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Early degeneration of basal forebrain cholinergic neurons contributes substantially to cognitive decline in
Alzheimer’s disease. Evidence from preclinical models of neuronal injury and aging support a pivotal role for nerve
growth factor (NGF) in neuroprotection, resilience, and cognitive function. However, whether NGF can provide thera-
peutic benefit in the presence of Alzheimer’s disease-related pathologies still unresolved. Perturbations in the NGF
signalling system in Alzheimer’s disease may render neurons unable to benefit from NGF administration.
Additionally, challenges related to brain delivery remain for clinical translation of NGF-based therapies in
Alzheimer’s disease. To be safe and efficient, NGF-related agents should stimulate the NGF receptor, tropomyosin re-
ceptor kinase A (TrkA), avoid activation through the p75 neurotrophin receptor (p75NTR), and be delivered non-inva-
sively to targeted brain areas using real-time monitoring. We addressed these limitations using MRI-guided focused
ultrasound (MRIgFUS) to increase blood–brain barrier permeability locally and transiently, allowing an intravenously
administered TrkA agonist that does not activate p75NTR, termedD3, to enter targeted brain areas. Here,we report the
therapeutic potential of selective TrkA activation in a transgenic mouse model that recapitulates numerous
Alzheimer’s disease-associated pathologies. Repeated MRIgFUS-mediated delivery of D3 (D3/FUS) improved cogni-
tive function in the TgCRND8 model of Alzheimer’s disease. Mechanistically, D3/FUS treatment effectively attenu-
ated cholinergic degeneration and promoted functional recovery. D3/FUS treatment also resulted in widespread
reduction of brain amyloid pathology and dystrophic neurites surrounding amyloid plaques. Furthermore, D3/FUS
markedly enhanced hippocampal neurogenesis in TgCRND8 mice, implicating TrkA agonism as a novel therapeutic
target to promote neurogenesis in the context of Alzheimer’s disease-related pathology. Thus, this study provides
evidence that selective TrkA agonism confers neuroprotection to effectively counteract Alzheimer’s disease-related
vulnerability. Recent clinical trials demonstrate that non-invasive blood–brain barrier modulation using MRIgFUS is
safe, feasible and reversible in Alzheimer’s disease patients. TrkA receptor agonists coupled with MRIgFUS delivery
constitute a promising disease-modifying strategy to foster brain health and counteract cognitive decline in
Alzheimer’s disease.
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Introduction
The vulnerability of basal forebrain cholinergic neurons (BFCNs) con-
tributes to cognitive dysfunction in individuals with Alzheimer’s
disease.1Acetylcholinesterase (AChE) inhibitors,whichprevent acetyl-
choline (ACh) breakdown in the synaptic cleft, are currently approved
as symptomatic therapies for Alzheimer’s disease and their long-term
usemay also have disease-modifying benefits.2–4 Eventually, however,
theunderlying cholinergicneurodegenerationbecomes severe, andef-
forts to bolster ACh levels at the synaptic cleft can no longermask de-
nervation. In this regard, nerve growth factor (NGF), essential for BFCN
survival, function and plasticity, is being pursued as a therapeutic
agent forAlzheimer’s disease.NGFhas thepotential to prevent cholin-
ergic degeneration, stimulate ACh synthesis and release from remain-
ing neurons, and thus could have a significant impact on the clinical
progression of Alzheimer’s disease.1

Effective clinical translationofNGF-based therapeutic strategies re-
mains a challenge. To date, NGF-based therapeutics have failed to im-
pact cognition in Alzheimer’s disease clinical trials. However, some
patients showed increased cholinergic sprouting and upregulation of
phenotypic cholinergic markers, implicating a therapeutic benefit of
NGF in patients with Alzheimer’s disease.5–10 Clinical efficacy may be
limited due to impaired NGF signalling mechanisms in Alzheimer’s
diseasepatientsand/or technical constraints related to therapeuticde-
livery.10–16Specifically,NGFbinds to tworeceptors, tropomyosin recep-
tor kinaseA (TrkA) andp75neurotrophin receptor (p75NTR), known—in
some circumstances—to mediate opposing biological effects: cell sur-
vival and cell death, respectively.11 Pro-survival TrkA isdownregulated
in Alzheimer’s disease, which may favour NGF binding to p75NTR and
ultimately contribute to cholinergic dysfunction.17 Additionally, in
the presence of Alzheimer’s disease pathology, deficits in NGFmetab-
olismcompromise the conversionof proNGF tomatureNGF, leading to
increased extracellular levels of proNGF.11 ProNGF preferentially inter-
acts with p75NTR tomediate neuronal degeneration.11 Taken together,
these pathways may negate the benefit of TrkA activation by NGF in
the Alzheimer’s disease brain. Thus, therapeutics designed to maxi-
mize TrkA activation, without engaging p75NTR, may achieve optimal
neuroprotection of BFCNs in Alzheimer’s disease.

One such pharmacological agent, D3, is a peptidomimetic agon-
ist of TrkA that promotes neuronal survival, neurite extension and
cholinergic tone.18–21 However, like NGF, compound D3 does not
cross the blood–brain barrier (BBB), which represents a major obs-
tacle for non-invasive delivery to the brain. To date, NGF-related
clinical trials have relied on invasive intracranial procedures that
carry substantial risk of surgery-related complications, including
intracranial haemorrhage and tissue injury.9,13 In addition,

accurate dosing, spatial targeting and distribution could not be con-
firmed or controlled following surgical delivery of a gene vector pro-
ducing NGF or a device encapsulating NGF-secreting cells.6,9,15

Recent post-mortem histological analysis revealed the challenges
and importance of accurate stereotactic targeting and the limita-
tion of NGF distribution in Alzheimer’s disease brains.14 Real-time
imaging andmonitoring of drug delivery to the brain will be critical
for effective clinical application.

To circumvent these translational limitations, we recently es-
tablished the feasibility of administering intravenous D3 with
MRI-guided focused ultrasound (MRIgFUS), to transiently increase
BBBpermeability in thebasal forebrain, therebydeliveringD3 to tar-
getedbrainareas.21,22 Thisapproach led toenhancedcholinergicac-
tivity in the TgCRND8mouse model of amyloidosis.21 In this study,
we aimed to determine whether non-invasive, selective TrkA
stimulation is sufficient to impact cognitive decline in the presence
of Alzheimer’s disease-related pathology, namely amyloid-β
accumulation, cholinergic dysfunction and neurotrophic deficits.
We developed a treatment paradigm using MRIgFUS-mediated
delivery of D3 that stimulated functional cholinergic innervation
to target regions, increased hippocampal neurogenesis, reduced
amyloid-β pathology, ultimately converging on improved cognition
in a mouse model of amyloidosis that mimics the cholinotrophic
deficits seen in Alzheimer’s disease.

