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Neuroprotective mitochondria
targeted small molecule restores
synapses and the distribution

of synaptic mitochondria in the
hippocampus of APP/PS1 mice
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Loss of synaptic activity correlates best with cognitive dysfunction in Alzheimer’s disease (AD).

We have previously shown that mild inhibition of mitochondrial complex | with the small molecule
tricyclic pyrone compound CP2 restores long-term potentiation and cognitive function assessed by
electrophysiology and behavior tests in multiple mouse models of AD. Using serial block-face scanning
electron microscopy and three-dimensional electron microscopy reconstruction, we examined the
effect of CP2 treatment on synapses, and the distribution and morphology of synaptic mitochondria

in the hippocampus of APP/PS1 mice. Structural data confirmed the loss of synapses in APP/PS1
compared to non-transgenic (NTG) littermates. Mitochondrial distribution assessed in pre- and
postsynaptic compartments was significantly altered in AD model demonstrating increased presence
of mitochondria around dendritic spines compared to NTG mice, indicating the loss of mitochondrial
ability to support synaptic function. CP2 treatment restored distribution of synaptic mitochondria and
the number of synapses to the NTG control levels. Improved synaptic function in CP2-treated APP/PS1
mice was supported by RNA-seq analysis indicating upregulation of genes involved in axonal guidance,
dendritic maturation and synaptic function, and Western blot analysis of brain tissue. Taken together,
functional, imaging, biochemistry and structural findings further support the potential of targeting
mitochondria as a therapeutic approach for AD.

Keywords Alzheimer’s disease, Serial block-face scanning electron microscopy (SBESEM), Three-
dimensional electron microscopy (3D EM) reconstruction, Volume electron microscopy, Mitochondrial
complex I inhibition, Synapse, Mitochondria, Mitochondria-on-a-string (MOAS).

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive cognitive deficits,
memory loss, and secondary complications leading to death. Among numerous pathological findings of AD,
increased synaptic damage and decreased number of synapses are the best correlates of cognitive dysfunction!.
Synapses, the specialized junctions between neurons, play a critical role in cognitive processes. Understanding
the neuronal structure, distribution, and function of synaptic compartments and organelles associated with
synapses is therefore essential for elucidating the pathophysiology and potential treatments of AD. Synapses
involve several components that mediate signal transmission within the brain. At the axonal presynaptic
terminal, vesicles are positioned for depolarization-induced release of neurotransmitters into the synaptic cleft,
between the presynaptic and postsynaptic neurons. Upon release, neurotransmitters diffuse and bind to the
receptors on the postsynaptic membrane located on the dendritic spines of the neighboring neuron?. Dendritic
spines (DS) are structurally characterized by a head that contains proteins necessary for signal reception, and a
neck that connects the spine to the dendrite?. DS exhibit numerous shapes and sizes, which vary depending on
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the location and maturation of the spine. Initially, immature DS are small, highly plastic, and filopodia-shaped.
Immature DS have weak signaling capabilities and are pruned or stabilized through an activity-dependent
mechanism®. As immature DS become stabilized through repeated synaptic potentiation, they mature into larger
spines with a mushroom-like head. These mature DS have a greater transmission capacity and can remain stable
for months to years before degrading?. Through this process of dynamic spinogenesis and maturation, DS are
able to evolve and strengthen neuronal communication based on environmental input. DS maturation thus
plays a key role in synaptic plasticity, the very process theorized to facilitate learning and the formation and
consolidation of memory. Interestingly, patients with AD have been found to have a greater number of immature
DS, potentially contributing to their overall decrease in functional and stable synapses®.

Historically, excessive accumulation of amyloid beta (Ap) plaques and hyperphosphorylated Tau (pTau)
protein has been used to explain synaptic and DS dysfunction in the brains of AD patients®. As the accumulation
of these abnormal proteins increases inside and around the neuron, a corresponding decrease in DS quantity
and size, synaptic vesicle mobilization, mitochondrial localization at synapses, synapse stability, and cognitive
function are observed®”’. Furthermore, APP/PS1 transgenic mice that carry familial AD mutations in the
amyloid-beta precursor protein (APP) and presenilin 1 (PSI) genes and display significant A intraneuronal
and extracellular accumulation, have less mature DS and more dendritic abnormalities including shaft atrophy,
neurite breakage, and reduced spine density®-!?. These findings provided strong reason to pursue treatments
that mitigate AP plaques and pTau formation in patients with AD. However, since immunotherapies targeting
these pathogenic proteins have yielded inconclusive results, often with only marginal improvement in quality
of life and substantial side effects'"!?, attention has shifted to other aspects of AD etiology, such as the role of
mitochondrial function in synaptic support and neuronal health.

Mitochondria are crucial for synaptic function. After forming at the neuronal cell body via a process
known as biogenesis, mitochondria are distributed throughout a neuron'’. Mitochondria are transported
along microtubules and populate the presynaptic and postsynaptic compartments where energy demands are
increased!. At the synapse, mitochondria provide ATP for neurotransmitter packaging, exocytosis of synaptic
vesicles, neurotransmitter reuptake, calcium (Ca?*) buffering via the Ca?*- ATPase, and modulation of the activity
of ion channels, pumps and receptors'. Mitochondria are also capable of sequestering Ca?* via the mitochondrial
Ca?* uniporter, which is necessary to maintain Ca** homeostasis in the synapse and prevent excitotoxicity'>.
Furthermore, mitochondrial influence in the neuron extends far beyond their local role at the synapse. Through
the release of reactive oxygen species (ROS), Ca?* ions, and metabolites, mitochondria can communicate with
the nucleus, endoplasmic reticulum (ER), and other organelles to maintain energy homeostasis, especially during
conditions of stress'>. In AD, dysfunctional mitochondria may lead to reduced ATP synthesis, overproduction of
ROS, disrupted Ca** homeostasis, and disturbed signaling, all potentially impacting overall neuronal health'®.
In fact, reduced brain glucose metabolism, an indication of mitochondrial dysfunction, is one of the earliest
findings of AD pathogenesis!”. While some studies attribute early mitochondrial dysfunction in AD to A and
pTau accumulation, others have suggested that mitochondrial dysfunction not only precedes but modulates
levels of APOE, AB and pTau'®-2!. Regardless, both mechanisms warrant deeper research into mitochondria and
their vast molecular and intracellular relationships in the neuron.

