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Abstract

There is considerable evidence for a role for metabolic dysregulation, including disordered purine nucleotide
metabolism, in the pathogenesis of Alzheimer’s disease (AD). Purine nucleotide synthesis in the brain is regulated
with high fidelity to co-ordinate supply with demand. The assembly of some purine biosynthetic enzymes into
linear filamentous aggregates called “cytoophidia” (Gk. Cellular “snakes”) represents one post-translational
mechanism to regulate enzyme activity. Cytoophidia comprised of the nucleotide biosynthetic enzymes inosine
monophosphate dehydrogenase (IMPDH) and phosphoribosyl pyrophosphate synthetase (PRPS) have been
described in neuronal nuclei (nuclear cytoophidia; NCs). In light of the involvement of purine nucleotide dys-
metabolism in AD, the rationale for this study was to determine whether there are disease-specific qualitative or
guantitative alterations in PRPS cytoophidia in the AD brain. Double fluorescence immunostaining for PRPS and
the neuronal marker MAP2 was performed on tissue microarrays of cores of temporal cortex extracted from
post-mortem tissue blocks from a large cohort of participants with neuropathologically confirmed AD, Lewy body
disease (LBD), progressive supranuclear palsy, and corticobasal degeneration, as well as age-matched cognitively
unimpaired control participants. The latter group included individuals with substantial beta-amyloid deposition.
NCs were significantly reduced in frequency in AD samples relative to those from controls, including those with
a high beta-amyloid load, or participants with LBD or 4 repeat tauopathies. Moreover, double staining for PRPS
and hyperphosphorylated tau revealed evidence for an association between NCs and neurofibrillary tangles. The
results of this study contribute to our understanding of metabolic contributions to AD pathogenesis and provide
a novel avenue for future studies. Moreover, because PRPS filamentation is responsive to a variety of drugs and
metabolites, they may have implications for the development of biologically rational therapies.
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Introduction

Alzheimer's disease (AD) is a devastating neu-
rodegenerative disease characterized clinically by
inexorable, progressive impairments in memory,
judgement, and reasoning. The disease is character-
ized histopathologically by the buildup of beta-amy-
loid plaques and the presence of neurofibrillary
tangles made up of phosphorylated tau protein.
Although genetic evidence supports a critical role for
beta-amyloid in the pathogenesis of familial forms
of AD, the pathogenetic mechanisms underlying the
far more common sporadic form of AD remain
enigmatic.

There is growing evidence for a role for meta-
bolic dysregulation in AD, including nucleotide
dysmetabolism, at early stages of AD independent
of neurofibrillary tangles and R-amyloid plaques
[1, 3, 26, 29-31]. There is deregulated expression of
a number of purine metabolic enzymes in AD as well
as significantly altered levels of metabolites includ-
ing dGMP, glycine, xanthosine, inosine diphosphate,
guanine, and deoxyguanosine [3].

The brain is critically dependent on an uninter-
rupted supply of purine nucleotides (AMP, ADP,
ATP, GMP, GDP, GTP). They are assembled into RNA
and DNA, provide energy for cells, are used as
signaling molecules, and are incorporated into
co-enzymes. Accordingly, inborn errors of purine
nucleotide metabolism markedly, and relatively
selectively impact the nervous system, resulting in
severe neurodevelopmental diseases [16, 27, 38, 42,
51, 52, 66]. The synthesis of purine nucleotides is
carefully regulated to calibrate supply with cellular
demand. In response to purine limitation or a variety
of manipulations, enzymes involved in the de novo
purine pathway are assembled by liquid-liquid
phase separation into microscopically visible, supra-
molecular membraneless organelles comprised of
nine enzymes called "purinosomes" [54]. By virtue
of the physical proximity of their constituent en-
zymes, these "metabolon" structures more effi-
ciently catalyze the generation of AMP and GMP in
response to metabolic demand [53]. In addition to
purinosomes, a subset of nucleotide-synthesizing
enzymes are subject to an additional level of supra-
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molecular regulation; the formation of linear fila-
mentous assemblies as a biological regulatory mech-
anism to co-ordinate enzyme activity with cellular
requirements [5, 28, 41, 58]. The relationship be-
tween filament formation and enzyme activity is
complex as both active and inactive multimeric
conformers are present within individual filaments
[28]. Current consensus supports a model whereby
filament formation correlates with increased en-
zyme activity by resisting feedback inhibition by
enzyme products [28]. This adds nuance to purino-
some function; permitting ongoing nucleotide syn-
thesis under conditions of increased nucleotide
demand, even when purines are plentiful.