Materials and methods
Animals

Sex-balanced, age-matched TgCRND8 mice and non-Tg mice were
used in this study. TgCRND8 mice express hAPP695 with the
Swedish (KM670/671NL) and Indiana (V717F) mutations under
the control of the hamster prion gene promoter. Mice were bred
on a hybrid C57BL/6-C3H background.23 TgCRND8 mice were ran-
domized to experimental groups as follows: (i) D3/FUS-treated
(16 mg/kg intravenous D3 and MRIgFUS); (ii) PBS/FUS-treated
(intravenous PBS and MRIgFUS); (iii) D3-treated (16 mg/kg intra-
venous D3, no MRIgFUS); or (iv) PBS-treated (intravenous PBS, no
MRIgFUS). Phosphate-buffered saline (PBS)-treated, non-Tg mice
were used to control for genotype. Mice were maintained under
a 12-h light/dark cycle with free access to food and water. All ani-
mal procedures were approved by the Sunnybrook Research
Institute Animal Care Committee and conducted in accordance
with Canadian Council on Animal Care guidelines. All behavioural,
biochemical and histopathological assessments were conducted by
investigators blinded to experimental group.
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TrkA ligand

The selective TrkA ligand D3 (MedChemExpress, HY-17622) was
analysed for puritywithHPLC (> 98%pure) prior to use in this study.
A detailed pharmacological characterization is provided in
Maliartchouk et al.18

MRI-guided focused ultrasound

MRIgFUSwas performed as previously described, using an in-house
prototype system (commercialized as LP100, FUS Instruments
Inc.).21 Spatial coordinates of the transducer positioning system
were co-registered to a 7.0 T MRI (Bruker), allowing FUS targeting
from structural MRI. T2-weighted images were used to bilaterally
target the basal forebrain in a first sonication, then the hippocam-
pus and cortex in a second sonication. An inter-sonication interval
of 5 min allowed microbubbles to be cleared from the circulation.
During the first sonication, mice received a tail vein injection of
D3 (16 mg/kg) diluted in PBS or PBS only and Definity microbubbles
(0.02 ml/kg; Lantheus Medical Imaging). In the second sonication,
animals received another dose of Definity and Gadovist (0.2 ml/
kg, Bayer). Each injectable was followed by a 150 μl saline flush for
transfer into the bloodstream.

Acoustic emissions were recorded using an in-house manufac-
tured PZT hydrophone and coupled to a feedback controller. The
applied pressure was increased step-wise after each pulse until
themagnitude of subharmonic acoustic emissions passed 3.5 times
themean of baseline. The applied pressure was reduced to 50% and
maintained at this level for the rest of the sonication. Peak pressure
was calculated for each target and averaged across all targets with-
in an animal.

BBB permeability was confirmed by an increase in Gadovist sig-
nal intensity on T1-weighted images obtained 5 min after the se-
cond sonication. Percent enhancement was quantified as the
mean pixel intensity in a 2 mm×2mm voxel region of interest cor-
responding to each target spot relative to anuntreated reference re-
gion and averaged across all focal spots within an animal
(MATLAB).

Behavioural testing

All behavioural testing was performed during the light phase of the
cycle by an experimenter blinded to the treatment. Behavioural
procedures are detailed in the Supplementary material.

Biochemical assays for cholinergic function

Mice were anaesthetized, decapitated, and the brains were rapidly
dissected on ice. Dissected medial septum/diagonal band of Broca
(MS/DBB) and nucleus basalis (NBM) were flash-frozen and stored
at −80°C. Choline acetyltransferase (ChAT) activity was measured
by incorporation of 14C-acetyl-CoA into 14C-ACh, as previously de-
scribed.21 Dissected hippocampus and cortex were frozen at −80°
C until assayed for AChE activity using the Amplex Red detection
kit (Invitrogen). Freshly dissected hippocampus and cortexwere se-
parated into 500 μm transverse slices for evaluation of basal and
potassium-evoked ACh release.21 Tissue ACh and choline were ex-
tracted from freshly dissected hippocampus and cortex as de-
scribed.24 The final ACh and choline content were determined
using the Amplex Red detection kit (Invitrogen). Radioactivity was
measured using liquid scintillation counting (Beckman Coulter).
Protein content was determined using the bicinchoninic acid assay
(Thermo Scientific).

Immunohistochemistry and imaging

Mice were deeply anaesthetized with ketamine/xylazine (CDMV).
Animals were intracardially perfused with saline followed by 4%
paraformaldehyde. Brains were removed, post-fixed in 4% parafor-
maldehyde for 24 h at 4°C, then placed in 30% sucrose. Coronal,
40 μm brain sections were prepared using a sliding microtome
(Leica) and stored at −20°C in cryoprotectant buffer. Free-floating
sections were rinsed with 0.1 M PBS, then incubated in blocking so-
lution (PBSwith 0.3% Triton X-100 and 10% donkey serum) for 1 h at
room temperature. Sections were incubated for 72 h at 4°C with the
following primary antibodies: goat anti-ChAT (1:500; EMDMillipore,
AB144P), mouse anti-BrdU (1:400; ExBio, 11-286-C100), rabbit
anti-DCX (1:200; Abcam, ab207175), guinea pig anti-NeuN (1:500;
EMD Millipore, ABN90), mouse 6F3D anti-amyloid-β (1:200; Dako,
M0872). Brain sections were rinsed with PBS, then incubated with
fluorescently conjugated secondary antibodies (1:200; Jackson
ImmunoResearch) and DAPI (1:15000; Invitrogen) for 2 h at room
temperature. Amyloid plaques were labelled with 1% Thioflavin S
for 7 min, followed by two sequential incubations in 70% ethanol
for 5 min. For bromodeoxyuridine (BrdU) staining, antigen retrieval
was performed by incubating sections in 2 NHCl for 30 min at 37°C.
Acid was neutralized in borate buffer (pH 8.5) for 10 min. For dou-
blecortin (DCX) staining, Tris-EDTA buffer (pH 8.0) at 80°C for
40 min was used for antigen retrieval.

Immunofluorescencewas visualizedwith aNikonA1 laser scan-
ning confocal microscope and images were acquired with
NIS-Elements software (Nikon). Z-stack images were acquired
with 2, 1 and 0.2 μmoptical thickness using the 10×, 20× and 60× ob-
jectives, respectively. Quantitative image analyses were performed
while blinded to treatment groups.

Statistical analysis

Prism 8 software (GraphPad) was used for statistical analysis. All
values are expressed as the means± standard error of the mean
(SEM). Two groupswere compared using unpaired Student’s t-tests.
For analysis of unshredded nest material between groups, we used
the Kruskal-Wallis test with the Dunn post hocmethod. The follow-
ing outcome measures were analysed using repeated measures
two-way ANOVA: nesting score, Barnes Maze learning and search
strategy score, contrast enhancement, peak pressure during sonic-
ation and body weight. ChAT+ fibre density, DCX+ Sholl crossings
and plaque distribution analysis were assessed by two-way
ANOVA. All other parameters were analysed using a one-way
ANOVA. The Holm-Sidak post hoc test was used for multiple com-
parisons in statistically significant ANOVAs. Correlation was per-
formed using linear regression analysis with 95% confidence
intervals. P<0.05 was set as threshold for statistical significance.

Data availability

Additional data related to this paper are available from the corre-
sponding author upon reasonable request.

Results
MRIgFUS-mediated delivery of D3 improves
cognition in TgCRND8 mice

The TgCRND8 model is an aggressive, early-onset model of amyl-
oidosis. Significant amyloid-β plaque pathology and cognitive defi-
cits emerge by 3 months.23 Regional progression of plaque
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pathology is similar to that seen in Alzheimer’s disease, beginning
in the cortex and spreading to the hippocampus, olfactory bulbs,
and thalamus by 4 months.23,25 Aberrant amyloid-β accumulation
induces cortical and hippocampal synaptic loss, neuronal network
dysfunction and degeneration.23,26–30 Functional cholinergic defi-
cits are also apparent in TgCRND8 mice by 4 months.21,31–34

Bellucci et al. reported cholinergic cell loss in the basal forebrain
by 7 months, with significant shrinkage of remaining cholinergic
cell bodies and neurites.31 Consistent with these findings, we dem-
onstrate the presence of earlier BFCN atrophy, decreased choliner-
gic innervation, and cholinergic dystrophic neurites by 5months of
age (Supplementary Fig. 1). Five-month-old TgCRND8mice also ex-
hibit deficits in hippocampal neurogenesis, including decreased
proliferation, differentiation and survival of newborn neurons.35,36

Here, D3/FUS treatment was initiated in 5-month-old TgCRND8
mice, when cognitive impairment and Alzheimer’s
disease-associated pathologies, including amyloid deposition, cho-
linergic degeneration and neurogenesis deficits, are already well
established.