To adapt to everchanging energy demands, mitochondria undergo dynamic cycles of fusion and fission.
This process, deemed mitochondrial dynamics, is essential for organelles to maintain homogeneous function,
even under stress conditions??. For example, if a mitochondrion becomes damaged, it may fuse with another
mitochondrion to compensate and repair itself or undergo fission to segregate dysfunctional regions of the
organelle for degradation process known as mitophagy. Additionally, mitochondrial dynamics allow organelles
to better fit variably sized regions of the neuron, as smaller mitochondria are often required to properly position
at presynaptic terminals?? while mitochondria in dendrites are usually longer. Notably, mitochondria found in
neurons of AD brains have significant changes in morphology ranging from short and wide with overall increases
in size, to extensively fragmented with decreased size'>*2. These observations, first noted using transmission
electron microscopy (TEM), lacked spatial resolution and dimensional complexity, making comprehensive
analysis challenging. Through recent advances in serial block-face scanning electron microscopy (SBESEM),
however, three-dimensional (3D) reconstructions of the brain tissue have revealed new AD-associated
mitochondrial morphologies, including mitochondria-on-a-string (MOAS). MOAS consist of multiple
teardrop-shaped mitochondrial bodies connected by a thin double membrane?’, which are easily missed when
tissue is interrogated using conventional 2D TEM. MOAS have been observed under normal conditions in
multiple organisms and in postmortem brain tissue of AD patients and mouse models of AD*4?°. The formation
of MOAS is believed to be due to the arrest of the late stages of fission, however the exact mechanism is not
clear?®*%26_In one study that induced MOAS morphology in mice through transient global cerebral ischemia,
the MOAS phenotype was reversed following reperfusion, suggesting energetic stress-associated mitochondrial
morphological changes may be salvageable?. These findings emphasize the need to apply advanced imaging
techniques such as SBFSEM to reveal details of mitochondrial morphology, distribution and function in neurons
and the importance of mitochondria as a potential therapeutic target for AD.

Insearch of disease-modifying therapies for AD, we have identified a small molecule tricyclic pyrone compound
(code name CP2) that penetrates the blood-brain barrier and accumulates in mitochondria where it inhibits
complex I (MCI) of the electron transport chain?’-*. CP2 inhibits roughly 15% of MCI activity at treatment-
relevant concentrations, meaning significant ROS production or glycolytic switching is avoided®!. Chronic CP2
treatment of transgenic AD mice initiated at various stages of disease, including in utero, presymptomatic, and
symptomatic, showed significant reduction of AB and pTau, inflammation, oxidative stress, neurodegeneration,
and cognitive dysfunction’’~?. Notably, CP2 improved neuronal glucose metabolism, restoring energy
homeostasis and overall synaptic function?”-?. The mechanism of CP2 action includes activation of the adaptive
stress response which is largely mediated through activation of AMP-activated protein kinase (AMPK), a crucial
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regulator of energy metabolism, autophagy, mitochondrial biogenesis, and neuroinflammatory suppression in
the brain?’-2%32-34, While CP2 has been shown to safely improve synaptic and mitochondrial function when
administered to APP/PS1 mice after the development of cognitive dysfunction and neurodegeneration®,
structural changes of synaptic domains have yet to be thoroughly analyzed. Here, together with Western blot
analysis and next generation RNA sequencing (RNA-seq) in hippocampal tissue, we utilized SBFSEM with
3D EM reconstruction to determine the effect of CP2 treatment on synaptic compartments, mitochondrial
morphology and distribution in respect to synaptic structure in APP/PS1 mice.

Results

Chronic CP2 treatment restores the number of synapses in hippocampus of APP/PS1 mice

We have previously shown that CP2 treatment improved synaptic function in mouse models of AD with AB
and pTau pathologies” 2. Treatment of 3xTgAD or APP/PS1 mice with CP2 resulted in augmented long-
term potentiation (LTP), increased levels of synaptic proteins synaptophysin and PSD95, integral to synaptic
function, and improved cognitive outcomes in behavior tests?’"?. We also observed an enhancement of
mitochondrial dynamics and function, particularly the restoration of axonal trafficking essential for the delivery
of mitochondria to the distant sites of synapses?®. Collectively, these mechanisms contributed to blocking
the ongoing neurodegeneration in APP/PS1 mice®®. To visualize the effect of CP2 treatment on synaptic
densities and mitochondria distribution in axons and dendrites in regard to different type of synapses in the
hippocampus from CP2- or vehicle-treated APP/PS1 mice compared to age- and sex-matched non-transgenic
(NTGQ) littermates, we utilized our well-established protocol that allows for the preservation of brain tissue and
mitochondria for the SBFSEM examination®. This protocol was designed to ensure the consistency of tissue
dissection in order to compare similar brain regions across samples, to avoid the introduction of artifacts during
fixation and processing for accurate analysis of morphological characteristics®”.

APP/PS1 and NTG female mice were treated with vehicle or CP2 (25 mg/kg/day) via drinking water ad lib
starting at 9 months of age till 24 months of age (Fig. 1a)?. Mice were sacrificed and brain tissue from the CA1
hippocampal region was removed and immediately processed for SBFSEM as we described previously*. For
SBESEM and 3D EM reconstructions, due to the labor intense process, we randomly selected one mouse from
vehicle-treated NTG group, vehicle-treated APP/PS1 group, and CP2-treated APP/PS1 group. Each tissue block
face was serially sectioned (280-320 sections) and images were acquired for 3D EM reconstruction of pre- and
postsynaptic compartments and synaptic mitochondria (Figs. 1b and 2a and b).

We first examined the effect of CP2 treatment on the number of synapses in NTG and APP/PS1 mice.
Quantification of synapses in each tissue was performed by counting synaptic membrane densities within three
independently selected regions of interest (ROI) defined as 5 um x 5 pm x 3.75 um (Fig. 1c). Since the cellular
organization of brain tissue is very complex and could be unique to a particular region, the selection of three
ROIs from the same block ensured the consistency of the analysis. All ROIs were of the same size and included
regions that excluded cell bodies containing neuropils only. ROIs were randomly selected throughout the depth
of the image volume (Fig. 1d).