Individual enzyme filaments can aggregate by
side-to-side lateral alignment to form larger,
mesoscale filament bundles, which have been vari-
ously referred to simply as "filaments", "rods and
ring structures" or "cytoophidia" (Greek for "cellular
snakes"; reviewed in [12, 40]). The formation of
these structures at steady state and in response to
metabolic perturbations has been described in a
variety of cell types both in vitro and in vivo [12].
These filament bundles have been described both in
the cytoplasm and the nucleus of a variety of cell
types, including mammalian neurons [50].

We recently demonstrated the presence of
cytoophidia immunoreactive for inosine monophos-
phate dehydrogenase (IMPDH) within the nuclei of
neurons in the human brain [63, 64]. IMPDH is the
rate-limiting enzyme in the de novo purine biosyn-
thesis pathway. It is encoded by two genes, IMPDH1
and IMPDH?2 [48]. These nuclear cytoophidia (NCs)
are also immunoreactive for the nucleotide-synthe-
sizing enzyme phosphoribosyl pyrophosphate syn-
thetase (PRPS) [50, 63]. PRPS is a key enzyme in the
de novo purine biosynthesis pathway as it catalyses
one of the first steps; the production of phosphori-
bosyl pyrophosphate (PRPP). Humans contain three
isoforms of PRPS (PRPS1, 2, and 3). In light of evi-
dence for the involvement of nucleotide metabolism
in AD pathogenesis cited above and the important
role of cytoophidia formation in tuning metabolic
enzymatic activity, we were interested in determin-
ing whether there are disease-specific alterations in
the formation of PRPS NCs in the AD brain.
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Materials and Methods

Participant selection

Subsequent to approval by the Ottawa Health
Science Network Research Ethics Board, tissue
blocks of formalin-fixed, paraffin-embedded post-
mortem human hippocampus and adjacent para-
hippocampal gyrus were obtained from the tissue
archive in the Division of Anatomical Pathology of
the Ottawa Hospital. The cohort included 177 partic-
ipants including 82 neurologically cognitively unim-
paired controls, 30 with advanced AD, 17 with LBD
(11 diffuse neocortical, 4 limbic/transitional, 2 brain-
stem), 14 with primary tauopathy (11 with progres-
sive supranuclear palsy (PSP) and 3 with corticobasal
degeneration (CBD)), and an additional 6 cognitively
intact participants with significant beta-amyloid
deposition. Demographic details regarding the par-
ticipant cohort as well as the raw data are provided
in Supplementary Table 1. Also included in the
Table are data indicating the presence or absence of
phosphorylated Tau (pTau) neurofibrillary pathol-
ogy and beta-amyloid plaques in each tissue core.
Subjects were included based on retrospective
review of post-mortem neuropathology reports. All
post-mortem neuropathological diagnoses were
performed by a neuropathologist (JW) according to
current diagnostic and staging criteria [4, 18, 36, 47].
Specifically, AD neuropathologic change (ADNC) was
diagnosed based on the combined analysis of corti-
cal beta amyloid burden according to the Thal stag-
ing scheme [60], Braak neurofibrillary stage [9], and
cortical neuritic plague density following Consor-
tium to Establish a Registry for Alzheimer’s Disease
(CERAD) criteria [45] to arrive at an "ABC" score as
per The National Institute on Aging-Alzheimer's
Association guidelines for the neuropathologic as-
sessment of Alzheimer's disease [47] (see Supple-
mentary Table 1). A proportion of cases were
diagnosed prior to publication of these guidelines
and only those receiving a diagnosis of "severe" AD
or a Braak score of V or VI were included among the
AD co-hort. A proportion of cognitively normal
controls were assessed for ADNC and only those
with "mild" changes were included.
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Tissue microarray preparation and immunostaining