We first examined whether selective TrkA stimulation with D3,
combined with MRIgFUS delivery, could promote cognitive func-
tion. Mice at 5 months of age were treated once per week for three
consecutive weeks, followed by behavioural testing (Fig. 1A–D). We
examined nest building to evaluate daily living activity, a novel ob-
ject recognition task to assess recognition memory, Y maze to
measure spatial working memory and Barnes maze for spatial ref-
erence memory and cognitive flexibility.

By 6.5 months of age, TgCRND8 mice present with substantial
amyloid burden and cognitive deficits.23 TgCRND8 mice showed
poor nest construction compared to non-Tg littermates (Fig. 1E).
Nest building was improved by D3/FUS treatment relative to PBS/
FUS and D3-treated controls (Fig. 1E and Supplementary Fig. 2A).
D3/FUS-treated TgCRND8 mice also shredded more nesting mater-
ial than PBS/FUS and D3-treated TgCRND8 mice, comparable to
non-Tg mice (Supplementary Fig. 2B). The nest building behaviour
of TgCRND8 mice prior to the first treatment was balanced after
treatment groups were randomized (Supplementary Fig. 2C and D).

In the novel object recognition test, D3-treated TgCRND8 de-
monstrated impaired recognitionmemory,without preferential ex-
ploration of a novel object over a familiar one (Fig. 1F and
Supplementary Fig. 3A). D3/FUS-treated mice performed better
than D3 and PBS/FUS-treated mice in demonstrating their prefer-
ence for the novel object, comparable to non-Tg controls (Fig. 1F
and Supplementary Fig. 3B). Novelty-seeking behaviour as mea-
sured by total object exploration time was unaffected by treatment
(Fig. 1G and Supplementary Fig. 3C). Nodifferences in locomotor be-
haviourwereobservedacross groups (Supplementary Fig. 3DandE).

In the Ymaze, spontaneous alternation was used as an index of
spatial working memory. The performance of D3/FUS-treated mice
was comparable to non-Tg littermates and significantly better than
D3 and PBS/FUS-treated TgCRND8mice (Fig. 1H). Exploratory activ-
ity assessed by search density (Supplementary Fig. 4A) and total en-
tries into the arms did not differ between groups (Fig. 1I). No
differences in average velocity and distance travelled were ob-
served across treatments (Supplementary Fig. 4B and C). Prior to
the first treatment, TgCRND8 mice allocated to different experi-
mental conditions demonstrated similar performance in Y maze
alternation (Supplementary Fig. 4D–G).

Mice from all groups were able to learn the location of an escape
box in the Barnes maze over a 4-day training period (Fig. 2A).
However, the performance of D3-treated TgCRND8mice was worse
compared to non-Tg mice in the acquisition phase, indicating a

genotype deficit in learning this task (Fig. 2A). Distance travelled
followed a similar trend as latency to escape (Supplementary
Fig. 5A). Motor performance was unaffected across trials
(Supplementary Fig. 5B). Spatial search strategies were classified
(Fig. 2B) and assigned a relative score based on spatial learning
(Fig. 2C). Non-Tg mice shifted from random and serial navigation
on Day 1 towards more efficient, spatial navigation on Day 4
(Fig. 2C and D). In contrast, D3-treated TgCRND8mice reliedmostly
on random and serial navigation over all trial days (Fig. 2C and D).
On Day 5, the escape box was removed to test memory recall
(Fig. 2E–H). D3-treated TgCRND8 mice spent less time in the target
zone than non-Tg mice (Fig. 2F) and exhibited a higher number of
errors (i.e. the number of entries to a non-target hole) (Fig. 2G and
Supplementary Fig. 5C and D). Analysis of navigation strategy in
the probe trial indicated that D3-treated TgCRND8 mice used less
spatially-dependent strategies than non-Tg mice (Fig. 2H). D3/
FUS-treated mice showed comparable learning to non-Tg mice
(Fig. 2A–D) and bias for the target zone in the probe trial (Fig. 2E–
H). No effect of FUS alone was observed (Fig. 2A–H).

Micewere subsequently trained in a reversal learning paradigm.
D3-treatedTgCRND8micedemonstrated impaired reversal learning
(Fig. 2I) and lower mean spatial navigation scores compared to
non-Tg mice (Fig. 2J). Unlike non-Tg mice, D3-treated TgCRND8
mice adopted predominantly random and serial search strategies
(Fig. 2K). Distance travelled followed a similar trend as latency to es-
cape (SupplementaryFig. 6A).Nodifferenceswereobserved inmean
speedduring reversal learning across treatment groups, ruling out a
priori differences in locomotor activity (Supplementary Fig. 6B).
During the reversal probe trial, TgCRND8 mice spent less time in
the target zone than non-Tg mice (Fig. 2L and Supplementary Fig.
6C) and relied on non-spatial navigation (Fig. 2M). There was an in-
crease in number of errorsmade by D3-treated TgCRND8mice rela-
tive to non-Tg controls (Supplementary Fig. 6D–F). D3/FUS-treated
mice showed improvement in reversal learning performance indi-
cating that cognitive flexibility is restored (Fig. 2I–M). Altogether,
these findings indicate that repeated D3/FUS, relative to D3 and
PBS/FUS treatments, led to improved performance in cognitive
tasks. It is important to note that D3/FUS enhanced cognitive func-
tion in the context of mid-stage amyloid pathology and
Alzheimer’s disease-related neurotrophic deficits, further support-
ing the translational potential of this work.

D3/FUS rescues BFCNs and associated pathways in
TgCRND8 mice

Next, we sought to evaluate the potential neural mechanisms
underlying improved cognitive function following D3/FUS treat-
ment. To examine the structure and function of BFCNs, the MS/
DBB and NBM subregions of the basal forebrain were immunos-
tained for ChAT, the enzyme responsible for ACh synthesis
(Fig. 3A). In both the MS/DBB and NBM, no difference in the num-
bers of ChAT+ cells were detected across experimental conditions
(Fig. 3B). However, D3/FUS-treated TgCRND8 mice exhibited an in-
crease in the ChAT+ soma size (Fig. 3C), extension (Fig. 3D), surface
area (Fig. 3E) and branching (Fig. 3F) of ChAT+ neurites, relative to
PBS, D3 and FUS-treatedmice. D3/FUS also increased ChAT enzyme
activity in the MS/DBB and NBM of TgCRND8 mice, relative to D3
and PBS/FUS alone (Fig. 3G).

To determine whether changes in the BFCN soma were accom-
panied by changes in their terminal fields, we examined ChAT+
fibres in the hippocampus and cortex (Fig. 4). Non-Tg mice exhib-
ited an extensive network of cholinergic fibres in the hippocampus
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and cortex, with regional differences in fibre densities (Fig. 4A and
Supplementary Figs 7 and 8). In the CA1 and CA3 subfields of the
hippocampus, the most notable loss of fibres in TgCRND8 mice ap-
peared in the stratum radiatum and stratum lacunosum-
moleculare (Fig. 4A and Supplementary Fig. 7). In the dentate gyrus,
decreased fibre innervation was most prominent in the molecular
layer (Supplementary Fig. 7). D3/FUS-treated mice exhibited
increased cholinergic fibre density (Fig. 4A and Supplementary
Fig. 7). TgCRND8 mice also displayed a significant decrease of
ChAT+ fibre density in the frontal (Fig. 4A), parietal and entorhinal
(Supplementary Fig. 8) cortices, which were increased following
D3/FUS treatment. Overall, these findings demonstrate that TrkA
stimulation is sufficient to rescue the degeneration and maintain
the phenotype of BFCNs in TgCRND8 mice.

