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Pharmacologically increasing
O-GlcNAcylation increases
complexity of astrocytes in the
dentate gyrus of TgF344-AD rats

Melissa L. Garcia*?, Adam R. Denton?3!, Nateka L. Jackson'?,
Michael D. Scofield?* and Lori L. McMahon®?**

Department of Cell, Developmental and Integrative Biology, University of Alabama, Birmingham, AL,
United States, 2Department of Neuroscience, Medical University of South Carolina, Charleston, SC,
United States, *Department of Psychology, Tusculum University, Tusculum, TN, United States

Background: Alzheimer's disease (AD) pathology begins two or three decades
prior to the onset of cognitive symptoms and is characterized by amyloid-3 (AB)
and hyperphosphorylated tau (pTau) accumulation, reactive glial cells, increased
inflammation, and neuronal degeneration in later stages. Preclinical studies
report that increasing the post-translational modification, O-GlcNAcylation,
involving the addition of a single N-acetylglucosamine (GlcNAc) moiety to
serine or threonine residues, can reduce amyloidogenic processing of amyloid
precursor protein (APP) and compete with serine phosphorylation on tau,
decreasing hyperphosphorylated tau accumulation. Protein O-GlcNAcylation
can have anti-inflammatory effects, suggesting the possibility that increasing
O-GlcNAcylation may decrease reactive gliosis and other pathological changes
in AD.

Methods: This study aimed to assess the possible beneficial effects of
pharmacologically enhancing O-GlcNAcylation by inhibiting O-GlcNAcase
(OGA), the enzyme responsible for the removal of O-GIcNAc moieties, on
progressive AD pathology using female TgF344-AD rats. The selective OGA
inhibitor thiamet-G [TMG; 10 mg/kg, subcutaneously (s.c.)] was administered
three times per week for 3 months starting at 6 months of age, a time point
when Ap pathology is evident in the hippocampus. Western blot analysis was
used to measure protein levels of GFAP, Iba-1, and AB. Immunohistochemistry
and confocal imaging were used to assess Ap plaques, astrocyte and microglia
complexity, and degeneration of tyrosine hydroxylase-positive (TH+) axons.
Results: In TgF344-AD rats, we found significantly increased astrocyte
complexity, defined as increased process length and branches, increased
numbers of microglia, loss of noradrenergic axons (NA), and significant Ap
plagues compared to WT, confirming previous work by us and others. Notably,
pharmacologically increasing O-GlcNAcylation further increased astrocyte
complexity in TgF344-AD rats, specifically those located in close proximity
to AP plaques, while microglia morphology and A staining were unaffected.
O-GlcNAcylation was not able to lessen the loss of TH + axons in TgF344-AD
rats, although fewer dystrophic axons were observed, suggesting a possible
beneficial effect.

Discussion: Our findings demonstrate that increasing O-GlcNAcylation
in TgF344-AD rats using a cyclical treatment protocol at a time when Ap
pathology is already significant does not provide broad beneficial effects on Ap
accumulation, microglial reactivity, or noradrenergic axon loss, although there
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appears to be fewer dystrophic axons. Importantly, increasing O-GlcNAcylation
in TgF344-AD rats has dual beneficial effects on astrocyte reactivity. Astrocytes
in close proximity to Ap plaques are more complex with longer processes and
more branches compared to those in saline-treated TgF344-AD rats at the
same distance, enabling them to surround plagues and protect nearby neurons.
Astrocytes located at more distal locations from plaques are less reactive than
those at the same distance in saline-treated TgF344-AD rats, permitting a less
pathological local environment for nearby neurons. Our findings offer new
insights into the possible mechanisms that might contribute to the beneficial
therapeutic effects of increasing O-GlcNAcylation during progressive AD

pathology.
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1 Introduction

Alzheimer’s disease (AD), a slowly progressing neurodegenerative
disorder, is the most common cause of dementia globally (Alzheimers
Dement., 2024). Hallmark pathological changes begin 20-30 years
prior to cognitive deficits and include the accumulation of amyloid-f#
(AB) and hyperphosphorylated Tau (pTau) in vulnerable brain regions
such as the hippocampus, entorhinal cortex, and locus coeruleus
(Andres-Benito et al., 2017; Braak and Del Tredici, 2012; Braak et al.,
2011; Theofilas et al., 2018). This initiates a positive feedback loop that
promotes neuroinflammation and gliosis, further accelerating disease
progression, which ultimately leads to axon degeneration and
neuronal loss (Theofilas et al., 2018; De Strooper and Karran, 2016;
Doig, 2018; Faghihi et al., 2008; Webers et al., 2020). The difficulty in
pinpointing the exact sequence of these pathological events makes it
challenging to differentiate between causal pathogenic changes and
compensatory responses.

