid beta
frommembrane bound APP by secretases,40 resulting (L) in enhanced calcium toxicity via alpha-7 receptors.17 (c) Cascade 3 (pink): (M) The
T14-induced increase in intracellular calcium causes upregulation of its target alpha-7 receptors and their trafficking to the plasmamembrane,11

further facilitating T14 effects. (d) Cascade 4 (black): The T14-induced increase in intracellular calcium leads to (N) calcium uptake into
mitochondria, decreasing ATP synthesis accompanied by electron leakage, thereby (O) increasing free radical generation (ROS), (P) triggering
cytochrome C release,41 followed by (Q) caspase-3 activation and (R) cell death.42 (S) Consequent membrane disintegrationmakes previously
membrane-bound AChE (G4) vulnerable to protease degradation, leading (T) to increased T14 for diffusion to neighboring neurons (U)
perpetuating the T14 process

that NBP14 and the T14 system merit further evaluation in elucidat-

ing themechanism that drives AD.
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