D3/FUS promotes cholinergic function in TgCRND8
mice

Next, we investigated whether anatomical changes at the level of
the soma and terminal networks, as well as the functional upregu-
lation of ChAT activity, led to enhanced cholinergic tone as mea-
sured by basal and potassium-induced ACh release in
hippocampal and cortical slices (Fig. 4B). Potassium chloride

depolarization increased the release of 14C-ACh from brain slices.
Potassium-inducedACh releasewas higher in D3/FUS treated slices
compared to D3 or PBS/FUS-treated slices (Fig. 4B), suggesting that
cholinergic tonewas enhanced following D3/FUS in TgCRND8mice.
Regional analysis of evoked ACh release revealed similar trends in
the hippocampus and several cortical areas (Fig. 4B). Consistent
with increased ChAT activity (Fig. 3G), the levels of hippocampal
and cortical tissue ACh content were significantly higher in D3/
FUS-treated TgCRND8 compared to D3 and PBS/FUS-treated con-
trols (Fig. 4C). Moreover, increased hippocampal and cortical
AChE enzymatic activities were observed in D3/FUS-treated ani-
mals (Fig. 4D). Together, these findings demonstrate increased hip-
pocampal and cortical cholinergic function as a result of D3/FUS
treatment. Adequate levels of ACh synthesis and release serve to
maintain cholinergic neurotransmission required for cognitive
function.

D3/FUS stimulates hippocampal neurogenesis in
TgCRND8 mice

The innervation of the hippocampus bymedial septum cholinergic
neurons promotes the proliferation and survival of hippocampal
neural progenitor cells.37 Newborn neurons of the dentate gyrus

Figure 1 MRIgFUS-mediated delivery of D3 in TgCRND8 mice. (A) Mice were treated once weekly for 3 weeks, then tested on a variety of behavioural
tasks. (B) Focused ultrasound experimental setup.21 (C) Neuroanatomical regions of interests (coloured circles) were selected on T2-weighted MRI. (D)
BBB permeability in corresponding FUS-targeted areaswas visualized over consecutiveweeks onT1-weightedMRI following the influx of a gadolinium-
basedMRI contrast agent. (E) D3 and PBS/FUS-treated TgCRND8mice exhibited deficits in nest building activity, which was improved by D3/FUS treat-
ment. (F) TgCRND8 treated with D3/FUS displayed improved reference memory performance in the novel object recognition task relative to PBS/FUS
andD3-treatedTgCRND8mice. (G) Total exploration time for both familiar and novel objectswas similar across experimental groups. (H) In theYmaze,
D3/FUS was the only treatment to prevent deficits in spontaneous alternation in TgCRND8 mice. (I) Total arm entries were comparable across treat-
ment conditions. Scale bars in C and D = 5 mm. Statistics: (E) Repeated measures and (F–I) one-way ANOVA with Holm-Sidak post hoc test.
Significance: *,+P<0.05; **,++,††P<0.01, ***,+++,†††P<0.001. †Comparison of D3-treated TgCRND8 mice with PBS-treated non-Tg mice (genotype effect).
+Comparison of PBS/FUS-treated with D3/FUS-treated TgCRND8 mice (D3 effect). *Comparison of D3-treated with D3/FUS-treated TgCRND8 mice
(D3/FUS effect). Data represent means±SEM; n=10–12 per group.
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continuously integrate into the hippocampal circuitry, contributing
to learning andmemory.38 Thus, we evaluated hippocampal neuro-
genesis as another potential contributor to behavioural improve-
ment following D3/FUS treatment.

To evaluate proliferative activity in the dentate gyrus,micewere
injectedwith the thymidine analogue BrdU, 3, 4 and 5 days after the
last treatment (Fig. 5A). Twenty-four hours later, BrdU incorpor-
ationwas quantified in the dentate gyrus (Fig. 5A and B). D3/FUS in-
creased the total number of BrdU+ cells in TgCRND8mice relative to
PBS/FUS, D3 and PBS-treated controls (Fig. 5C). To evaluate the pro-
portion of proliferating cells that differentiated into neurons, cells

in the dentate gyrus were also analysed for co-expression of BrdU
and the immature neuronal marker, DCX (Fig. 5D). Consistent
with previous reports in TgCRND8 mice, there were fewer BrdU
+/DCX+ cells in TgCRND8 mice compared to age-matched non-Tg
controls;39 this deficit was restored by D3/FUS relative to PBS/FUS,
D3 and PBS-treated controls (Fig. 5D). It is worth noting that FUS
alone also increased newborn neuron proliferation as previously
reported,40,41 but to a lesser extent that D3/FUS (Fig. 5C and D).
Newborn neurons are known to migrate into the granule cell layer
during the first 4 weeks prior to functional integration into pre-
existing circuits.38 Here, the relative proportion of BrdU+ cells in

Figure 2 MRIgFUS-mediated delivery of D3promotes spatialmemory and cognitiveflexibility in TgCRND8mice. In the Barnesmaze, D3/FUS enhanced
spatial navigation in TgCRND8 mice relative to PBS/FUS and D3-treated TgCRND8 controls. (A) TgCRND8 mice demonstrated a slower learning curve
relative to non-Tgmice, unless treated with D3/FUS. (B) Search strategies used bymice in the Barnes maze were classified. (C andD) Similar to non-Tg
controls, D3/FUS-treated TgCRND8mice used spatially-dependent search strategies to locate the escape box. (E–H) Performance in the probe test was
improved byD3/FUS treatment, reflectingmemory retention. Thiswas demonstrated by (E) higher search density at the previous location of the escape
box, (F) more time spent near the target hole in the absence of the escape box, (G) fewer entries in non-target holes (errors) and (H) higher search strat-
egy scores of D3/FUS-treated TgCRND8 mice relative to PBS/FUS and D3-treated controls. (I–K) Barnes maze reversal learning, with the target hole re-
located 180° from the original position, was improved by D3/FUS treatment in TgCRDN8 mice. (I) Relative to PBS/FUS and D3-treated TgCRND8 mice,
non-Tg mice and D3/FUS-treated TgCRND8 mice demonstrated faster escape latency, (J) better spatially-dependent navigation as demonstrated by
higher search strategy scores and (K) percentage of spatial strategies used across trial days. (L and M) Performance in the reversal probe test was im-
proved in TgCRND8 mice following D3/FUS treatment, with (L) more time spent in the target zone and (M) higher search strategy score relative to
D3-treated TgCRND8 mice. Statistics: (A, C, I and J) Repeated measures and (F–H, L and M) one-way ANOVA with Holm-Sidak post hoc test.
Significance: *,+,†P<0.05; **,++,††P<0.01, ***,+++,†††P<0.001. †Comparison of D3-treated TgCRND8 mice with PBS-treated non-Tg mice (genotype effect).
+Comparison of PBS/FUS-treated with D3/FUS-treated TgCRND8 mice (D3 effect). *Comparison of D3-treated with D3/FUS-treated TgCRND8 mice
(D3/FUS effect). Data represent means±SEM; n=10–12 per group.
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Figure 3 Repeated MRIgFUS delivery of D3 improves basal forebrain cholinergic neuron structural integrity and function in TgCRND8 mice. (A)
Representative confocal images from non-Tg PBS, TgCRND8 PBS, PBS/FUS, D3 or D3/FUS-treated mice, show ChAT+ neurons in the MS/DBB and
NBM. (B) Relative to non-TgCRND8, all groups of TgCRND8 mice had a comparable number of ChAT+ BFCNs. (C) Soma size, (D) mean neurite length,
(E) total surface area and (F) branching complexity were decreased in ChAT+ BFCNs of PBS-treated TgCRND8 mice compared to non-Tg littermates,
and increased with D3/FUS treatment. (G) ChAT enzyme activity was enhanced by D3/FUS in TgCRND8 mice and comparable to non-Tg levels.
Scale bars in A = 100 μm; i–v = 30 μm. Statistics: one-way ANOVA with Holm-Sidak post hoc test. Significance: *,+,†P<0.05; **,++,††P<0.01, ***,+++,†††P<
0.001. †Comparison of PBS-treated TgCRND8 mice with PBS-treated non-Tg mice (genotype effect). +Comparison of PBS/FUS-treated with D3/
FUS-treated TgCRND8 mice (D3 effect). *Comparison of PBS and D3-treated TgCRND8 mice with D3/FUS-treated TgCRND8 mice as shown (D3/FUS ef-
fect). Data represent means±SEM; n=4–6 per group.
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Figure 4 MRIgFUS-mediated delivery of D3 enhances cholinergic function in hippocampal and cortical areas. (A) Representative confocal images from
non-Tg PBS, TgCRND8 PBS, PBS/FUS, D3 or D3/FUS-treated mice at 6.5 months of age show ChAT+ fibres in the hippocampus and prefrontal cortex. A
decrease in ChAT+ fibre density in CA1 subfield of the hippocampus was apparent in PBS-treated TgCRND8 mice relative to non-Tg mice.