Recent research has highlighted key roles for astrocytes and
microglia in AD onset and progression (De Strooper and Karran,
2016; Brandebura et al., 2023; Chen et al., 2025; Liddelow and Barres,
2017; Liddelow et al., 2017; Liddelow et al., 2024; Taddei et al., 2023;
Taddei et al., 2022). Under normal conditions, astrocytes exert
essential homeostatic functions in modulating neuronal excitability,
synaptic stability, transmission, and plasticity, as well as the integrity
of the blood-brain barrier (Tan and Eroglu, 2021; Lalo et al., 2011;
Gao et al., 2016; Martinez-Gallego and Rodriguez-Moreno, 2023;
Lopez-Ortiz and Eyo, 2024; Fu et al., 2021). Microglia serve as the
resident immune cells in the brain, protecting it from injury and
infection, and they also modulate synaptic plasticity (Borst et al., 2021;
Umpierre and Wu, 2021; Rodriguez-Gomez et al., 2020; Lochhead et
al., 2020; Cornell et al, 2022). Astrocytes undergo complex
morphological and functional changes in AD. Reactive astrocytes can
surround A plaques, where they provide a protective barrier against
the toxic effects of A (Sofroniew, 2015; Sofroniew, 2020; Rodriguez
et al,, 2009). They can also contribute to neuroinflammation and
neuronal death due to loss of their homeostatic function and gain of
toxic functions (Brandebura et al., 2023; Pekny and Pekna, 2014;
Preman et al., 2021; Shah et al., 2022; Deng et al., 2024; Habib et al,,
2020). Furthermore, recent evidence suggests that astrocytes in AD
may act as antigen-presenting cells, further exacerbating the
inflammatory responses (Rostami et al., 2020; Sutter and Crocker,
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20225 Mitchener et al., 2025). Like astrocytes, microglia display
dystrophic phenotypes and functions in AD models (Webers et al.,
2020; Deng et al., 2024; Bachstetter et al., 2015; Wu et al.,, 2023;
Sanchez-Mejias et al., 2016; Davies et al., 2017), and their crosstalk
with astrocytes amplifies neuroinflammation (Chen et al., 2025;
Lopez-Ortiz and Eyo, 2024; Deng et al., 2024; Matejuk and Ransohoff,
2020; Drago et al., 2017; Jo et al., 2017; Liu et al., 2024; Liu et al., 2011;
Xie et al., 2020). The complex interaction between glial cells and their
role in AD is still poorly understood, but their increased reactivity is
clearly a hallmark of disease progression and a target for therapeutic
intervention (Brandebura et al., 2023; Chen et al., 2025; Deng et al.,
2024; Kim et al., 2024; Kraft et al., 2013; Leyns and Holtzman, 2017).

Another core feature of human AD is degeneration of locus
coeruleus (LC) noradrenergic (NA) neurons and loss of NA
innervation in terminal regions, particularly the hippocampus
(Andres-Benito et al., 2017; Llorens et al., 2017; Kelly et al., 2017; Lin
et al., 2024; Dahl et al,, 2023). Booze et al. reported decreased
frequency of long thin TH + axons in human AD brains but increased
frequency of shorter, tortuous axons (Booze et al., 1993). This atypical
morphology of NA axons has been reported previously in
experimental rat models of cholinergic degeneration by others and
confirmed by us (Scheiderer et al., 2006; Harrell et al., 2001; Nelson et
al., 2014). The degree of NA degeneration is tightly associated with the
transition from unimpaired to mildly cognitively impaired, to
impaired (Dahl et al., 2023; Grudzien et al., 2007), and is correlated to
early pTau accumulation in the LC (Dahl et al., 2022; Ohm et al,,
2020). Importantly, loss of wake-promoting neurons in the LC could
explain arousal deficiencies in AD patients as well as sundowning (Oh
etal., 2019).

Identifying therapeutic approaches that can interrupt or otherwise
limit the progression of AD pathology is critically needed. Gaining
attention is the post-translational ~modification (PTM),
O-GlcNAcylation,  involving the addition of a single
N-acetylglucosamine (GIcNAc) moiety to serine or threonine
residues. O-GlcNAcylation is regulated by two enzymes: O-GlcNAc
transferase (OGT), which adds GlcNAc, and O-GlcNAcase (OGA),
which removes it (Chatham et al., 2021; Hart et al., 2007). These
enzymes are highly abundant in regions associated with learning and
memory, such as the hippocampus (Zhao et al, 2011).
Pharmacologically or genetically increasing O-GlcNAcylation in both
culture systems and transgenic rodent models can reduce
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amyloidogenic processing of APP (Jacobsen and Iverfeldt, 2011; Kim
et al, 2013; Yuzwa et al, 2014), and compete with serine
phosphorylation of tau, thereby preventing tau aggregation (Yuzwa et
al., 2014; Bartolome-Nebreda et al.,, 2021; Graham et al., 2014;
Hastings et al.,, 2017; Wang et al., 2011; Wang et al., 2020), and
decrease astrocyte reactivity (Dong et al., 2023). In addition, in pTau
mutant mice, increasing O-GIcNAc improves performance in
hippocampus-dependent memory tasks (Yuzwa et al., 2014; Hastings
et al., 2017; Wang et al, 2020). These preclinical findings have
prompted clinical trials using OGA inhibitors for the treatment of AD
(Bartolome-Nebreda et al., 2021; Selnick et al., 2019; Permanne et al.,
2022). However, how pharmacologically increasing O-GlcNAcylation
limits ongoing disease pathology remains to be elucidated, presenting
a gap in current research that this study aims to address.

Here, using 6-month-old female Tg-F344AD rats, we assessed
whether pharmacologically increasing O-GlcNAcylation using
thiamet-G, an inhibitor of OGA, can limit astrocyte and microglia
reactivity, lessen NA axon degeneration, and minimize AP
accumulation in the dentate gyrus (DG) measured at 9 months of age,
a time when significant Ap pathology is present and when we have
shown impaired synaptic function (Smith and McMahon, 2018;
Goodman et al,, 2021). In this study, we replicated previous findings
of increased astrocyte and microglia reactivity using female
TgF344-AD rats (Bac et al., 2023; Futacsi et al., 2025; Cohen et al,,
2013; Rorabaugh et al.,, 2017). With the specific TMG dose and
treatment schedule used, we found no significant effect on AP
accumulation, microglia reactivity, or degeneration of NA axons,
although fewer dystrophic axons were observed. Upon further
analysis, we found that the effect of TMG on astrocyte morphology in
rats was dependent upon their proximity to Ap plaques, with those
close to plaques being larger and more complex than in saline-treated
TgF344-AD at the same distance to Ap plaques, but becoming smaller
and less complex at more distal sites compared to those in saline-
treated TgF344-AD rats. These findings suggest dual beneficial effects
of increasing O-GlcNAcylation on astrocytes, with those close to
plaques having an enhanced ability to surround plaques and protect
local neurons, while those at distal locations enable a healthier
local environment.