Each synapse was first characterized as symmetric or asymmetric*. The symmetric synapses are defined
by a synaptic density that is similar in size between pre- and postsynaptic compartments (Fig. 2a), while the
asymmetric synapses have a prominent postsynaptic density (PSD) that is larger than the presynaptic density
(Fig. 2b)*”. The asymmetric and symmetric synapses relate to excitatory or inhibitory signaling, respectively®”.
An example of the 3D EM reconstruction of the asymmetric synapse within five consecutive sections is shown
in Fig. 2c.

We found that most synapses were asymmetric in all treatment groups (96% in NTG, 95% in APP/PSI,
98% in APP/PS1+ CP2) (Fig. 3b). In the NTG mouse, from 564 synapses counted across three ROI, 543 (96%)
were asymmetric and 21 (4%) symmetric. In the vehicle-treated APP/PS1 mouse, from 190 synapses counted
across three ROI, 181 (95%) were asymmetric and 9 (5%) were symmetric. In the APP/PS1 mouse treated with
CP2, out of 505 synapses across three ROI, 496 (98%) were asymmetric and 9 (2%) were symmetric (Fig. 3b,
Supplementary Table 1). Therefore, only asymmetric synapses were included in the analysis. We found that
compared to the NTG littermate, the number of synapses was significantly reduced in the APP/PS1 mouse brain
(Fig. 3a, c). CP2 treatment in the APP/PS1 mouse increased the number of synapses to the level observed in the
NTG littermate (Fig. 3a, ¢). The 3D EM visualization of synapses in the brain tissue of the CP2-treated APP/PS1
mouse confirms previous observations demonstrating an improvement of synaptic function and LTP after CP2
treatment in APP/PS1 and 3xTgAD mice*~%.

CP2 treatment in APP/PS1 mice restores mitochondrial distribution at synapses

Mitochondria are an essential component of synapses providing energy for synaptic activity*®. Mitochondrial
morphology is different in dendritic (postsynaptic) and axonal (presynaptic) compartments®. In axons,
mitochondria are small and sparse while in dendrites they are larger and form filamentous networks*-4!.
Mitochondrial localization to synapses is dependent on multiple factors, including axonal trafficking, calcium
signaling, and the fidelity of fission/fusion machinery*’. We have shown thatin APP/PS1 mice, axonal trafficking
is inhibited*? and CP2 treatment restored that deficiency?’. Similarly, CP2 treatment improved mitochondrial
dynamics enhancing biogenesis and turnover, which relies on robust fission/fusion cycles®®. Therefore, we
next examined the localization of mitochondria to dendritic and axonal synaptic compartments in NTG and
vehicle- or CP2-treated APP/PS1 mice. We conducted the analyses to establish the distribution of mitochondria
in synapses based on the maturation of DS randomly selecting ten thin, mushroom or stubby spines** from
one of the ROIs in NTG, APP/PS1 and APP/PS1 + CP2 mice (Fig. 4a, Supplementary Table 2). Mitochondria
were taken into the analyses and reconstructions if they were located within 1 pm of the base of the DS and in
the presynaptic axonal terminal (Fig. 4b). Mitochondria were classified using criteria established previously for
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the analyses of mitochondria-ER communication®%: Type I with the length less than 0.5 um; Type II with the
length between 0.5 and 5 um; Type IIT with the length over 5 pm; and Type IV MOAS, multiple teardrop-shaped
mitochondria (~ 0.5 um in diameter) connected by a thin double membrane up to 5 um long (Fig. 4c).

We found that in the dendrites of the NTG mouse, all DS were primarily supported by Type III mitochondria
(Fig. 4d). However, stubby DS were also associated with Type II mitochondria. MOAS were present at all DS
in a relatively small number (Fig. 4d). The distribution of mitochondria in dendrites of the APP/PS1 mouse
was strikingly different compared to the NTG (Fig. 4d). In all types of DS in the APP/PS1 mouse, we found a
presence of Type I and Type II mitochondria with reduced abundance of Type III. MOAS remained present only
in thin dendrites of the APP/PS1 mouse (Fig. 4d). We also found that the number of mitochondria at mushroom
DS of the APP/PS1 mouse, the most mature type of DS, doubled compared to the NTG. In the APP/PS1 mouse
treated with CP2, all DS were predominantly associated with MOAS and mitochondria Type III (Fig. 4d). After
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«Fig. 1. Treatment paradigm and a workflow for SBFSEM and 3D EM reconstruction of synapses and
mitochondria in dendrites and axons in hippocampal mouse brain tissue. (a) A timeline of chronic vehicle
or CP2 administration to NTG and APP/PS1 female mice. Brain tissue was dissected after 14 months of
treatment and processed for the analyses. (b) Serial block-face scanning electron microscopy (SBFSEM) with
subsequent 3D EM reconstruction was done in the CA1 hippocampal region using Reconstruct and Amira
software. Mitochondria (yellow), dendrites (red), axon (blue), and synaptic densities (green) were traced
through consecutive slices generated using SBFSEM (left) to create 3D reconstructions (right). (c) Synapses
were counted using Espina software in three regions of interest (ROI, red) with the dimension of 1000 pixels x
1000 pixels x 50 consecutive serial sections. ROIs excluded cell bodies and included only areas with neuropils.
Voxel size was 5 nm x 5 nm x 75 nm (X, ¥, z). Each ROI has dimensions of 5 pum x 5 um x 3.75 pm and total
volume of 93.75 pm?. Scale bar, 2 um. (d) Synaptic densities (green) were identified and counted using the
ESPINA software in selected ROIs from vehicle or CP2 treated NTG and APP/PS1 mice. Micrographs depict
representative synapses in 2D and 3D format in a NTG mouse. Scale bar, 400 nm.

Symmetric synapse (b) Asymmetric synapse

Post-
synapse

Post- -" Pre-
synapse

synapse

v VAT

bt
e
-

G
pﬁ e

2l £ \\
L

L J

5
Iy

Fig. 2. Analysis of synaptic structure using consecutive SBFSEM sections. Representative images of symmetric
(a) and asymmetric (b) synapses. Symmetric synapses have similar width of pre- and postsynaptic densities
associated with the synaptic junction. Asymmetric synapses have a thicker postsynaptic density compared to
the presynaptic density. Black arrows indicate pre- and postsynaptic densities. Red arrows indicate synapses.
SV, synaptic vesicles located in axons next to presynaptic densities. M, axonal mitochondrion. Scale bar,

160 nm (a) and 140 nm (b). (c) Representative serial sections of an asymmetric synapse with the visibly thick
postsynaptic density highlighted in green. Red asterisk, axonal mitochondrion; yellow hashtag, dendritic
mitochondrion. Scale bar, 400 nm.