(Continued)
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the inner,mid and outer third of the granule cell layerwere reduced
in TgCRND8 compared to non-Tg mice; this shift was normalized
following D3/FUS, but not PBS/FUS or D3 treatment (Fig. 5E).

To evaluate the survival of newborn neurons in the dentate
gyrus, BrdU+ cells and the proportion of BrdU+ cells expressing
the mature neuronal marker, neuronal nuclei (NeuN), were
counted 4weeks later (Fig. 5A and F). A decrease in the total number
of surviving BrdU+ cells (Fig. 5G) and a lower percentage of BrdU
+/NeuN+ cells (Fig. 5H) were observed in TgCRND8 mice relative
to non-Tg controls; this deficit was rescued in D3/FUS-treated
mice, but not PBS/FUS or D3-treated mice. A similar trend was ob-
served in the migration of BrdU+/NeuN+ cells (Fig. 5I), indicating
that only D3/FUS treatment facilitates migration of newborn neu-
rons in the dentate gyrus. Overall, these findings suggest that
MRIgFUS delivery of D3 stimulates hippocampal neurogenesis in
the presence of amyloid-β-driven deficits.

To track morphological changes of newborn neurons, DCX+
cells in the dentate gyrus were analysed 6 days after the last sonic-
ation (Fig. 6A). In the healthy adult dentate gyrus, dendritic pro-
cesses of newborn neurons extend through the granule cell layer
withminimal branching and extensive arborization in themolecu-
lar layer.42 We found that the total dendrite length (Fig. 6B) and ap-
ical dendrite length (Fig. 6C) of DCX+ cells were reduced in
TgCRND8 mice and normalized in D3/FUS-treated mice. Sholl
crossings of DCX+ fibres were used to evaluate dendritic branching
complexity of newborn neurons.40 TgCRND8 mice presented with
decreased dendritic complexity compared with non-Tg controls,
which was increased by D3/FUS (Fig. 6D). Consistent with previous
findings,40 FUS alone also enhanced newborn neuron complexity in
TgCRND8 mice, but to a much lesser degree than D3/FUS (Fig. 6A–

D). Linear regression analysis revealed a positive correlation be-
tween total dendritic length and ChAT+ fibre density in subregions
of the dentate gyrus (Fig. 6E–G), implicating a role for cholinergic-
mediated control of dendritic complexity. Together,
the morphological analyses of DCX+ fibres revealed that neurons
produced as a consequence of D3/FUS treatment developed a
morphology that is likely to establish afferent connections, and
thus may play a functional role in hippocampus-mediated
cognition.

Reduced amyloid pathology after MRIgFUS delivery
of D3

We next examined amyloid pathology in 6.5-month-old TgCRND8
mice, 4 weeks after the last treatment. Immunostaining with the
amyloid-β antibody 6F3D revealed a robust decrease of hippocam-
pal (Fig. 7A–F) and cortical (Fig. 7G–L) plaque load following D3/
FUS. There was a reduction in the total surface area covered by pla-
ques (hippocampus: 16.6 ± 4.0%; cortex: 17.5 ±5.3%), number of pla-
ques (hippocampus: 27.9 ±5.0%; cortex: 31.7 ±5.1%) and mean
plaque size (hippocampus: 29.1 ± 7.2%; cortex: 35.4%±5.2%) in D3/
FUS-treated animals relative to PBS, D3 and PBS/FUS-treated con-
trols. In 6.5-month-old TgCRND8 mice with significant amyloid-β
burden, there was no reduction in plaque surface area, number of

plaques ormean plaque size in PBS/FUS-treatedmice. Plaque dens-
ity data were also analysed by plaque size (Fig. 7E and K). Plaques of
all sizes were reduced following D3/FUS (hippocampus: Fig. 7E and
F; cortex: Fig. 7K and L). The proportion of plaques larger than
2000 μm2 were decreased in PBS/FUS and D3/FUS-treated mice
(hippocampus: Fig. 7F; cortex: Fig. 7L).

We also evaluated dystrophic cholinergic fibres in the vicinity of
amyloid plaques found in the hippocampus and cortex (Fig. 7M–S).
Dystrophic ChAT+ neurites were observed in the cortex and hippo-
campus of TgCRND8 mice (Fig. 7M). D3/FUS reduced the total area
covered by ChAT+ dystrophic neurites in TgCRND8mice, with few-
er ChAT+ clusters, but the same area per cluster (hippocampus:
Fig. 7N–P; cortex: Fig. 7Q–S). Thus, the decrease in amyloid-β depos-
ition in D3/FUS-treated TgCRND8micemay have contributed to the
reduction in ChAT neurite dystrophy.

MRIgFUS-BBB permeabilization combined with D3 is
well tolerated

Increased BBB permeability was achieved at MRIgFUS-targeted
sites and was comparable across weekly treatments (Fig. 8A–C).
Specifically, therewas no difference in themean contrast enhance-
ment between PBS/FUS-treated (28.7 ±1.9%) and D3/FUS treated
mice (29.4 ±1.7%) (Fig. 8B). Similarly, no significant difference in
sonication pressure sustained after a threshold event was detected
(PBS/FUS: 0.681±0.044 MPa; D3/FUS: 0.719±0.041 MPa; Fig. 8C).
Overall, these findings suggest that consistent BBB permeability en-
hancementwas achieved across treatment conditions and upon re-
peated FUS application.

Previousfindings indicate that systemicor intracerebroventricular
NGF infusioncan lead to sideeffects suchasweight loss, Schwanncell
hyperplasia and aberrant sensory and sympathetic sprouting.43,44

Thus, adverseeffectsmustbe carefully considered forpotential clinic-
al translation. Motor behaviour was assessed in the open field for
10min; total distance travelled and average velocity were similar
across treatment groups (Fig. 8D–F). Anxiety-like behaviour in the
open field test was also unaffected across experimental conditions
(Fig. 8G and H). Mice across treatment groups displayed comparable
performance in the marble burying test for anxiety-related activity
(Fig. 8I and J). With respect to body weight, TgCRND8 mice weighed
less than non-Tg mice (Fig. 8K), as expected for the stage of disease
progression.45 Average body weight did not differ among D3, PBS/
FUS or D3/FUS groups (Fig. 8K). Together, these findings suggest that
FUS,D3andcombinedD3/FUSexposuredonotnegatively impactmo-
tor function, anxiety-like behaviour or body weight.