From each of the paraffin blocks of hippocam-
pus and mesial temporal cortex, tissue microarrays
(TMAs) were prepared using 2 mm punches cen-
tered on the temporal cortex at the depth of the
collateral sulcus. This area was selected because it
consistently displays NCs in control brains and be-
cause it was the area we analysed in our previous
study [65]. TMAs were sectioned at a thickness of
5um and mounted onto coated slides. Sections
were deparaffinized and pre-treated using heat
mediated antigen retrieval with EDTA buffer (pH
9.0). Slides were then rehydrated in 1X TBST buffer
and blocked for 30 min with Sniper (#Biocare
BS966L). Sections were stained using dual labelling
immunofluorescence by incubating overnight at 4
degrees in a cocktail of antibodies against PRPS
(rabbit polyclonal; 1:100, ProteinTech 15549-1-AP)
and the neuronal marker microtubule-associated
protein 2 (MAP2; mouse monoclonal; Clone B-8;
Santa Cruz Biotechnology sc-74420) or pTau (mouse
monoclonal; 1:100, ThermoFisher #MN1020). Sec-
tions were washed with 1X TBST and then incubated
with goat anti-mouse 594 (#A11005, Invitrogen) and
donkey anti-rabbit 488 (#A21206) secondary anti-
bodies for 2 h in the dark at room temperature. This
was followed by incubation with a quencher (Vector
TrueView Autofluorescence Quenching Kit #SP-
8400, Vector Labs) to decrease autofluorescence.
Sections were washed, incubated with 5 ug/ml of
DAPI (ThermoScientific #62248) and coverslipped.

Image and data analysis

Images were acquired using a Zeiss Axiolmager
M2 microscope. To quantify NCs, PRPS/MAP?2 stain-
ed TMAs were scanned using a Zeiss M1 Slide Scan-
ner. Image analysis was performed on digital images
using Highplex FL module in Halo software as well as
Zeiss Zen Blue software. The number of MAP2-im-
munoreactive cells containing NCs in each core was
counted manually. Cases with less than 10 neurons
per core were eliminated. All statistical analyses for
multiple group comparisons were conducted using
one-way ANOVA followed by Bonferroni’s multiple
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comparisons test at a = 0.05 significance. Percent-
age of NCs present in aggregate with NFTs was
determined by manual count. Chi-square test at a =
0.05 significance was used to determine whether
there was any association between the presence of
NCs and NFTs. To assess beta-amyloid pathology in
each core, the TMAs were stained using immuno-
histochemistry for the detection of beta-amyloid
(rabbit polyclonal anti-beta-amyloid; 1:400, Novus
NBP2-13075). Staining was performed using the
Leica Bond™ system. TMAs were pre-treated using
heat mediated antigen retrieval with EDTA buffer
(pH 9.0, epitope retrieval solution 2) for 20 minutes.
The TMAs were then incubated in primary antibody
for 30 minutes at room temperature and detected
using an HRP conjugated compact polymer system.
Slides were then stained using DAB as the chromo-
gen, counterstained with hematoxylin, mounted
and coverslipped.

Results
PRPS NCs are present in the brain

Figure 1 shows PRPS-immunoreactive NCs in
double immunostained sections of the punches of
temporal cortex in the depth of the collateral sulcus.
In both control and disease cases, these were most
prevalentin layers I, V, and VI. They were present in
both pyramidal neurons as well as non-pyramidal
neurons of various morphologies. They showed a
variety of shapes, ranging from rod- or thread-like
linear or curvilinear structures (Fig.1a) to dot-
shaped structures or large, irregular "crystalloid"
sheets (Fig. 1b). Some of the latter showed a rhom-
boid shape as reported for IMPDH NCs in substantia
nigra neurons [64]. In a proportion of neurons, the
nucleolus showed intense staining for PRPS (Fig. 1c).
This was seen both in neurons with and without NCs.
In addition to NCs, most neurons showed innumer-
able micron-sized curvilinear cytoplasmic threads
filling the perikaryal and neuritic cytoplasm and
contributing to a punctate staining pattern of the
background neuropil (Fig. 1d).
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PRPS NCs are reduced in the AD temporal cortex