CP2 treatment, the number of mitochondria per each type of DS was the same as in the NTG mouse. These
data indicate that synapses in the APP/PS1 mouse were increasingly associated with greater number of shorter
mitochondria in all DS compared to a NTG mouse, and CP2 treatment rescued this phenotype. However, CP2
treatment increased the number of MOAS in all DS compared to the NTG mouse (Fig. 4d).

The analysis of synaptic mitochondria in axonal shafts in respect to different types of DS revealed that in
the NTG mouse, all DS were supported with mitochondria Type I and II (Fig. 4e). In the APP/PS1 mouse, the
number of mitochondria was lower in stubby DS with complete loss of mitochondria Type I. Mushroom DS were
associated with axonal mitochondria Type II only. CP2 treatment resulted in increased number of mitochondria
at stubby DS and the shift to mitochondria Type I for all DS (Fig. 4e).

We next calculated the ratio of dendritic vs. axonal mitochondria per specific type of DS (Fig. 5a, b). Data
suggest that in the NTG mouse, there were more mitochondria in dendrites vs. axons per synapse with the
ratio of dendritic/axonal mitochondria of 1.7-2 regardless of the DS type. In the APP/PS1 mouse, the ratio
increased significantly reaching 6 for the stubby DS. This indicates that more mitochondria have to be present
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Fig. 3. Chronic CP2 treatment restores the number of synapses in the hippocampus of the APP/PS1 mouse
to the observed in a NTG mouse. (a) Representative 3D EM reconstructions of synaptic densities in NTG,
APP/PS1, APP/PS1 + CP2 mice. The analysis was done using asymmetric synapses only. Synaptic densities are
colored in green. Reconstruction was performed using SBFSEM images from three ROIs of the CA1 region
using Espina software. Scale bar, 800 nm. (b) The number of asymmetric (blue bars) vs. symmetric (red bars)
synapses in each ROL. Since most synapses were asymmetric, the symmetric synapses were excluded from the
further analyses. (c) Quantitative analyses of synapses from NTG, APP/PS1 (A/P) and APP/PS1 + CP2 mice.
Each data point represents one ROI. Each ROI has dimensions of 5 ym x 5 pm x 3.75 um and the total volume
of 93.75 um®. Data were generated from one mouse per group using three ROIs per each mouse.
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in dendrites to support a synapse. CP2 treatment in an APP/PS1 mouse normalized this ratio for all DS to the
levels observed in the NTG mouse (Fig. 5a, b). These data suggest that in NTG mice, synapses are supported
with a permanent presence of longer mitochondria in dendrites but an occasional presence of shorter ones in
axons with the average ratio between dendritic/axonal organelles of 2 per all types of DS. In the APP/PS1 mouse,
the number of dendritic mitochondria were increased, especially in mushroom DS, and decreased in stubby DS,
while the number of axonal mitochondria was decreased, especially in stubby DS, compared to the NTG mouse
(Figs. 4d, e and 5a, b). The 3D EM reconstructions of mitochondrial localization around different types of DS is
shown in Fig. 5¢, d. Note the lack of mitochondria in axonal terminals and the mitochondrial network consisting
of Type 1, II and III in dendrites of the APP/PS1 mouse. CP2 treatment rescued mitochondrial distribution
around DS to resemble the NTG mouse (Fig. 5a, b). Interestingly, after CP2 treatment, accumulation of dendritic
mitochondria observed in an APP/PS1 mouse was replaced with MOAS (Fig. 5¢-f).

CP2 treatment in APP/PS1 mice improves expression of genes involved in synaptic function
Labor-intensive 3D EM reconstruction of synapses and mitochondria limited the number of samples that we
took into the analyses. Therefore, we confirmed whether CP2 improved mechanisms related to synaptic function
in APP/PS1 mice using RNA-seq and Western blot analyses conducted in the brain tissue from multiple NTG
and APP/PSI mice treated with vehicle or CP2 within the same treatment cohorts as the mice used for 3D EM
analyses®® (Fig. 1a). Principal component analysis (PCA) based on the RNA-seq data revealed clear separation
among all groups of mice where CP2-treated APP/PS1 mice were separated from vehicle-treated counterparts
(Fig. 6a). The comparison between vehicle-treated NTG and APP/PS1 mice identified 3320 differentially
expressed genes (DEGs) while 1262 DEGs were identified between CP2- and vehicle-treated APP/PS1 mice?.
The top biological processes associated with these DEGs included regulation of synaptic function and dendritic
and axonal morphogenesis®®. Out of 3,320 genes differentially affected in vehicle-treated APP/PS1 vs. NTG
mice, the expression of 567 genes was reverted by CP2 treatment to the levels observed in NTG mice. Gene
function enrichment analysis showed that pathways upregulated by CP2 included dendrite morphogenesis and
spine maturation (Fig. 6b), axonal extension and guidance (Fig. 6¢), and regulation of synaptic assembly and
transmission (Fig. 6d, e). These data are consistent with the improved cognition and LTP shown in CP2-treated
APP/PS1 mice using a battery of behavior tests and electrophysiology®.

Validation of RNA-seq data and structural findings were further conducted using Western blot analysis
(Fig. 6f, g, Supplementary Fig. 1). In APP/PS1 mice, levels of post-synaptic protein PSD95, brain derived
neurotrophic factor (BDNF) essential for neuronal function and survival*®, and mitochondria specific deacetylase
Sirtuin 3 (Sirt3) that is required for synaptic and neuronal functions*® were significantly reduced compared to
NTG mice (Fig. 6f, g). CP2 treatment in APP/PS1 mice increased levels of synaptophysin, PSD95, Sirt3 and
BDNF to the levels observed in NTG mice consistent with the observed restoration of the number of synapses
and mitochondrial distribution reported here. Taken together, structural and functional data strongly support
the notion that application of mitochondrial complex I inhibitor CP2 improves synaptic structure mitigating
cognitive dysfunction in AD mouse models.