2 Methods
2.1 Animals

All breeding and experimental procedures were approved by the
University of Alabama at Birmingham (UAB) or the Medical
University of South Carolina (MUSC) Institutional Animal Care and
Use Committees, as experiments were conducted at both institutions,
and followed the guidelines outlined by the National Institutes of
Health. At UAB, rats were maintained under standard laboratory
conditions [12 h reverse light/dark cycle, lights oft at 6:00 h, 22 °C,
50% humidity, food (Harlan 2,916; Teklad Diets, Madison, WI), and
water ad libitum]. Animals were housed using standard rat cages [7 in.
(height) x 144 in2 (floor)]. At MUSC, rats were maintained under
standard laboratory conditions [12 h reverse light/dark cycle, lights off
at 6:00 h, 22 °C, 50% humidity, food (PicoLab Verified 75 IF LabDiet,
and water ad libitum)]. Animals were housed in standard rat cages
[~8 in. (height) x 140 in2 (floor)].
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TgF344-AD males (originally obtained from Terrance Town at the
University of Southern California), harboring the APP Swedish
(APPswe) and delta exon 9 mutant human presenilin-1 (PS1IAE9)
transgenes, were bred to WT F344 females (Envigo). Transgene
incorporation was verified by polymerase chain reaction (PCR) as
described previously (Smith and McMahon, 2018). For experiments,
female TgF344-AD and WT littermates were aged to 6 months of age,
when AD pathology is already significant, but there are few
cognitive changes.

2.2 Thiamet-G injections

2.2.1 Dosing schedule

To determine the dosing schedule, control adult male Fisher 344
(F344) rats were purchased from Charles River at 8 weeks of age. Rats
were injected subcutaneously via neck scruff between 12 and 20 weeks
of age to allow time to recover before being injected with either 1
injection or 3 injections of thiamet-G (TMG; 10 mg/kg) over a week
[Monday, Wednesday, Friday (MWF)] with rats euthanized and brains
collected at 8 h, 24 h, 48 h, 72 h and 7 days after the last injection of
TMG, with one saline-treated animal collected at each timepoint, for
an n = 5 per group.

2.2.2 WT and TgF344-AD rats treated with TMG
between 6 to 9 months of age

Female Fisher transgenic-344-AD (TgF344-AD, AD) and
non-transgenic (WT) littermates bred and aged in our colony were
injected with TMG or saline subcutaneously via neck scruff on a
MWE schedule from 6 to 9 months of age (Figure 1A). This age was
chosen because TgF344-AD rats already have significant hippocampal
AP pathology present at 6 months (e.g., AP plaques, reactive gliosis,
degeneration of LC-NA axons; Goodman et al., 2021; Cohen et al,,
2013; Rorabaugh et al., 2017). We tested the hypothesis that increasing
O-GIcNAc after pathology is present can prevent or lessen further
pathological changes. At the time of euthanasia, rats were anesthetized
with isoflurane before undergoing cardiac perfusion with oxygenated
artificial cerebrospinal fluid (ACSF; in mM as follows: 119.0 NaCl, 2.5
KCl, 1.3 MgS0O4, 2.5 CaCl2, 1.0 NaH2PO4, 26.0 NaHCO3, 11.0
glucose). Following perfusion, rats were rapidly decapitated, and the
brain was removed. Half of the brain was sub-dissected into regions
of interest and flash frozen for Western blot analysis, while the other
half was drop-fixed in 4% paraformaldehyde for 72 h (Figure 1B).
Western blots were conducted using isolated DG, and confocal
imaging was performed throughout the hilus (Figure 1C).

2.3 Western blot analysis

Rat hippocampi were sub-dissected into DG enriched samples,
weighed while frozen, then homogenized in 20x their weight of TPER
containing phosphatase and protease inhibitors (per product
recommendation 1 tablet/10 mL, Pierce Phosphatase Inhibitor Mini
Tablets cat# A32957), as well as TMG (1.24 mg/mL of TPER), using a
BeadMill homogenizer (2.8 mm ceramic beads, speed=4.85,
time = 20 s, cycle x2, ensuring all tissue is completely homogenized).
Samples were then centrifuged at 12,000 x g for 12 min before the lysates
were collected. Lysate concentrations were determined via a BCA assay
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DN,
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before collection

6 mo. 9 mo.

B, 1 hemisphere Western

1 hemisphere for IHC

!

30 um protein 50 um slices

FIGURE 1

l

500 pym

Experimental Groups
F344-saline (WT-S)-8  TgF344-AD-saline (AD-S)- 9
F344-TMG (WT-T)-8  TgF344-TMG (AD-T)- 10

Thiamet-G (TMG) injection schedule and brain tissue processing. (A) Diagram illustrates the Monday, Wednesday, Friday (MWF) TMG (10 mg/kg) or saline
injection schedule and tissue collection using female WT and TgF344-AD rats aged 6—-9 months. Tissue was collected ~16 h after the last injection.

(B) Schematic illustrating the use of hippocampus from one hemisphere with DG subdissected and flash frozen to be processed for Western blots using
30 pug protein. The other hemisphere was immediately dropped fixed in 4% PFA for 48 h before undergoing cryoprotection in 30% sucrose. Frozen
sections were cut coronally into 50 microns (pm) slices using a freezing sliding microtome and stored in cryoprotectant until IHC processing.

(C) Representative image illustrating the approximate regions in the hilus where confocal images were collected (63x) from each slice. Small scale

bars = 100 pm. 4 experimental groups were used for this study: non-transgenic Fischer-344 rats injected with saline (WT-S, n = 8) or TMG (WT-T, n = 8)
and transgenic Fischer-344-AD (TgF344-AD, AD) rats, injected with saline (AD-S, n = 9) or TMG (AD-T, n = 10). Source: https://BioRender.com/ghnetx7