The box plot in Fig. 2 shows the results of our
guantitative analysis. There was significant inter-in-
dividual variability in the density of NCs. Quantita-
tive analysis confirmed a significant depletion of NCs
in participants with AD relative to cognitively intact
age-matched controls, including those with heavy
beta-amyloid deposition, as well as those with LBD
and 4R tauopathies (PSP/CBD) (ANOVA p < 0.02, see
Figure 2 for pairwise comparisons). Patients with
LBD and 4-repeat tauopathies did not differ from
controls (p =0.2749 and 0.9897, respectively). The
presence of heavy beta-amyloid deposition in cogni-
tively normal individuals did not impact NC density
relative to the control population (p=0.9322).
There were no discernible qualitative differences in
the appearance or morphology of NCs between AD
participants, any other disease groups, and controls.

PRPS NCs are more common in NFT-bearing neurons

We explored a possible relationship between
NCs and neurofibrillary tangles (NFTs) using double
immunofluorescence staining of the TMAs for PRPS
and pTau (Fig. 3a—c). A significantly higher propor-
tion of NFT-bearing neurons contained NCs relative
to NFT-negative neurons, suggesting an association
between these two proteinaceous bodies. Specifi-
cally, of 64 NFT-containing neurons, 9 (14 %) con-
tained NCs. Conversely, of 4,977 neurons lacking
NFTs, only 145 (2.9 %) contained NCs (Fig. 3d;
Chi-squared p < 0.00001).

Discussion

Here we demonstrate a significant depletion of
intranuclear cytoophidia comprised of the key nu-
cleotide-synthesizing enzyme PRPS from neurons in
the AD cerebral cortex, implicating these enigmatic
structures in the pathogenesis of AD. This study
confirms and extends the results of our previous
study demonstrating a significant decrement in the
density of intranuclear rodlets (INRs) in the temporal
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Fig. 1 Dual-labelling immunofluorescence for PRPS (green) and MAP2 (red) in a core of temporal cortex from a control subject.
a, b) Neurons containing linear or curvilinear (a) or irregular sheet-like (b) NCs. c) PRPS staining of the nucleoli in two neurons. In both
cases, there are small NCs juxtaposed to the nucleoli (arrowheads). d) Higher magnification of the proximal apical dendrite of the
pyramidal neuron in b showing small curvilinear cytoplasmic PRPS filaments within the dendrite and dot-like structures throughout the
surrounding neuropil. Scale bars = 20 microns.
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Fig. 2 Box plot comparing frequency of NCs in cores of temporal cortex from our cohort. ANOVA for the entire group p <0.02. Pairwise
comparisons conducted using Bonferroni’s multiple comparisons test. Comparisons reaching the significance level (p < 0.05) are shown
on the graph. All other comparisons did not reach this level. AD; Alzheimer's disease, amyloid; cognitively normal subjects with high
density of amyloid plaques, LBD; Lewy body disease, PSP/CBD; progressive supranuclear palsy/corticobasal degeneration. ****p < 0.0001,
*p <0.05., **p < 0.005.
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Fig. 3 a—c) Dual labelling immunofluorescence for PRPS (green) and pTau (red) showing curvilinear (a), thread-like (b) and dot-like (c) NCs
in tangle-bearing neurons. Scale bars=10 microns. d) Bar graph showing percentage of NFT-positive and NFT-negative neurons with (blue)
and without (white) NCs. Chi-square test shows a significantly higher proportion of NFT bearing neurons contain NCs (p < 0.00001).

cortex of individuals with AD relative to cognitively
intact controls and those with dementia with Lewy
bodies [65]. These structures correspond to the
"rodlets of Roncoroni" described by the classical
microscopists (see [63]). The functional significance
of these structures has remained enigmatic.