Discussion

In this study, we extended our preclinical work demonstrating that mild mitochondrial complex I inhibition
with the small molecule CP2 results in the restoration of synapses and mitochondrial distribution in the
hippocampus of APP/PS1 mice. Previously, we have shown chronic CP2 treatment to improve synaptic activity,
glucose metabolism, and cognition, while simultaneously reducing oxidative stress and inflammation in the
brain of AD mice?”?%. Here, we confirm and expand upon these findings using advanced SBFSEM and 3D EM
reconstructions of synapses, providing a novel, structural and quantitative assessment of the impact of CP2 on
synaptic and mitochondrial morphology and distribution. While structural analyses were conducted in one
mouse per group, the collective evidence generated within the same cohorts of mice provide strong support
for the utility of SBFSEM as a complementary tool for in-depth visualization of the brain. It is important to
emphasize that, given the current technological constraints, robust tools for reconstructing EM data from
SBESEM remain limited. Despite this limitation, the data generated in our study provide significant insights into
the method’s potential and offer additional validation for the improvement of synaptic function by visualizing
synapses in 3D space.

Synaptic density in the hippocampus of the APP/PS1 mouse was observed to be markedly decreased
compared to the NTG control. Despite a popular understanding that APP/PS1 mice experience cognitive
decline mediated through changes at the synapse, synaptic density is rarely imaged and analyzed at the power
of SBFSEM. By demonstrating decreased synaptic density in the APP/PS1 hippocampus, this model is further
validated as a useful tool for drug discovery for AD since synaptic destruction is the best correlate of cognitive
decline'. Importantly, this significant decrease in synaptic density was fully restored to NTG levels in the APP/
PS1 mouse treated with CP2. Furthermore, the ratio of symmetric to asymmetric synapses was unaffected, with
asymmetric (excitatory) synapses making up the vast majority of synaptic types observed between treatment and
control groups. These findings reinforce safety of CP2 treatment in respect to the synapse, as synaptic density
was restored without observed alterations in synaptic structure.

Transcriptomics, protein analysis, electrophysiology assays, and behavioral testing conducted in the cohorts
of the same mice as were taken into the SBFSEM study?® correlate with our structural observations at the
synaptic level, and further elucidate the restorative effects of CP2 at the synapse. RNA-seq data generated in
APP/PS1 mice treated with CP2 reveal significant upregulation of synaptic genes known to be suppressed in
AD. Identified upregulated genes involved in synapse assembly included Neurexin 1 (NRXNT1), which facilitates
proper alignment of the trans-synaptic complex, and Ephrin type-B receptor 2 (Ephb2), which promotes the
development of excitatory synapses. Upregulated genes responsible for dendrite morphogenesis, axonal
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extension, and synaptic transmission included Down syndrome cell-adhesion molecule (DSCAM), involved
in regulating neurite arborization and dendrite self-avoidance, BTB domain-containing protein 3 (BTBD3),
which supports dendritic guidance toward the axon terminal, and Glutamate receptor 3 (GRIA4), a mediator
of synaptic excitatory neurotransmission, metabotropic glutamate receptors 7 and 21 (GRMN7 and GRM2),
which facilitate the formation of LTP, and Double C2 protein (Doc2a), which contributes to spontaneous
excitatory and inhibitory release. Western blot analysis in the brain tissue of APP/PSI mice treated with CP2
demonstrated increased levels of proteins indicative of synapse restoration including synaptophysin, a vesicular
protein associated with presynaptic density, and postsynaptic density protein 95 (PSD95), a scaffolding protein
associated with postsynaptic density. Furthermore, field excitatory postsynaptic potentials (fEPSPs) recorded
in hippocampal slices showed that CP2-treated APP/PS1 mice exhibited significantly improved basal synaptic
transmission and LTP compared to vehicle-treated APP/PS1 mice?®. Finally, behavioral testing of CP2-treated
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«Fig. 4. Mitochondrial morphology and distribution in axonal and dendritic synaptic compartments in the
CA1 region. (a) Three types of DS were analyzed based on their level of maturation: thin with the spine head
width <1 pm, mushroom with the spine head width>1 um, and stubby with length to width ratio (LWR) <1.
(b) Analysis of mitochondrial distribution around synapses was done using organelles located within 1 um
of the base of the DS and in the presynaptic axonal terminal. D, dendrite; A, axon. (c) Mitochondria were
classified using the following criteria: Type I with the length less than 0.5 pm; Type II with the length between
0.5 and 5 pm; Type III with the length over 5 pm; and Type IV MOAS, multiple teardrop-shaped mitochondria
(~0.5 um in diameter) connected by a thin double membrane up to 5 um long. (d, ) Mitochondria
distribution in dendrites (d) and axons (e) associated with a particular type of DS. Note that only mitochondria
Type I and II were present in axonal presynaptic terminals. Ten spines of each type were taken into the analyses
from three ROI per group. Color scheme for mitochondria in (d, e): grey, Type I; white, Type II; blue, Type III;
red, Type IV MOAS.

APP/PS1 mice revealed improved motor coordination (rotarod), spatial memory (Morris Water Maze), and
attention (Novel Object Recognition), among other cognitive enhancements. Together, these results support
findings generated using SBFSEM, suggesting CP2 not only restored synaptic density, but also synaptic function.

3D EM reconstructions of mitochondria distribution at synapses in NTG and APP/PS1 mice revealed
profound changes that support the loss of mitochondrial function in AD that could affect synaptic activity. The
presence of mitochondria at the vehicle-treated APP/PS1 mouse dendrites was significantly increased, potentially
indicating loss of individual mitochondrial capacity to support the synapse. CP2 treatment restored this errant
mitochondrial distribution, reducing mitochondrial quantity at the dendrites to the NTG levels. Interestingly, the
MOAS phenotype was significantly increased at the dendrites of the APP/PS1 mouse treated with CP2 compared
to both vehicle-treated NTG and APP/PS1 mice. While the exact impact of MOAS structure on mitochondrial
function is unknown, evidence suggests MOAS may represent an adaptive morphological configuration,
mediated through fission arrest, that allows for enhanced metabolic exchange between neighboring mitochondria
to maintain function under stress>$-3!. MOAS is often described in association with AD, and therefore decreased
synaptic function and cognitive abilities?*?. However, despite the observed increase in MOAS, the same CP2-
treated APP/PS1 mice still demonstrated significantly improved neuronal metabolism, synaptic function, and
cognitive performance®®. One possible explanation is that MOAS may represent an intermediate, reversible
phenotype, which, although typically associated with pathology, might under certain conditions contribute to the
stabilization of mitochondrial networks and support cellular adaptation in response to metabolic stress?4”. The
observed increase in MOAS following CP2 treatment might therefore reflect a transitional state towards restored
mitochondrial health rather than a fixed pathological outcome. It will be important to elucidate whether MOAS
formation is unique to different neuronal compartments since our previous studies focused on mitochondria-ER
communication demonstrated reduced levels of MOAS in hippocampus of APP/PS1 mice after CP2 treatment*.
Further studies are warranted to elucidate the role of MOAS in the context of AD to determine the role in the
therapeutic restoration of synaptic and cognitive functions.