and diluted to 20-30 pg protein, depending on the protein of interest
(20ug GFAP and Ibal, 30ug CTD110.6 and A, Licor 4x loading buffer
cat# 928-40,004). Western blots were performed using a Bio-Rad setup
with hand-poured 7.5% (CTD 110.6) or 12% (GFAP, Iba-1, and A)
Bis-Tris gels. Each gel contained two ladders and a control group, which
consisted of a blend of cerebellum from each animal to normalize the
blots. Gels were run using a Bio-Rad tank with an initial voltage of 120 V
for ~20 min, followed by 180 V on ice. Protein was transferred onto
PVDF membranes (Millipore) using the Bio-Rad Turboblot transfer
system, using the Bio-Rad Mixed MW setting. Total protein (TP) levels
were measured using Li-Cor Total Protein (cat# 926-11,021) stain,
according to the manufacturer’s instructions, for protein normalization.
TP was imaged and removed before blocking and primary antibody
incubation. Blots were blocked in Li-Cor Blocking buffer for 1 h after TP
was removed. Primary antibody concentrations: CTD.110.6 (1:750, Cell
Signaling cat# 9875S), Glial Fibrillary Acidic Protein (1:1000, GFAP-
Abcam cat# ab53554), Iba-1 (1:500, Wako Fijifilm cat# 019-19,741), and
Amyloid-/ (1:1000, 1-16 Antibody, Biolegend cat # 803003); antibodies
were diluted in Li-Cor antibody diluent (cat# 927-66,003) and incubated
overnight at 4 °C on a rocker. Licor secondaries were used at the
manufacturer’s recommendation of 1:10,000 at room temperature for 1 h
on a rocker (Licor IRDye® cat#'s 926-32214, 925-68,021, 925-32,280).
Blots were imaged using a Li-Cor Odyssey M and quantified with
Empiria Studios. All Western blots were performed in duplicates, and
the average of the duplicates was used. All samples were normalized to
total protein and then to the control sample to normalize across blots.
CTD110.6 and total protein require the quantification of the entire lane
of signal (all detectable signals), as both recognize multiple targets.

2.4 Immunohistochemistry

Following fixation and three 10-minute washes in 1x PBS that
contains 2% trtionx-100 (2% PBST), brain hemispheres were sunk in
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30% sucrose for cryoprotection before being flash frozen in isopentane
on dry ice (—40 °C) and stored at —80 °C. Coronal serial sections
(50 pm) were cut using a freezing sliding microtome and stored in
antifreeze at —20 °C. For each antibody used, 2 coronal dorsal
hippocampal slices were stained. Sections were washed 6 x 10 min in
2%PBST to remove all antifreeze, followed by blocking with a modified
antibody signal enhancing recipe from Rosas-Arellano et al. (2% donkey
serum, 50 mM glycine, 0.05% Tween20, 0.1% Triton X-100) and 0.1%
BSA diluted in 2% PBST (Rosas-Arellano et al.,, 2016) for 1 h at room
temperature on a shaker. Sections were then transferred to 1.5 mL
Eppendorf tubes with 1 mL of antibody solution and rotated ona VWR
multitube rotator at speed 7. Primary antibody concentrations: Glial
Fibrillary Acidic Protein (1:1000 48-h incubation, GFAP-Abcam cat#
ab278054), Iba-1 (1:500 48-h incubation, Wako Fijifilm), Tyrosine
Hydroxylase (24-h incubation 1:1000, EMD Millipore, cat# ab152), and
Amyloid-f (incubation time dependent on co-label, 1:400, 1-16
Antibody, Biolegend cat # 803003). It has been shown that TH fibers in
the hippocampus colocalize with dopamine beta-hydroxylase-positive
fibers (Moudy et al., 1993), and can serve as a homolog for NA fiber
labeling, previously described (Goodman et al., 2021; Dyer-Reaves et al.,
2019). After incubation, slices were washed 6 x 10 min in 2% PBST,
followed by the addition of secondary antibody (abberrior star red
nanobody cat# STRED-1010-50UG; GFAP, Ibal and TH; Alexa Fluor
488 cat# A32766, AP) for 4 h on a shaker. Sections were then washed
5 x 10 min in PBST and a final 10-min wash in 1 x PBS before mounting
with Everbright mounting media containing DAPI (Biotium cat# 23018).

2.5 Confocal imaging

One to two slices from each animal, with 3 regions within the
hilus of the DG, were imaged and analyzed (Figure 1C). The results
from each section were averaged into one value per animal. Z-stacks
were acquired using a Leica SP8 laser scanning confocal microscope
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(Leica, Buffalo Grove, IL) equipped with argon (Ar 488 nm), krypton
(Kr 568 nm), and helium-neon (He-Ne 633 nm) laser lines. Images
were captured with a 10 x dry or 63 x oil immersion objective with a
1 x digital zoom factor. Acquisition settings included: 1024 x 1,024
frame size, 16-bit image resolution, a frame average of 2, and a 1-pm
step size. Z-stacks typically ranged from 47 to 61 pm in depth, and
image analyses were normalized to image depth where applicable.

2.6 Image analysis

Following confocal image acquisition, z-stacks were imported into
Arivis Vision 4D software (Carl Zeiss Microscopy GmbH. (2025).
arivis Cloud [Computer software]. www.apeer.com Version 2.2, image
core 2.9.0.0, Arivis AG, Munich, Germany). For high-throughput
analysis, semi-automated approaches were used to identify structures
of interest; inaccurate or falsely recognized cells or axons were
adjusted or removed by an investigator blind to experimental groups.

Amyloid-fi: AP was co-labeled with either anti-GFAP, anti-Iba-1,
or anti-TH. Z-stacks were imported into Arivis software, where an
analysis pipeline denoised the images before an intensity threshold
was applied; a size exclusion of 500 voxels was used to identify amyloid
plaques. Total voxel count was normalized to image volume to account
for slight variations in slice thickness between images. The average
voxel count from all images for each animal was used to determine
amyloid pathology for each animal (9-12 images per animal).