The demonstration that they are immunoreac-
tive for the nucleotide synthesizing enzymes PRPS
provides a novel functional context; linking them to

the bundles of metabolic enzyme filaments known
as "cytoophidia" recently described by several au-
thors (for a review, see [11]). Interestingly, we have
demonstrated that the PRPS NCs described in this
study are also immunoreactive for the rate limiting
enzyme in purine nucleotide synthesis, IMPDH [63].
Co-localization of metabolic enzymes in cytoophidia
is common. For example, a similar interaction be-
tween IMPDH and the pyrimidine-synthesizing en-
zyme cytidine triphosphate synthase (CTPS) in

free org


https://doi.org/10.17879/freeneuropathology-2025-6282

Free Neuropathology 6:8 (2025)
DOI: https://doi.org/10.17879/freeneuropathology-2025-6282

cytoophidia has been implicated as a substrate to
co-ordinate the cross-regulation of purine and
pyramidine nucleotide synthesis [14]. In a screen of
440 yeast metabolic enzymes, Noree et al. showed
the assembly of multiple metabolic enzymes into
rod-shaped structures [50]. Interestingly, enzymes
that co-assembled, like IMPDH and PRPS, were
those that acted at branch points within the de novo
purine biosynthetic pathway, further suggesting
that this co-localization reflects some form of regu-
latory mechanism in the nucleotide biosynthetic
pathway.

The majority of mechanistic studies have linked
cytoophidia formation to the dynamic regulation of
enzyme activity and thus, in the case of PRPS (with
IMPDH), to the synthesis of purine nucleotides.
Purine nucleotides are essential for the proper
development and maintenance of the brain. Gua-
nine-based purines, and especially GTP and its
breakdown product guanosine, have neuromodula-
tory properties (reviewed in [59]) with neuroprotec-
tive, neurotrophic, and neuritogenic capacity [23,
24,49, 59]. These are mediated through intracellular
modulation of G-proteins as well as via extracellular
signaling by purines themselves [59]. GTP plays a
critical role in tubulin polymerization for micro-
tubule growth [13] and is a substrate for the multi-
tude of small GTPases involved in neurite growth
and synaptogenesis [19, 61].

Our findings are consistent with evidence for
the involvement of nucleotide-synthesizing enzy-
mes, and possibly their filamentation, in neuro-
logical diseases [27]. Loss-of-function mutations in
PRPS1 (encoded on the X-chromosome), culminate
in a constellation of neurodevelopmental symptoms
in males referred to eponymously as Arts syndrome
and encompassing sensorineural hearing loss, hypo-
tonia, ataxia, developmental delay, and intellectual
disability [16, 17]. Similarly, mutations in IMPDH2
result in variable combinations of intellectual dis-
ability, speech impairment, hand tremor, gait in-
stability, and dystonia [51, 52, 66]. Why mutations
in these enzymes have a relatively selective impact
on the nervous system despite their widespread
systemic expression has not been adequately
explained. The relatively selective localization of NCs
to the brain despite the widespread expression of
their constituent enzymes is provocative in this
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regard. Intriguingly, a proportion of the disease-
causing mutations in both PRPS1, as well as IMPDH
alter filament assembly [25, 52], suggesting a bene-
ficial role for filament formation. Consistent with
this, Flores-Mendez and co-workers recently
demonstrated a neuroprotective role for IMPDH2
filament formation in neurodegeneration [21].