Transcriptomics, proteomic analyses, and metabolic profiling underscore the improvement of mitochondrial
function mediated by CP2, correlating with the observed restoration of mitochondrial quantity within dendrites.
RNA-seq analysis revealed significant upregulation of numerous mitochondrial genes in CP2-treated APP/PS1
mice, including peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), Sirtuin 3
(SIRT3), and mitochondrial transcription factor A (TFAM), which play critical roles in mitochondrial biogenesis,
stability, and function?®. Western blot analysis additionally revealed increased expression of glucose transporters
Glut 3 and 4, as well as a decreased ratio of phosphorylated vs. total pyruvate dehydrogenase (PDH), which
together indicate improved glucose uptake and utilization?. Lastly, complementary metabolomic profiling
and*'P NMR spectroscopy demonstrated well-regulated ATP production with increased levels of N-acetyl
aspartate (NAA) and citrate, reflecting improved tricarboxylic acid cycle activity and overall neuronal health?s.
Collectively, these findings suggest that CP2 treatment significantly restored mitochondrial function, thereby
reducing mitochondrial quantity at the synapse to that of the NTG controls.

Furthermore, the analyses of the same data set conducted previously using SBFSEM and 3D EM
reconstruction combined with Western blot analysis, RNA-seq, and metabolomics assessment demonstrated
that CP2 treatment also restores mitochondrial morphology and mitochondria-endoplasmic reticulum (ER)
communication, reducing ER and unfolded protein response (UPR) stress in the APP/PS1 mouse brain*!. CP2
treatment in APP/PS1 mice reduced mitochondria-ER contact sites (MERCS) known to facilitate abnormal lipid
and calcium homeostasis, accumulation of A and pTau, abnormal mitochondrial dynamics, and apoptosis*.
The multifaceted neuroprotective cascade associated with CP2 treatment further emphasizes the important role
mitochondria play in multiple cellular mechanisms, justifying these organelles as promising therapeutic target
for complex neurodegenerative diseases.

In conclusion, examining neuronal architecture at electron microscope resolution allows for a deeper
understanding of how CP2 treatment affects mitochondrial shape, distribution, and synaptic structure in APP/
PS1 mice. CP2 treatment restored synaptic density and mitochondrial distribution, supported by transcriptomic,
proteomic, and functional analyses. Our results provide multimodal validation of the CP2 efficacy in improving
synaptic and mitochondrial health in this prominent AD model. Due to the resource-intensive nature of the
SBESEM protocol, our 3D EM analyses were conducted on a single mouse per treatment group. Despite the
limited sample size, these findings demonstrate the detailed insights SBFSEM can offer in AD drug discovery,
providing strong structural confirmation of neuronal changes.
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Fig. 5. Distribution of synaptic mitochondria in axons and dendrites in relationship to different type of DS.
(a) Mitochondria distribution in axons and dendrites calculated per 10 synapses associated with different
types of DS. The ratio (*) represents the number of dendritic mitochondria per axonal mitochondria per one
DS of different type. (b) The ratio of dendritic/axonal mitochondria per the type of DS from (a) plotted for
NTG (white), APP/PS1 (red) and APP/PS1 + CP2 (blue) mice. (c-f) Representative 3D EM reconstructions of
dendrites (pink), axons (blue), and mitochondria (yellow) in the CA1 brain region of APP/PS1 (c, d) and APP/
PS1+ CP2 (e, f) mice. #, thin DS; *, mushroom DS. Note mitochondria Type I and I in DS in (c,d) and MOAS
in (e) and (f).
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Materials and methods

All experiments with mice were approved by the Mayo Clinic Institutional Animal Care and Use Committee,
IACUC Protocol A00001186-16-R18. We confirm that our research complies with all pertinent ethical
regulations, including the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines and the
National Institutes of Health’s Guide for the Care and Use of Laboratory Animals. This study was reported in
accordance with the ARRIVE guidelines. All Methods were carried out in accordance with relevant guidelines
and regulations.

CP2 synthesis

CP2 was synthesized by the Nanosyn, Inc biotech company (http://www.nanosyn.com) as described*® and
purified using HPLC. NMR spectra were used for authentication and to ensure the lack of batch-to-batch
variation. Standard operating procedures (SOP) were developed and followed for CP2 preparation, storage, and
administration to mice.

CP2 treatment in APP/PS1 and NTG mice

All experiments described in this study were conducted using tissue obtained from the previous study described
here?®. The following female mice were used: double transgenic APP/PS1* and their non-transgenic (NTG)
littermates. Genotypes were determined by PCR as described in*’. All animals were kept on a 12 h-12 h light-
dark cycle, with a regular feeding and cage-cleaning schedule. Mice were randomly selected to study groups
based on their age and genotype. NTG and APP/PS1 female mice (n=16-21 per group) received either CP2
(25 mg/kg/day in 0.1% polyethylene glycol [PEG] dissolved in drinking water ad lib) or vehicle-containing water
(0.1% PEG) from 9 to 23 months of age. Mice were housed 5 per cage, water consumption and weight were
monitored weekly.

Tissue collection

At the end of the study, mice were sacrificed via cervical dislocation to avoid any effect of anesthetic on
molecular or structural changes in the brain tissue*. Rapid removal of the entire brain took less than 2 min. The
hemispheres from each mouse were dissected using SOP to ensure the same brain regions were subjected to the
Western blot and RNAseq analyses (cortico-hippocampal regions), and electron microscopy examination (CA1l
hippocampal region).