Astrocytes: To assess the morphology of astrocytes, 3 z-stacks of
anti-GFAP-stained astrocytes (staining protocol above) from the inner
hilus of the DG were imported into Arivis software and reconstructed
into a 3-D model. Cell bodies were then manually placed, as GFAP
does not stain the soma well and does not extensively colocalize with
DAPI. Although GFAP does not stain the finer processes, we are using
changes in GFAP+ volume, process length, and branching to infer a
change in overall cell arborization, and increases in astrocyte volume
inferred from GFAP staining as increased reactivity, with increases in
process length and branching as indicators of increased complexity. A
semi-automated approach was then used to reconstruct cells using the
Probabilistic reconstruction algorithm in NeuronTracer. Tubularity
sensitivity and local threshold were determined from the image, and
the seed filter set to 75%. The total number of cells within a field, as
well as cell volume, total process length, and branch point number
were exported. For each animal, we took the average of all astrocytes
from 3 images to produce average cell values (total astrocytes analyzed:
4786: WT-S: 1284, WT-T: 1123, AD-S: 1083, AD-T: 1296). To assess
if differences in astrocyte morphology characteristics were related to
distance from AP plaques, we first measured both independently.
Next, the distance from each astrocyte to the nearest Ap plaque was
measured in Arivis software and plotted in GraphPad.

Microglia: To assess the morphology of microglia, 3 z-stacks of
anti-Iba-1-stained microglia (staining protocol above) from the inner
hilus of the DG were imported into Arivis software and reconstructed
into a 3-D model. A software pipeline was then created to identify
DAPI and Iba-1 co-localization to accurately detect the cell body of
microglia. A semi-automated approach was then used to reconstruct
cells using the Probabilistic reconstruction algorithm in NeuronTracer.
Tubularity sensitivity and local threshold were determined from the
image, and seed filter set to 70%. The total number of cells within a
field, as well as cell volume, total process length, and branch point
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number were exported. For each animal, we took the average of all
microglia from 3 images to produce average cell values (total microglia
analyzed: 1686, WT-S: 252, WT-T: 267, AD-S: 576, AD-T: 591). To
assess if differences in microglia morphology characteristics were
related to distance from AP plaques, we first measured both
independently. Next, the distance from each microglia to the nearest
AP plaque was measured in Arivis software and plotted in GraphPad.

TH+ axons: To assess TH + axons, 3 z-stack images from the inner
hilus of the DG from 2 coronal slices were imported into Arivis software,
and reconstructed into a 3-D model before an auto-threshold of 50 was
applied as the lower intensity range minimum. This was adjusted, if
necessary, by a blinded experimenter as necessary to correct erroneous
masking. Total voxel count was measured and normalized to the total
image volume to account for the total innervation. During imaging and
quantification, the observation was made that some images contained
large, thickened, and dystrophic (blebbed) axons, commonly referred
to as torturous axons (Booze et al., 1993). In an attempt to quantify the
blebbed axons, a size exclusion of 250 voxels was used to identify these
abnormalities; all flagged objects over 250 voxels were examined to
ensure only torturous axons were included in quantification.

2.7 Statistical analysis

Unless otherwise noted, standard Analysis of Variance (ANOVA)
was used for all statistical analyses. Values of technical replicates (i.e.,
individual cells) were averaged together to create animal averages to
avoid violation of the Assumption of Independence and to thus avoid
Type I error inflation (Festing and Altman, 2002). Animal genotype and
treatment conditions were evaluated as between-subject factors across
all analyses, with both main effects and interactions examined. To
interrogate our hypothesis that pharmacologically increasing
O-GlcNAcylation via TMG could limit astrocyte/microglia reactivity,
simple effects tests were employed to examine treatment group
differences between genotype and treatment conditions (i.e., WT Saline
vs. AD TMG). Bonferroni corrections were applied to all simple effects
tests to control for family-wise Type I error rates (Nicholson et al., 2022).
To evaluate astrocyte/microglia morphology with respect to Ap plaque
distance, separate linear regression models were fit for each condition
(AD Saline vs. AD TMG). Parameters of constructed models (i.e., slope,
y-intercept) were then tested to see if constructed models differed
significantly between treatment groups (Denton et al., 2021; Denton et
al., 2019). Animal weight data were analyzed with a mixed model
ANOVA to investigate the relationship between rodent genotype, sex,
and weight each week. For evaluation of Af immunohistochemistry, a
standard t-test was employed as WT animals were not examined in this
analysis. A p-value of p < 0.05 was considered the cutoff for statistical
significance. All analyses were performed in IBM SPSS (v30) or
GraphPad Prism (v11). All figures were made in GraphPad Prism (v11).

3 Results

3.1 Optimization of thiamet-G dosing
schedule to increase O-GlcNAcylation

Before testing whether increasing O-GIcNAcylation can slow
progression of AD pathology in TgF344-AD rats, our initial goal
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was to determine an optimal thiamet-G (TMG) dosing schedule
that would allow O-GlcNAc levels to cycle. Because this PTM plays
a vital role in many mechanisms involved in cell homeostasis
(Chatham et al., 2021; Hart et al., 2011), prolonged, chronic
increases in O-GlcNAcylation can have detrimental effects
(Chatham et al., 2021; Banerjee et al., 2016; Karunakaran and
Jeoung, 2010; Umapathi et al., 2021). We first determined the time
course of the increase in O-GlcNAcylation following a single dose
of TMG (10 mg/kg s.c.) compared to saline control using adult male
Fisher 344 rats (n = 5/group). We euthanized the rats at 8 h, 24 h,
48 h, 72 h, and 7 days post-injection and assessed O-GlcNAc levels
by Western blot using the pan-O-GlcNAc antibody, CTD 110.6, as
we have done previously (Stewart et al., 2020; Taylor et al., 2014).
As shown in Figure 2A, O-GlcNAc levels were significantly
increased at 8 h post-injection and returned to baseline by 24 h

10.3389/fnagi.2025.1690410

(p<0.001 at 8h post-injection; p>1.00 at all other post-
injection times).