Discussion
Our results revealed that MRIgFUS-mediated delivery of a TrkA lig-
and enhanced cognition in TgCRND8mice via severalmechanisms,
including improvements in the septohippocampal and basalocorti-
cal cholinergic pathways—anatomically and functionally, in-
creased hippocampal neurogenesis and reduced brain amyloid-β

Figure 4 Continued
A decrease in cholinergic innervation was also found across cortical layers in PBS-treated TgCRND8mice compared to non-Tg controls. D3/FUS treat-
ment increased cholinergic innervation throughout the prefrontal cortex and CA1. (B–D) D3/FUS promoted (B) basal and depolarization–induced ACh
release fromhippocampal and cortical slices, (C) tissue ACh content in the hippocampus and cortex and (D) AChE activity in these regions. Scale bar in
A = 50 μm. Statistics: (B) two-way or (C and D) one-way ANOVA with Holm-Sidak post hoc test. Significance: *,+,†,#P<0.05; **,++,††,##P<0.01, ***,+++,†††,###P<
0.001; #Comparison with basal ACh release of the same treatment group (depolarization effect). †Comparison of D3-treated TgCRND8 mice with
PBS-treated non-Tg mice (genotype effect). +Comparison of PBS/FUS-treated with D3/FUS-treated TgCRND8 mice (D3 effect). *Comparison of
D3-treated TgCRND8 mice with D3/FUS-treated TgCRND8 mice (D3/FUS effect). Data represent means±SEM; n=6 per group. or = stratum oriens;
pyr = stratum pyrimidale; rad = stratum radiatum; lm = stratum lacunosum moleculare.
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burden. D3/FUS treatment in TgCRND8mice restored performance
on tasks related to cognitive domains affected in Alzheimer’s dis-
ease, including recognition memory, working memory, spatial
learning and reference memory, cognitive flexibility and activities
of daily living.46 Administration of D3 or mutant NGF with reduced
binding affinity to p75NTR in transgenic models of amyloidosis, ei-
ther prior to or at the onset of cognitive impairment and
amyloid-β deposition, exerted neuroprotective effects, decreased
brain amyloid-β levels and prevented memory deficits.12,20,47 To
our knowledge, our study represents the first time TrkA-mediated
bioeffects have been harnessed to improve cognition in the context
of well-established behavioural deficits, amyloid-β plaque path-
ology and cholinergic dysfunction, similar to a prospective clinical
condition.

We demonstrate that selective TrkA stimulation can promote
neuronal function in the presence of Alzheimer’s disease-related
neurotrophic signalling deficits, whichmay render native NGF inef-
fective. The TrkA-specific ligand D3 promoted neuroprotection
even in the presence of an imbalance between TrkA and p75NTR ex-
pression inTgCRND8mice,21 similar toAlzheimer’s disease.16 Since
TrkA expression is downregulated, native NGF may favour binding
to p75NTR over TrkA, leading to deficits in TrkA-mediated signalling
and the selective vulnerability of BFCNs.17 In support of this hy-
pothesis, we previously showed that native NGF failed to promote
TrkA signalling in TgCRND8 mice.21 Native NGF also failed to re-
store cognition in hAPP-J20 transgenicmice, althoughNGF receptor
levels remain to be characterized in this Alzheimer’s disease
model.20

Figure 5 MRIgFUS BBB modulation combined with D3 delivery increases proliferation and survival of newborn neurons in TgCRND8 mice. (A)
Following the last weekly treatment, separate cohorts of mice were injected with BrdU and sacrificed after 6 days and 28 days to label proliferating
and surviving cells, respectively. (B) A representative confocal image of a BrdU (red), DCX (green), and DAPI (blue) labelled section 24 h after the last
BrdU injection. (C) PBS/FUS-treated and D3/FUS-treated mice had more BrdU+ proliferating cells compared to PBS-treated TgCRND8 controls. (D)
TgCRND8 mice had significantly fewer BrdU+ proliferating cells co-labelled with the immature neuronal marker DCX. This deficit was rescued by
PBS/FUS and D3/FUS treatments. (E) Neuronal migration, as measured by the distribution of BrdU-labelled cells within the granule cell layer was im-
paired in TgCRND8 mice, and restored following D3/FUS treatment. (F) A representative confocal image of a BrdU (red) and NeuN (green) labelled sec-
tion 28 days after the last treatment. (G) Therewas a significant genotype deficit in the number of surviving BrdU+ cells, (H) BrdU+ cells co-labelledwith
the mature neuronal marker NeuN, and (I) migration into the granule cell layer, which were increased in D3/FUS-treated mice. Statistics: (C–E, G–I)
one-way ANOVA with Holm-Sidak post hoc test. Significance: *,^,+,†P<0.05; **,^^,††P<0.01, ***P<0.001; †Comparison of PBS-treated non-Tg mice with
PBS-treated TgCRND8 mice (genotype effect); ^Comparison of PBS-treated TgCRND8 mice with PBS/FUS-treated TgCRND8 mice (FUS effect);
+Comparison of PBS/FUS-treated with D3/FUS-treated TgCRND8 mice (D3 effect). *Comparison of PBS and D3-treated TgCRND8 mice with D3/
FUS-treated TgCRND8mice as shown (D3/FUS effect). Data represent means±SEM; n=6 per group. oml = outer molecular layer; iml = inner molecular
layer; gcl = granule cell layer; sgz = subgranular zone; hil = hilus; igl = inner granule layer; mgl = middle granule layer; ogl = outer granule layer.
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One notable mechanism by which cholinergic input from the
basal forebrain modulates hippocampal circuitry is neurogenesis.
Considerable evidence supports a role for neurogenesis in
Alzheimer’s disease. Neurogenesis is impaired by amyloid-β depos-
ition in TgCRND8mice35,39 and other mousemodels of Alzheimer’s
disease.38 Alterations in hippocampal neurogenesis have also been
described in Alzheimer’s disease patients.48 Our results suggest
that stimulating cholinergic tone, via MRIgFUS delivery of D3, can
stimulate survival of newborn neurons, which may contribute to
improved learning and memory, even in a hostile brain environ-
ment with Alzheimer’s disease pathology (Fig. 5). In this context,
it is worth noting the role of amyloid-β attenuation on the neuro-
genic niche; that is, whether amyloid-β reduction following
D3/FUS could alone promote neurogenesis, and thereby ameliorate
deficits in neurogenesis-related behavioural tasks. Previouswork in
7-month-old TgCRND8 mice demonstrated that scyllo-inositol, an
amyloid-β anti-aggregation agent that halts its progression, did
not impact the proliferation and survival of newborn neurons;
whereas combination treatment with neotrofin, a purine deriva-
tive that induces BDNF and NGF expression, was sufficient to
promote neurogenesis.39 Neotrofin treatment alone also did not en-
hance neurogenesis, indicating that amyloid-β indeed negatively
regulates neurogenesis in this transgenic model.39 Overall, these

data support a mechanism whereby neurogenesis after D3/FUS
treatment is improved by modulating amyloid pathology and
neurotrophic support in combination. Thus, sustained TrkA activa-
tion in the earliest stages of Alzheimer’s disease pathologymaypro-
tect hippocampal neurons from death with disease progression.

The effects of MRIgFUS-mediated TrkA activation extend to po-
tent anti-amyloidogenic actions that may slow cognitive decline.
Four weeks after the last D3/FUS treatment, widespread reduction
in amyloid plaque pathology and cholinergic dystrophic neurites
surrounding plaques were observed in the MRIgFUS-targeted cor-
tex and hippocampus (Fig. 7). Our results are consistent with the
decreased amyloid-β load in the cortex and hippocampus reported
after non-targeted intranasal delivery of an NGF mutant with
lower affinity for p75NTR than native NGF (and identical binding
to TrkA) over a 21-day period,12 further supporting the notion
of TrkA-mediated modulation of amyloidosis. In contrast, sys-
temic administration of a BBB-permeable p75NTR antagonist,
LM11A-31, did not change the total cortical area occupied by pla-
ques,49 suggesting that NGF/TrkA signalling is responsible for re-
duced amyloid-β pathology. One potential mechanism by which
increased cholinergic tone may be neuroprotective against
amyloid-β-induced toxicity is by shifting APP processing towards
nonamyloidogenic cleavage.50 Second, a role for TrkA-mediated