Three-dimensional (3D) EM using serial block face scanning electron microscopy (SBFSEM)
Images for 3D EM reconstructions were obtained using a VolumeScope 2 SEM™ (Thermo Fisher Scientific)
electron microscope. Hippocampal CA1 region was dissected from vehicle and CP2-treated NTG and APP/PS1
mice using a protocol designed to ensure the consistency of tissue dissection for accurate analyses of the same
brain region®*. Tissue was cut into 2 mm? pieces, and immersion-fixed in neutral 2.5% glutaraldehyde +2.5%
paraformaldehyde in 0.1 M cacodylate buffer +2 mM CaCl,. After a 24 h fixation, tissues were prepared for
SBFSEM using the protocol developed by the National Center for Microscopy and Imaging Research (La Jolla,
CA)%: (1) samples were rinsed 4 x 3 min in 0.1 M cacodylate buffer + 2 mM CaCl,, (2) incubated in 2% osmium
tetroxide in 0.15 M cacodylate buffer for 1.5 h rotating at RT, (3) incubated in 2% osmium tetroxide+2%
potassium ferrocyanide in 0.1 M cacodylate for 1.5 h rotating at RT, (4) rinsed in H,O 4 x 3 min, (5) incubated in
1% thiocarbohydrazide (TCH) 45 min at 50 °C, (6) rinsed in H,O 4 x 3 min, (7) incubated in fresh 2% osmium
tetroxide in H,O 1.5 h rotating at RT, (8) rinsed in H,0 4 x 3 min, (9) incubated in 1% aqueous uranyl acetate
overnight at 4 °C, (10) further incubation in uranyl acetate 1 h at 50 °C, (11) rinsed in H,0 4x3 min, (12)
incubated in lead aspartate 1 h at 50 °C, (13) rinsed in H,O 4 x 3 min, (14) dehydrated through ethanol series (60,
70, 80, 95, 100, 100%) 10 min each, (15) two rinses in 100% acetone 10 min each, (16) resin 1:2, 1:1, 3:1 in acetone
0.5h, 1 h, 2 h, overnight in 100% resin. Samples were embedded into the Durcapan hard resin (EMS, Hatfield,
PA), and allowed to polymerize at a minimum of 24 h prior to trimming and mounting. Tissue was trimmed of
all surrounding resin and adhered to 8 mm aluminum pins (Ted Pella Inc., Redding, CA) using EpoTek silver
epoxy (EMS, Hatfield, PA). A square tower (0.5 mm) was trimmed for the tissue using a Diatome ultratrim knife
(EMS, Hatfield, PA, USA), and the entire pin was coated with gold palladium. A VolumeScope 2 SEM" (Thermo
Fisher, Inc., Waltham, MA, USA) with a starting energy of 1.5 kV was used to obtain serial block-face images
for 3D EM reconstructions. 75 nm thick serial sections were removed from the block face while acquirring
images through the z-axis. Reconstruct®!, ESPINA%? and Amira 2020.2 (Thermo Fisher, Inc., Waltham, MA,
USA) software were used to perform 3D reconstructions of dendrites, axons, and mitochondria, measure the
number of synapses, and analyze mitochondrial associations with dendritic spines and axons, respectively.

Quantitative analysis and image segmentation using 3D EM

Tissue from one mouse per group was randomly selected and analyzed. For each mouse, the image stack acquired
for 3D EM reconstructions consisted of 280-320 consecutive serial sections. Each image was processed in Image]*>?
to enhance the contrast, align or sharpen edges to make neuropils and organelle boundaries distinguishable.
Images were then exported into Reconstruct in TIF format for 3D reconstruction. Manual segmentation of
axons, dendrites, synapses, and mitochondria was performed by tracing consecutive serial images to generate
3D voxel segmentations with dimensions of 5 nm x 5 nm x 75 nm. Images were exported from ImageJ with just a
Gaussian blur filter in TIF format into Espina’? (https://cajalbbp.es/espina/) for synaptic counting analysis and in
JPEG format into Amira 2020.2 (Thermo Fisher, Inc., Waltham, MA, USA) for dendritic spine and mitochondria
analysis with the same voxel dimensions. Espina software was used primarily due to its automated segmentation
capabilities as the analysis, manual segmentation, and quantification of synapses are arduous and labor intensive.
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The assessment of synaptic density

To evaluate the number of synapses, three regions of interest (ROI) were selected from each block in areas
free of cell bodies. Each ROI consisted of 1000 x 1000 pixels spanning over 50 consecutive serial sections. The
resulting three ROIs had the same dimensions of 5 pum x 5 pm x 3.75 um. Synapses were counted using Espina
Freehand Segmentation and the Grey Level Segmentation tools. Synapses that were only partially included in
the ROI were excluded from the analysis. Synapses were identified by the presence of pre- and postsynaptic
membrane densities and presynaptic vesicles as described in previous studies (Fig. 2a)*”>%. Synapses were then
categorized as either asymmetrical (excitatory) if they had a prominent postsynaptic density (PSD) that was
larger than the presynaptic density or symmetrical (inhibitory) if the PSD was thin and similar in size to the
presynaptic density>”->>°. For each synapse, the evaluation of consecutive images was done to define the origin
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«Fig. 6. CP2 treatment improves gene expression related to synaptic function in brain tissue of APP/PS1 mice.
(a) PCA based on the RNA-seq data generated on cortico-hippocampal brain tissue shows separated clusters
of samples among three groups: NTG, green; APP/PS1 (AD), blue; APP/PS1+ CP2 (AD + CP2), orange.

(b—e) Heat maps show changes in genes in pathways related to dendrite morphogenesis (b), regulation of
axonal extension involved in axon guidance (c), synapse assembly (d) and synaptic transmission (e) after CP2
treatment in APP/PS1 mice. (f) Western blot analysis in the hippocampal tissue demonstrates increased levels
of synaptophysin (Syn), post synaptic density 95 (PSD95), brain derived neurotrophic factor (BDNF), and
sirtuin 3 (Sirt3) proteins in APP/PS1 mice after CP2 treatment. (g) Quantification of the Western blot from (f)
All mice were 20 months of age treated with CP2 or vehicle for 12 months, n=4-5 mice per group for RNA-seq
and n=6-8 per group for Western blot. Data are presented as mean = S.E.M. A one-way ANOVA with Fisher's
LSD post-hoc test was used for statistical analysis. *P<0.05, **P<0.01, ***P<0.001, ****P <0.0001. The original
analyses of the RNAseq data and Western blots were reported in our previous publication?® and are repurposed
here without major alterations.

of the synapse (symmetric vs. asymmetric). For each mouse, the number of synapses for each ROI was used as
a single data point.