With the return of O-GlcNAc levels by 24 h following a single
injection, we next sought to determine if there was a cumulative effect
of administering TMG 3 times at a 48 h interval on Monday,
Wednesday, and Friday (MWF). Therefore, we injected male rats on
MWEF and euthanizeed at 8 h, 24 h, 48 h, 72 h, and 7 days following
the 3" injection. As shown in Figure 2B, O-GlcNAc levels peaked at
8 h, and precipitately decreased until it was no longer significantly
elevated at 72 h post the 3* injection (RMANOVA; p < 0.001 at 8 h;
p<0.001 at 24 h; p=0.008 at 48 h; p=0.109 at 72 h; p =1.00 at
7 days). Based upon these results, we determined that the optimal
injection schedule for maximizing O-GlcNAc cycling without causing
significant saturation or a complete return to baseline was a MWF
injection schedule, which was used throughout the study.
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FIGURE 2
Time course of the increase in O-GlcNAcylation in whole hippocampal homogenate following in vivo TMG injection. (A) Diagram showing TMG
injections (subcutaneous, s.c.) and hippocampal tissue collection using adult male Fisher rats injected with either one (A) or three (B) TMG (10 mg/kg)
or saline injections. Red tick mark(s) denote when injections occurred. Blue tick marks denote when rats were euthanized post-injection: 8, 24, 48,
72 h or 7 days. (Ai,Bi; See Supplementary Figure 2 for full blots and TP). Representative Western blot (30 pg protein/lane) of O-GlcNAcylated proteins
detected using the pan-O-GIlcNAc antibody, CTD 110.6. Blot labeling left to right: Ladder (L), saline (S), 8 T, 24 T, 48 T, 72 T, and 7d indicate time of
euthanasia in hrs or days (d) post-TMG injection. TC denotes cerebellum tissue used to normalize across blots for quantification; all lanes were
normalized to this value after total protein. (Aii,Bii) Quantification of Western blots (n = 5 per group, 1 saline animal collected at each TMG timepoint,
AU indicates arbitrary units). (Aii) Following a single TMG injection O-GlcNAcylated proteins are significantly increased at 8 h post-injection compared
to saline-injected control rats. RMANOVA: F (5-24)=13.334, p < 0.01; pairwise comparisons: p < 0.001 at 8 h post-injection; p = 1.00 at all other post-
injection times. (Bii) Results show 3 injections in a week significantly increase O-GlcNAcylation for up to 72 h after the last injection. RMANOVA: F
(5,24)=71.967, p < 0.001; Pairwise comparisons: p < 0.001 at 8 h; p < 0.001 at 24 h; p = 0.008 at 48 h; p = 0.109 at 72 h; p > 1.00 at 7 days.
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3.2 Thiamet-G elicits similar increases in
O-GlcNAcylation in WT and TgF344-AD
rats

Next, using the MWF dosing schedule, we set out to test the
hypothesis that pharmacologically increasing O-GlcNAc would slow
progressive AD pathology in the DG of TgF344-AD rats. TMG (10 mg/
kg, sc) or saline was delivered MWF each week for 3 months to female
WT and Tg-F344-AD rats between 6 and 9 months of age (Figure 3).
We specifically focused on the DG since our previous work showed the
earliest alterations in synaptic function occur at excitatory synapses at
medial-perforant path-dentate granule cell synapses (MPP-DGC) prior
to CAl (Smith and McMahon, 2018). The DG in one hemisphere was
used for Western blot analysis, and the other for immunohistochemistry
(IHC) to investigate possible beneficial effects on slowing disease
progression. Rats were euthanized ~16 h following the last injection,
and elevated O-GIcNAc levels were confirmed by Western blot
(Figure 3A). We found no significant differences in basal O-GlcNAc
levels between W'T and TgF344-AD rats at 9 months (p = 0.275). In

10.3389/fnagi.2025.1690410

both WT and TgF344-AD rats, TMG induced significant increases in
O-GlcNAcylation (WT p <0.001; TgF344-AD p =0.001), and the
magnitude was not different between genotypes (p = 0.105). We did
note that across all weeks, TgF344-AD rats weighed significantly more
than their WT counterparts (p < 0.001), and there was no significant
effect of increasing O-GlcNAc on body weight (p = 0.485; Figure 3C).

3.3 Pharmacologically increasing
O-GlcNAcylation in TgF344-AD rats does
not affect ap accumulation

AP plaque accumulation is a key hallmark of progressive AD
pathology. Some reports have shown that pharmacologically
increasing O-GIcNAc through OGA inhibition decreases AP
accumulation in cell models and in transgenic AD mice (Jacobsen
and Iverfeldt, 2011; Kim et al., 2013; Griffith et al., 1995). Therefore,
using 6-month-old female TgF344-AD rats, we first asked whether
AP plaque load is decreased following a 3-month TMG treatment
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T T 1 T T T T
9 10 11 12

O-GlcNAc is significantly increased following a three-month TMG treatment protocol with no effect on body weight. (Ai,Aii) Representative Western
blots displaying O-GlcNAcylated proteins detected using CTD 110.6 (Ai) and total protein TP for normalization (Aii) from WT (left) or TgF344-AD (right)
rats injected with saline or TMG 3x per week for 3 months between 6 and 9 months of age. Rats are euthanized approximately 16 h post final injection.
Experimental groups noted as: WT- saline (WT-S), WT-TMG (WT-T), TgF344-AD saline (AD-S), and TgF344-AD-TMG (AD-T) in this and all subsequent
figures. (Ai, left) Representative blots of O-GlcNAcylated proteins from WT (Ai,Aii, left blots) and TgF344-AD rats (Ai,Aii, right blots): (X) is a sample
prepared with no TMG in the lysate, (TC) denotes cerebellum control tissue used to normalize across blots for quantification; all lanes were normalized
to this value after TP. (Aiii) Plot shows a significant increase in O-GlcNAcylation in TMG-treated rats [Effect of treatment: F (1,15)=55.215, p < 0.001] with
no difference between genotypes [Effect of genotype: F (1,15)=0.229, p < 0.639], n = 2—4 rats per group. (B) Weight tracking data showing TgF344-AD
rats are significantly heavier than WT rats before injections begin and persist throughout the treatment period [Genotype effect: F (1,31)=35.489,

p < 0.001]. TMG did not significantly affect the weight of rats of either genotype: F (1,31)=0.499, p = 0.485. An interaction between genotype and
treatment was also not found: F (1,31)=0.748, p = 0.394.
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until rats reached 9 months of age. Using IHC (Figures 4Ai-Av), we
observed no effect of TMG treatment on Af plaque voxel count
when comparing to saline-treated TgF344-AD rats (Figure 4Av;
p>0.8) or in Western blot analysis probing the 15 kDa isoform
(Figures 4Bi, ii; p > 0.5). Thus, any improvement found in other
measures with TMG treatment will occur independently of a
decrease in AP plaque load. Our results indicate that the dose
(10 mg/kg), treatment schedule (3 times/week), and duration of
TMG treatment (3 months) are ineffective in decreasing AP
accumulation in female TgF344-AD rats once the pathology has
already commenced.