Figure 6 MRIgFUS-mediated delivery of D3 restores the dendritic complexity of newborn neurons in TgCRND8 mice. (A) Representative reconstruc-
tions of DCX+ cells across experimental groups to assess morphology of newborn granule neurons. (B) Decreased total dendritic length and (C) apical
dendrite length in TgCRND8micewas restored by D3/FUS treatment. (D) Sholl analysis of dendritic complexity demonstrated a left shift of the curve in
PBS-treated TgCRND8 mice, which was normalized by D3/FUS treatment. (E) There was a positive correlation between total dendritic length of DCX+
fibres and ChAT+ fibre density in the outer molecular layer (OML), (F) innermolecular layer (IML) and (G) granule cell layer (GCL) subregions of the den-
tate gyrus. Scale bars = 30 μm. Statistics: (B and C) one-way and (D) two-way ANOVA with Holm-Sidak post hoc test. (E–G) Linear regression analysis.
Dashed lines indicate a 95% confidence interval. Significance: ^,+P<0.05; ^^,++P<0.01, ***,+++, †††P<0.001; †Comparison of PBS-treated non-Tg mice
with PBS-treated TgCRND8 mice (genotype effect). ^Comparison of PBS-treated TgCRND8 mice with PBS/FUS-treated TgCRND8 mice (FUS effect).
+Comparison of PBS/FUS-treated with D3/FUS-treated TgCRND8 mice (D3 effect). *Comparison of PBS and D3-treated TgCRND8 mice with D3/
FUS-treated TgCRND8 mice as shown (D3/FUS effect). Data represent means±SEM; n=6 per group.
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Figure 7 MRIgFUS-mediated delivery of D3 reduces amyloid plaque deposition and cholinergic dystrophic neurites in the cortex andhippocampus. (A)
Representative confocal images from the hippocampus of PBS, PBS/FUS, D3 and D3/FUS-treated TgCRND8 mice stained for amyloid-β (red). (B) Total
hippocampal surface area occupied by amyloid-β, (C) density of plaques and (D) mean plaque size were reduced in D3/FUS-treated mice relative to
PBS, PBS/FUS and D3-treated mice. (E) A range of plaque sizes were decreased by D3/FUS treatment relative to PBS-treated controls. (F) The number
of large plaques defined by an area >2000 μm2 were reduced in PBS/FUS and D3/FUS-treated mice. (G) Representative amyloid-β staining from cortical
brain sections. (H) D3/FUS treatment decreased cortical amyloid coverage, (I) density of plaques, and (J) mean plaque size. (K) A range of plaques sizes
decreased by D3/FUS treatment relative to PBS-treated controls. (L) PBS/FUS treatment preferentially reduced the number of large plaques. (M)
Representative confocal images of ChAT-immunostained dystrophic neurites (green) surrounding plaques labelled with Thioflavin S (red). (N) D3/
FUS treatment decreased the total hippocampal area occupied by clusters of dystrophic neurites and (O) number of clusters, (P) but not the
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amyloid-β clearance by microglia has been proposed.12,51 Third,
transient BBB permeability induced by the interaction of ultrasound
andmicrobubbles has been shown to reduce amyloid-βpathology in
APP-overexpressing mice,40,52,53 albeit by incompletely understood
clearance pathways. One underlying mechanism is increased in-
ternalization and degradation of amyloid-β by microglia that be-
come activated in response to BBB modulation.52,53 Here, MRIgFUS
treatment shifted the distributionof plaque size toward smaller pla-
ques (Fig. 7E andK),with the total plaque area remaining unaffected
(Fig. 7B and H). These findings are consistent with clearance of
amyloid-β by microglia preventing further plaque growth.
However, the reduction in amyloid-β pathology following MRIgFUS
alone was not sufficient to improve performance in cognitive tasks
(Fig 1). In combination, factors such as cholinergic modulation of
APP processing, and amyloid-β clearance by microglia as a result
of direct TrkA stimulation and/or FUS-induced BBB permeability,
may contribute to the overall reduction in amyloid-β pathology fol-
lowing D3/FUS treatment.

It is important toconsider theoverall contributionofamyloid-β re-
duction to neuronal and cognitive improvement. D3 selectively en-
gages TrkA, a receptor widely accepted to be preferentially and
highlyexpressedoncholinergicneurons,11 supportingthehypothesis
that it is trophic support provided to cholinergic neurons that ultim-
ately drives the reduction of amyloid load. This interpretation is
also consistent with the potent anti-amyloidogenic effects of
cholinergic-related treatment in preclinical models of Alzheimer’s
disease.50 Positive feedback could occurwith amyloid-β reduction re-
presenting a means of reinforcing and strengthening cholinergic
terminals. However, amyloid-β-directed interventions, including
those that entirely halt amyloid-β accumulation, serve to slow down
and/or prevent further neuronal degeneration, rather than rescue at-
rophyasobserved in this study.Additionally,whileD3/FUS treatment
does indeed reduce amyloid plaque load, it does not halt the progres-
sion of amyloid-β pathology to baseline levels observed in 5-month-
old TgCRND8 mice (Supplementary Fig. 1). Thus, it is unlikely that
the lower levels of amyloid-β followingD3/FUS is themain effect driv-
ing improvements in neuronal structure, function and downstream
cognition, matched to non-Tg levels. Emerging evidence in
Alzheimer’s disease patients also implicates a role for NGF/TrkA sig-
nalling, cholinergicneurotransmissionandneurogenesis inneuronal
resilience to Alzheimer’s disease pathology,54–56 supporting the
promise of D3/FUS treatment as a neuroprotective therapy beyond
its effects on amyloid-β levels. Collectively, we interpret our results
to support the notion that D3/FUS confers neuroprotection in the
presence of established amyloid pathology, and that sustained treat-
ment reduces amyloid-β burden, to positively impact neuronal and
cognitive function.

MRIgFUS offers several advantages as a drug delivery modality
to achieveNGF-associated bioeffects in the brain. In contrast to cur-
rent clinical trials that rely on invasive intracranial procedures,
MRIgFUS is applied transcranially, thereby minimizing the risk of
surgery-related complications. Drug delivery to several brain re-
gions requires multiple injection sites, whereas multiple focal
points can be created simultaneously using MRIgFUS, further

mitigating technical challenges and improving safety. Furthermore,
MRIgFUS-induced BBB permeability, as a proxy for drug delivery,
can be visualized by gadolinium leakage at targeted sites immedi-
ately after sonication. These features are particularly important
in light of recent evidence from NGF clinical trials that report in-
accurate targeting and inefficient spread of AAV2-NGF delivery by
stereotaxic injection.14 Emerging evidence also suggests that
FUS-mediated BBB permeability may modulate neuronal plasticity
and reduce amyloid-β pathology, further supporting its clinical po-
tential.40,41,52,53,57,58 Relevant to this work, we previously demon-
strated that MRIgFUS alone increased NGF levels within 90 min
post-sonication, concurrent with D3 delivery in 6-month-old
TgCRND8 mice.21 Consistent with previous findings, following
MRIgFUS alone, we also demonstrate an increase in neural progeni-
tor cell proliferation and the dendritic complexity of newborn neu-
rons,40,41,57 yet not newborn neuron survival (Fig. 5). Amyloid-β
attenuation following FUS follows a similar trend; the effect size
is greater immediately after sonication, but returns to baseline
over time.58 Overall, these results indicate that the effects of FUS
alone are likely transient, and perhaps less pronounced in the hos-
tile microenvironment generated by amyloid-β pathology. Future
work will be required to optimize treatment frequency in order to
harness the beneficial effects of FUS-induced BBB permeability.