The assessment of mitochondrial morphology

The assessment of mitochondrial morphology in relationship to synapses in dendrites and axons was done in
one of the three ROIs used to assess the number of synapses. The selection of the ROI taken into the analysis was
random. For each ROI, the analysis was done using 10 synapses formed on dendritic spines of 3 different types:
mushroom, thin, and stubby (30 in total). If 10 synapses for each spine type could not be found within the ROIL,
the search extended into the entire image stack produced by SEM. The randomly selected spines protruding
from the dendrites were segmented, measured, and categorized using the following criteria®”: mushroom
(head>0.6 pm); thin (head <0.6 um); stubby (length <1 pum; length : width ratio<1).

Mitochondrial morphology was established for organelles located within 1 pm of the base of the dendritic
spine protrusion and within the presynaptic terminal. For categorizing mitochondrial morphology, the
classification of mitochondrial types was adapted from®®: Type I: round-shaped, less than 0.5 um long; Type
II: medium size, between 0.5 and 5 um; Type III: elongated, longer than 5 pum; Type IV mitochondria-on-a-
string (MOAS), multiple teardrop-shaped mitochondria (~0.5 um in diameter) connected by a thin double
membrane up to 5 um long®. The length of each mitochondrion located within the designated area was recorded
together with the number of mitochondria per dendritic spine located in axon and dendrite. For NTG and APP/
PS1+ CP2 mice, data analyses included 30 spines. For APP/PS1 + Veh mouse, the total number of spines was 28
since only 8 stubby spines could be found in the entire image stack.

Next-generation RNA sequencing

The original analyses of the RNAseq data with corresponding Tables were reported in our previous publication®.
Brain tissue, encompassing the hippocampal and cortical regions, from APP/PS1 and NTG mice treated with
vehicle of CP2 for 14 months (n=5 per group) were lysed in QIAzol (Qiagen cat. # 79306) followed by RNA
isolation using miRNeasy (Qiagen cat. # 217004) according to the manufacturer’ instructions. The quantity and
quality of RNA were measured using a NanoDrop spectrophotometer and Agilent 2100 Bioanlyzer, respectively.
All RINs (RNA integrity numbers) had a value greater than eight. Total RNA (200 ng) was used to generate
libraries using TruSeq RNA Library Prep Kit v2 (Illumina). All samples were sequenced at the Mayo Clinic
Medical Genome Facility (MGF) Sequencing Core by Illumina HiSeq 4000 with paired end 101-bp read length.
Approximately 50 million single fragment reads were acquired per sample. MAP-RSeq v 2.1.1, a comprehensive
computational pipeline developed by the Mayo Clinic’s Division of Biomedical Statistics and Informatics, was
used to analyze RNA-Sequencing data. MAP-RSeq uses a variety of publicly available bioinformatics tools
tailored by methods developed in-house. The main outputs of the MAP-RSeq workflow are the gene counts,
expressed single nucleotide variants (eSNVs), gene fusion candidates, and quality control plots. The aligning
and mapping of reads was performed using TopHat2 against the mm10 reference genome. The gene and exon
counts were generated by FeatureCounts using the gene definitions files from Ensembl. “-O’ option within
FeatureCounts was used to account for expression derived from regions shared by multiple genomic features.
FeatureCounts was also executed for quantifying expression on a per exon basis by utilizing the ‘-f* option.
RseqQC® was used to create a variety of quality control plots to ensure the results from each sample were reliable
and could be collectively used for differential expression analysis. Upon the completion of all the deliverables
from MAP-RSeq, a html document was created tying everything together in one interactive document. The R
bioinformatics package DeSeq2 was used for differential gene expression analysis. The criteria for the selection
of significant differentially expressed genes was P value <0.05. Gene function enrichment was determined using
the Database for Annotation, Visualization and Integrated Discovery (DAVID v. 6.8)°°. Mouse transcriptional
factors were downloaded from the Riken genome database and mapped to our RNA-seq differential gene list.
The clustering heatmaps were generated based on unsupervised hierarchical clustering using Pearson correlation
distance. Most graphs were generated using customized R programs.

Western blot analysis

The original Western blot analyses were reported in our previous publication?®. Levels of proteins were
determined from the cortico-hippocampal region of the brain of vehicle and CP2-treated NTG and APP/PS1
mice (n=3-4 mice per group) by Western blot analysis. Tissue was homogenized and lysed using 1x RIPA Buffer
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plus inhibitors. Total protein lysates (25 ug) were separated in equal volume on 4-20% Mini-PROTEAN TGX™
Precast Protein Gels (Bio-Rad, cat. # 4561096) and transferred to an Immun-Blot polyvinylidene difluoride
membrane (PVDF cat. # 1620177). The following primary antibodies were used: Synaptophysin (1:200, Santa
Cruz Biotechnology, Santa Cruz, CA, cat. # 17750), BDNF (1:200, Santa Cruz Biotechnology, Santa Cruz, CA,
cat. # 546), PSD95 (1:1000, Cell Signaling Technology, cat. # 2507), Sirt3 (1:1000, Cell Signaling Technology,
cat. # 5490), Tubulin (1:5000, Biovision, cat. # 3708). The following secondary antibodies were used: donkey
anti-rabbit IgG conjugated with Horseradish Peroxidase (1:10000 dilution, GE Healthcare UK Limited, UK) and
sheep anti-mouse IgG conjugated with Horseradish Peroxidase (1:10000 dilution, GE Healthcare UK Limited,
UK). Band quantification was done using Image Lab" v. 6.0.

Statistics

Since only one mouse per treatment group was used for 3D EM analyses, statistics were not applied to these
data. Other data were analyzed using two-way ANOVA, the two-tailed unpaired and paired Student ¢ test, where
appropriate. Data are presented as: mean +S.E.M. for each group.

Data availability

RNA-seq data generated in this study using mice that support the findings are depositedto public repository and
are freely available at: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149248 (GEO accession ID is
GSE149248). Source data underlying heatmaps and Western blots presented in Fig. 6 are available in Supplemen-
tary Data to the previous publication?®.
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