3.4 Western blot does not reveal an effect
of genotype or treatment on GFAP
expression, while Iba-1 expression is
increased in TMG-treated TgF344-AD rats

Previous studies have reported that hippocampal astrocytes and
microglia in TgF344-AD rats are reactive as early as 6 months of age
2021).

(Cohen et al., 2013; Rorabaugh et al., 2017; Chaney et al.,

10.3389/fnagi.2025.1690410

Recent studies show acutely increasing O-GlcNAcylation decreases
GFAP mRNA in control mice (Bell et al., 2025), suggesting decreased
astrocyte reactivity even in healthy conditions. In transgenic 5x FAD
mice, pharmacologic or genetic OGA inhibition decreases GFAP
expression and reactive astrocytes and improves memory (Kim et al.,
2013; Park et al,, 2021). Also, in 5XxFAD mice, OGA inhibition
recovered phagocytic activity of microglia (Park et al., 2021). In ogt
deficient mice, where O-GlcNAcylation is absent, GFAP expression is
increased and astrocytes are reactive (Dong et al., 2023). Collectively,
these data show that O-GlcNAc modulates glial cell reactivity such
that increasing O-GIcNAc decreases astrocyte reactivity in both
control and AD models.

To test for a possible benefit of increasing O-GlcNAcylation on
glial cell reactivity, we first used Western blot to determine if
expression of GFAP, an astrocyte marker, and expression of Iba-1, a
microglia marker, are increased in the DG of TgF344-AD rats, and if
these levels are decreased by TMG treatment. As shown in Figure 5A,
expression of GFAP is not increased in TgF344-AD rats compared to
WT (p = 0.24), and we find no overall effect of treatment (p = 0.098).
However, regarding Iba-1 expression (Figure 5B), we do find a
significant effect of genotype (Figure 5Bii, p = 0.035), with a simple
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Increasing O-GlcNAcylation has no effect on A accumulation in the DG. (Ai—Aiv) Representative confocal images of Ap plaques detected (1-16;
Biolegend, green) in the DG. In these images, microglia were also stained using anti-lba-1 antibody (Wako/ Fuijifilm, red), and the DNA stain DAPI (blue),
scale bars = 500 pm. (Av) Quantification of average Af staining from all images (N = 8-10 rats per group, n = 7—-8 pictures per rat), shown in total
amyloid voxel volume in saline vs. TMG-treated rats [Treatment effect: F (1,17)=1.178, p = 0.819]. (Bi) Representative Western blot showing 15 kDa
isoform of Ap, denoted by the red box, TC denotes cerebellum technical control, (See Supplementary Figure 3 for full blots and TP, AU indicates
arbitrary units). (Bii) Plot shows TgF344-AD rats have a significant increase in 15 kDa A compared to WT, regardless of treatment [Genotype effect: F
(1,9)=41.808, p < 0.001 n = 2—-4 per group], no effect of treatment F (1,9)=0.187, p = 0.676, and no overall interaction effect F (1,9)=0.149, p = 0.708.
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effects test revealing an increase in Iba-1 expression in TMG-treated
TgF344-AD rats compared to TMG-treated WT rats (p = 0.049).
These results indicate that expression of GFAP and Iba-1 are
differentially regulated in TgF344-AD rats, and they are differentially
modulated by O-GlcNAcylation.

3.5 Increasing O-GlcNAcylation increases
astrocyte complexity in TgF344-AD rats

Astrocyte morphology can be altered even when GFAP expression
is unchanged (Baldwin et al, 2024). Furthermore, astrocyte
morphology is a more sensitive measure to infer function than bulk
DG homogenate GFAP expression levels, as this allows measurements
of individual cell changes (Sofroniew, 2020; Lana et al., 2019; Lee et al.,
20225 Zhou et al., 2019; Sofroniew, 2014). Therefore, we used IHC and
confocal imaging to assess changes in astrocyte morphology between
WT and TgF344-AD rats and the possible benefit of increasing
O-GlcNAcylation on reducing reactivity (Figure 6).
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FIGURE 5