Understanding the mechanisms through which
NCs might contribute to AD pathogenesis is predi-
cated on elucidating their physiological significance
in neurons, which is currently unknown. A canonical
role for PRPS filaments in regulating enzyme activity
makes sense in the cytoplasmic compartment where
nucleotides are synthesized. Indeed, we postulate
that the small cytoplasmic filaments we describe
herein are engaged in this, perhaps in association
with mitochondria (see [64]), by analogy with
purinosomes [22]. On the other hand, the functional
significance of PRPS1 filament assemblies within the
nuclear compartment of neurons remains to be
explored. There is evidence that PRPS, as well as
IMPDH, can localize to the nucleus [32, 37]. We have
described the presence of IMPDH NCs within the
nuclei of substantia nigra neurons where they
display marked age-associated morphological alter-
ations [64]. PRPS1-immunoreactive rods have also
been described in the nucleus of neurons in vitro
[50] and in vivo [63]. This is consistent with evidence
for a nuclear localization and function of a growing
number of metabolic enzymes [7]. We propose two
non-mutually exclusive possibilities regarding the
significance of PRPS/IMPDH rods in the nuclear
compartment. First, it is conceivable that NCs regu-
late the synthesis of purines within the nucleus,
providing a proximate, "hyperlocal" source of nucle-
otides at loci of high nucleotide demand. Indeed,
previous reports have shown that IMPDH localiza-
tion is responsive to GTP demand and that this local-
ization enhances de novo GTP synthesis [2, 6, 15, 33,
62, 67]. This model might explain the common spa-
tial association of NCs with the nucleolus which
consumes a vast quantity of purine nucleotides for
the synthesis of rRNA [34, 35]. By analogy, there is
evidence that acetyl-CoA, essential for histone
acetylation, is synthesized in the nucleus by the
metabolic enzymes ATP-citrate lyase (ACLY), acyl-
CoA synthetase short chain family member 2
(ACSS2) and the pyruvate dehydrogenase complex
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(PDC) [8]. It has been hypothesized that these
enzymes localize to nuclear foci and generate acetyl
CoA at sites of histone acetyltransferase activity. A
role for NCs in the generation of GTP in the nuclear
compartment is predicated on the local presence of
downstream enzymes in this pathway to facilitate
metabolic channeling. Indeed, GMPS, which gener-
ates GMP from IMPDH-generated XMP, has been
described in the nucleus [56].

Alternatively, there is increasing evidence that
metabolic enzymes engage in moonlighting, non-
enzymatic activities in the nucleus [8]. For example,
in Saccharomyces cerevesiae, the nuclear localiza-
tion of PRPS isoforms has been implicated in the
maintenance of cell wall integrity [57]. In Drosoph-
ila, IMPDH enters the nucleus in response to oxida-
tive and/or replicative stress, binds single-stranded
CT-rich regulatory DNA elements and functions as a
transcriptional repressor [37]. In breast cancer cells,
chromatin-bound IMPDH interacts with PARP1 and
has been implicated in DNA repair by regulating the
availability of NAD+ [20]. It is tempting to speculate
that neurons exploit the capacity of PRPS and
IMPDH to form filaments as a mechanism to regu-
late the nucleoplasmic availability of these enzymes
to perform these moonlighting functions.

According to the beta-amyloid hypothesis of
AD pathogenesis, the natural history of AD is charac-
terized by a protracted prodromal period, lasting at
least a decade, during which beta amyloid accumu-
lates in cortical plaques without overt physiological
or cognitive sequelae. At some point, amyloid is
thought to catalyze the expansion of neuronal tau
pathology from the basal temporal cortex, (where
NFTs remain confined in the normal elderly), to the
neocortex, and trigger the development of demen-
tia. Our study demonstrates no definite relationship
between NC loss and beta-amyloid load. The dis-
sociation of NC loss from beta amyloid deposition is
consistent with evidence that nucleotide dysmetab-
olism in the AD brain occurs independently of R-am-
yloid plaques [1, 3, 26, 29—-31]. On the other hand,
our results suggest that NC loss occurs subsequent
to beta-amyloid deposition, and, based on the
amyloid hypothesis, at the stage of NFT expansion.
This is a critical phase of the AD pathogenetic
cascade as NFT formation correlates best with
cognitive decline.
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Notably, despite a global loss of NCs from the
AD brain, our results indicate that remaining NCs
tend to associate with NFT-bearing neurons. This
apparent contradiction may relate to the fact that
NFT-bearing neurons comprise a relatively small
proportion of the total neuronal population in the
AD cortex (1.28 % in our cohort). Thus, assuming
that NC loss is independent of beta-amyloid and tau
deposition, the net quantitative effect is a global loss
of NCs, despite their preferential localization to NFT-
bearing neurons. Why remaining NCs tend to form
in NFT-bearing neurons remains to be explored. It is
tempting to speculate that NFT formation imposes a
metabolic burden on the neuron culminating in NC
formation. This would be consistent with our previ-
ous study demonstrating increased intranuclear
rods in the substantia nigra in response to the
neurotoxin MPTP [39]. Conversely, it is possible that
the metabolic status of the neuron which results in
NC formation predisposes neurons to tau hyper-
phosphorylation and NFT pathology. Elucidating the
mechanistic substrates underlying this association
may lead to novel pathogenetic concepts and thera-
peutic targets.