An important safety consideration for clinical translation is
whether MRIgFUS BBB modulation itself impacts behavioural and
cognitive function in Alzheimer’s disease patients. To date, behav-
ioural effects of MRIgFUS BBB permeability have sparingly ad-
dressed in preclinical models with mid-late stage amyloid-β
pathology.We demonstrate that MRIgFUS alone does not adversely
affect recognition memory in the novel object recognition task
(Fig. 1F) or spatial workingmemory using the spontaneous alterna-
tion Y maze test (Fig. 1H), consistent with findings in APP23 trans-
genic mice with early-stage pathology and no underlying
impairment in these tasks.53 We also report comparable spatial
learning and memory in the Barnes maze relative to untreated
TgCRND8 mice (Fig. 2A–H). Repeated ultrasound treatment im-
proved spatial learning and memory in young APP23 transgenic
mice as assessed in the active place avoidance test,53 but it may
be insufficient to rescue cognitive deficits as a result of more ad-
vanced neuropathology, as seen in 6-month-old TgCRND8 mice in
our study. Burgess et al. report improved performance in the refer-
encememory version of the Ymaze in older 8-month-old TgCRND8
followingMRIgFUS.40 However, spatialmapping demands in the ac-
tive place avoidance test and Ymaze are significantly lower than in
the Barnes maze, and thus more likely to yield changes in behav-
iour. Nevertheless, unimpaired performance in the Barnes maze
after MRIgFUS treatment underscores the fact that spatial learning
and memory is not adversely affected.

We also present data on tasks requiring substantial attentional
effort; another cognitive domain severely affected in Alzheimer’s
disease patients and modulated by cholinergic tone.59 Cognitive
flexibility was unaltered by repeated MRIgFUS in the Barnes maze
(Fig. 2I–M). Attention deficits in Alzheimer’s disease patients are
also associated with impaired performance on activities of daily

Figure 7 Continued
mean ChAT+ area per cluster relative to D3-treated controls. (Q) Quantitative analysis in the cortex revealed the same trend in cluster area, (R) cluster
number (S) andmean area per cluster. Scale bars in A, G andM = 100 μm; i and ii = 30 μm. Statistics: (B–D, F, H–J and L) one-way and (E and K) two-way
ANOVA with Holm-Sidak post hoc test; (N–P and Q–S) unpaired Student’s t-test. Significance: *,^,+P<0.05; **,^^,+ P<0.01, ** P<0.001. ^Comparison of
PBS-treated mice with PBS/FUS-treated TgCRND8 mice (FUS effect). +Comparison of PBS/FUS-treated with D3/FUS-treated TgCRND8 mice (D3 effect).
*Comparisonof PBS orD3-treatedTgCRND8micewithD3/FUS-treatedTgCRND8mice as shown (D3/FUS effect). Data are presented asmean±SEM; n=6
per group.
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Figure 8 Locomotor function, anxiety-like behaviour and bodyweight are not affected followingMRIgFUS-mediated delivery of D3. (A) BBB permeabil-
ity was visualized by the influx of a gadolinium-based MRI contrast agent in sonicated focal spots (red circles). (B) The relative contrast enhancement
and (C) sonication pressure were comparable between PBS/FUS and D3/FUS-treated mice, and across repeated sonications. (D) Heat map of general
locomotor activity in the open field test. (E) Motor functionmeasured by total distance travelled and (F) average velocity over a 10 min trial was similar
across experimental groups. (G) No differences in anxiety-related behaviours were observed across treatment conditions, including time spent in the
centre zone and (H) and number of rearing events. (I) Performance in themarble burying test was not impaired; the number ofmarbles submerged and
(J) marbles buriedwere comparable in all conditions. (K) TgCRND8miceweighed less than non-Tgmice throughout the study and bodyweight was not
affected by repeated PBS/FUS, D3 or D3/FUS treatment. Scale bar in A = 5 mm. Statistics: (B, C and K) Repeatedmeasures or (E–J) one-way ANOVAwith
Holm-Sidak post hoc test. Significance: †††P<0.001. †Comparison of D3/FUS-treated TgCRND8micewith PBS-treated non-Tgmice (genotype effect). Data
represent means±SEM; (B and C) n=22–24 per group, (E–K) n=10–12 per group.
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living.59 Here, there was no difference in nest construction, as a
measure of daily living activity, after MRIgFUS treatment.
MRIgFUS did not affect general locomotion and anxiety-related be-
haviour during the open field test (Fig. 8D–H) and anxiety-like be-
haviour in the marble burying task (Fig. 8I and J). These results
are consistent with other preclinical studies that report increased
BBB permeability in the absence of oedema, neuronal damage
and haemorrhage using similar sonication parameters and real-
time acoustic feedback control.40,58,60 Repeated MRIgFUS-BBB
modulation is well-tolerated in Alzheimer’s disease patients, fur-
ther supporting the safety of this drug delivery modality.61,62 Our
results show that MRIgFUS does not negatively impact cognitive
outcomes when applied in a preclinical model with significant cog-
nitive decline as a consequence of Alzheimer’s disease pathogen-
esis, expanding on the body of evidence that supports the safety
of MRIgFUS in the Alzheimer’s disease brain.

At this stage, there remain several hurdles before TrkA activa-
tion combinedwithMRIgFUS can be realized in therapeutic applica-
tions for Alzheimer’s disease. First, current amyloidosis models do
not recapitulate the full spectrum of Alzheimer’s disease path-
ology; the effect of MRIgFUS delivery of D3 on other Alzheimer’s
disease-related pathologies such as tau pathology and frank neur-
onal death is still to be determined. Bellucci et al. previously re-
ported BFCN loss in 7-month-old TgCRND8 mice,31 but this was
not observed in our study. Nevertheless, we demonstrate substan-
tial cholinotrophic downregulation, reduced terminal fields, size
and phenotype of BFCNs, which impact steady-state cholinergic
tone and cognitive decline. Thus, the TgCRND8 model is an
Alzheimer’s disease-relevant preclinical model to evaluate cholin-
ergic interventions such as D3/FUS treatment.

Second, clinical trials with NGF-based therapies have reported
side effects such as pain and weight loss.63 Here, systemic delivery
of D3 did not reduce body weight over the course of treatment and
1-month follow-up period (Fig. 8K). Moreover, locomotion was un-
affected in D3 and D3/FUS-treated mice in the open field test
(Fig. 8D–F). These findings suggest that systemic D3 administration
is well-tolerated. However, specific pain modality testing was not
included in the current study. Future work will be necessary to de-
termine potential sensitivity to pain and establish an effective dose
below that threshold, if present.

Third, treatment with a TrkA ligand must take into account the
integrity of the individual’s cholinergic system. Preclinical evidence
indicates that the effect of TrkA activation on cognition is largely
dependent on the brain microenvironment, including age and dis-
ease state. While D3 administration improved spatial learning and
memory in aged rats and inAPP transgenicmice,19,20 deficits in spa-
tial memory performance resulted in wild-type, healthy ro-
dents20,64—likewise for NGF.65–67 Treatment with NGF or selective
TrkA agonists in APP transgenicmodels without cholinergic degen-
eration still supported BFCN function and spatial memory,12,20,47

suggesting that under pathological conditions such as cerebral
amyloid burden where TrkA signalling is continuously negatively
regulated, TrkA stimulationdoes not negatively impact intact neur-
onal networks. Personalized therapy with consideration for under-
lying cholinergic deficits will inform dosing, treatment frequency,
and FUS targeting of affected brain regions. Clinical assessment
of the BFCNs may be achieved by PET imaging with Trk-specific
radiotracers68 or cholinergic-targeted ligands such as 11C-MP4A,
which binds AChE.69 In vivo imaging of cortical cholinergic term-
inals with 11C-MP4A-PET in MCI patients was found to predict the
behavioural response to cholinergic pharmacotherapy, supporting
its use clinically.69

The downregulation of TrkA in cholinergic neurons that under-
go selective degeneration in Alzheimer’s disease highlights an im-
portant therapeutic role for TrkA-specific agonists. Our findings
provide compelling evidence that selective TrkA stimulation, using
MRIgFUS as a clinically feasible drug delivery platform, can protect
against amyloid-β-driven neurodegeneration, including choliner-
gic deficits and reduced hippocampal neurogenesis, thereby offer-
ing a potentially powerful disease-modifying treatment strategy
to improve cognitive function in Alzheimer’s disease.
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