Our results may also have disease implications
in a broader context. For example, NCs were not
significantly reduced in frequency in the cortex of
LBD subjects. This supports the status of NC deple-
tion as a disease-specific biomarker for AD as op-
posed to LBD. In addition, we have demonstrated
the presence of INRs in insulin-secreting pancreatic
beta cells [55]. Like AD, we have demonstrated a sig-
nificant depletion of INRs from beta cells in human
type 2 diabetes [68] as well as in animal models of
diabetes [44]. This is intriguing in light of evidence
for: 1) a shared pathogenetic mechanism underlying
AD and type 2 diabetes [46] and 2) an important role
for purine nucleotide metabolism in beta cell
function and survival and in diabetes [43]. More-
over, we have demonstrated evidence for aninverse
correlation between cellular secretory activity and
INR formation [63]. Notably, beta-cell and neuronal
hyperactivity are hallmarks of diabetes and AD [10],
providing an additional, or alternative unifying ex-
planation for NC depletion in the two diseases. NC
depletion may represent a morphological signpost
indicating a common metabolic substrate contrib-
uting to the pathogenesis of these two related
disorders of ageing.
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Fig. 4 Schematic summary of the results of the present study. Neuronal NCs (green) are reduced in frequency in the brains of AD partici-
pants. Remaining NCs are relatively more frequent in NFT (red)-bearing neurons.

Our study has some limitations. Participant
recruitment was based on retrospective review of
neuropathology reports. A small proportion of the
AD cases were diagnosed prior to the currently
recommended diagnostic criteria [47], precluding
assignment of an "ABC" score. Only cases with
"severe" ADNC or a Braak score of V or VI were
included in the AD cohort. The objective of this study
was to confirm our previous findings in the context
of new knowledge regarding the possible functional
significance of, and novel marker for, these intranu-
clear structures. Consequently, the comparison of
subjects with only "high" ADNC with controls is
dichotomous. Future studies will provide a more
granular understanding of the role of NCs in the AD
pathogenic cascade by analyzing their status at
"low" and "intermediate" ADNC stages. This is being
pursued in mouse studies as well. There is increasing
recognition that TDP-43 proteinopathy in the form
of limbic-predominant age-related TDP-43 encepha-
lopathy (LATE) is a common co-pathology in ADNC.
We did not examine the impact of this co-pathology
on NC status in the present study.

In summary, we have demonstrated: 1) that
neuronal PRPS NCs are reduced in frequency in the
AD temporal cortex and 2) that remaining NCs show

an association with NFT-containing neurons (Fig. 4).
The results of this study provide an unexplored
avenue for investigation with respect to AD patho-
genesis. The potential involvement of PRPS NCs in
the cellular mechanisms underlying AD-associated
neurodegeneration is consistent with evidence for
metabolic dysfunction in AD. Future mechanistic
studies addressing the functional significance of
PRPS NCs will elucidate their role in healthy neurons
and in disease. If these confirm that intranuclear
filamentation of these metabolic enzymes plays a
role in neuronal health and metabolism, as has been
suggested, its failure in AD may provide a novel,
biologically rational therapeutic target.
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