Western blot of DG does not reveal an effect of genotype or
treatment on GFAP expression, while Iba-1 expression is increased in
TMG-treated TgF344-AD rats. (Ai) Representative Western blot
detecting GFAP (~50 kDa) protein in the DG (30 pg protein) from WT
and TgF344-AD rats (See Supplementary Figure 4 for full blots and
TP). (Aii) All lanes were normalized to their respective TP, and then
blots were normalized using a cerebellum technical control (purple
TC). AU indicates arbitrary units. No significant genotype or
treatment effect on total GFAP protein in the DG [genotype effect: F
(1,31)=1433, p = 0.24; treatment effect: F (1,31)=2.913, p = 0.098;
interaction effect: F (1,31)=0.56, p = 0.814]. (Bi) Representative
Western blot detecting Iba-1(~15 kDa) protein in the DG (30 pg). (Bii)
Significant genotype effect on Iba-1 protein in the DG [F (1,31)=4.872,
p = 0.035]. While the overall interaction effect between genotype
and treatment was not significant: F (1,31)=0.432, p = 0.516,
Bonferroni-corrected pairwise comparisons show a significant
difference between WT and AD saline-treated animals (p = 0.049);
no main effect of treatment was observed [F (1,31)=0.165, p = 0.687].
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Brief inspection of the IHC data shows that astrocytes are more
reactive in TgF344-AD rats compared to WT (Figures 6Ai-Div),
consistent with published literature (Cohen et al., 2013; Rorabaugh
et al., 2017; Chaney et al., 2021). Statistical analysis reveals
significantly fewer astrocytes in the hilus of the DG in TgF344-AD
rats compared to WT (p = 0.025; Figure 6Ei) with no effect of
treatment (p = 0.587). Importantly, we found increased astrocyte
volume in TgF344-AD rats compared to WT (p < 0.001) in both the
saline (p = 0.023) and TMG-treated groups (p = 0.015; Figure 6Eii),
with no genotype versus treatment interaction (p = 0.926). This
finding is consistent with increased astrocyte reactivity, and the
increased volume offsets the decrease in total number of astrocytes
in TgF344-AD rats (Figures 6Ei,Eii). We next evaluated process
length as an indicator of increased reactivity. We found a significant
effect of genotype (p = 0.049; Figure 6Eiii) and a nearly significant
interaction with TMG treatment (p =0.053). TMG-treated
TgF344-AD rats had significantly longer total process length
compared to TMG-treated WT rats (p = 0.007). Also important is
the finding that within the TgF344-AD group, astrocytes in
TMG-treated rats had significantly longer total process length
saline-treated TgF344-AD rats (p = 0.026;
Figure 6Eiii). Finally, while not finding a significant genotype effect

compared to

in total branch point number (p = 0.101), we found a significant
(p=0.019;
Figure 6Eiv), with a significant difference between WT and
TgF344-AD TMG-treated groups (p = 0.006) and between saline-
and TMG-treated TgF344-AD groups (p=0.014). Thus,
unexpectedly, we found that TMG treatment significantly increases

interaction between genotype and treatment

both process length and branch points only in TgF344-AD rats,
with astrocytes in WT rats being resistant to these morphological
changes. The longer process length and increased branch points in
TMG-treated TgF344-AD rats that
O-GlcNAcylation makes astrocytes more reactive. Furthermore,

indicate increasing
our results indicate that while there is an overall loss of astrocytes
in TgF344-AD rats, they are compensating for this loss by increasing
cell volume and complexity, and that increasing O-GlcNAc is not
preventing or reversing astrocyte reactivity as hypothesized, but
rather it is exacerbating reactivity.

3.6 Astrocytes in thiamet-G-treated
TgF344-AD rats located proximal to ap
plaques are more reactive

Previous studies in transgenic AD mouse models (Chatterjee et
al., 2023; Gomez-Arboledas et al., 2018) and postmortem human
tissue from AD patients (Bouvier et al., 2016; Wegiel et al., 2000) have
determined that astrocyte morphology is more complex near Af
plaques. Therefore, we next wanted to determine whether the
complexity of astrocytes was dependent on their proximity to AP
plaques and whether they are differentially modulated by increasing
O-GlcNAcylation (Figure 7). To evaluate astrocyte morphology with
respect to AP plaque distance, separate linear regression models were
fit for each condition (AD saline vs. AD TMG). Parameters of
constructed models (i.e., slope, y-intercept) were then tested to see if
constructed models differed significantly between treatment groups.
Here, we find that significantly different linear models characterize
the relationship between Ap plaque distance and astrocyte reactivity
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FIGURE 6
Increasing O-GIcNAc increases astrocyte process length and branching in TgF344-AD rats. (Ai—-Div) Representative confocal images of astrocytes in
the DG from all 4 experimental groups with morphological reconstruction using Arivis (Carl Zeiss Microscopy GmbH. (2023). arivis Cloud). (Ai—Aiv)
Dapi (blue), GFAP (red), AB (green), scale bar = 40 pm. (Bi—Biv) Images of isolated GFAP staining; scale bar = 40 pm. (Ci—Civ) Examples of individual
reconstructed astrocytes. Image color based on total process length of that cell, scale bar = 20 pm. (Di—Div) Full image Arivis reconstruction; cell color
based on total process length shows an increase in the number of cells with longer total process lengths (green and yellow) in TgF344-AD rats. (Ei—Eiv)
Graphs quantifying morphology attributes of astrocytes in the DG. Each dot represents 1 rat with an average of 3 images per animal. Total astrocytes
analyzed: 4786, with a breakdown of WT-S: 1284, WT-T: 1123, AD-S: 1083, AD-T: 1296, N = 8-10 animals per group. (Ei) Significant effect of genotype
on total number of GFAP positive cells with less in TgF344-AD rats, and no effect of treatment [significant genotype effect: F (1,31)=5.561, p = 0.025; no
(Continued)
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FIGURE 6 (Continued)

treatment effect: F (1,31)=0.165, p = 0.687; pairwise comparisons show a significant difference between saline-treated WT and AD rats (p = 0.008)].
(Eii) Significant effect of genotype on total astrocyte volume with increased volume in TgF344-AD rats [significant genotype effect: F (1,31)=12.364,

p = 0.001; no effect of treatment: F (1,31)=0.009, p = 0.926; pairwise comparisons show a significant difference between saline-treated WT and AD
rats (p = 0.023) and TMG-treated WT and AD rats (p = 0.015)]. (Eiii) Significant effect of genotype on process length with longer length in TgF344-AD
rats [significant genotype effect: F (1,31)=4.182, p = 0.049; No treatment effect: F (1,31)=1.341 p = 0.256. A near interaction of treatment and genotype:
F (1,31)=4.033, p = 0.053]. Pairwise comparisons show a significant difference between TMG-treated WT and AD rats (p = 0.007), as well as a significant
increase between TMG-treated and saline-treated TgF344-AD rats (p = 0.026). (Eiv) While we observed no effect of genotype or treatment alone we
did see a significant genotype x treatment interaction for number of branches, with TMG-treated TgF344-AD rats having more branches than TMG-
treated WT rats [Genotype effect: F (1,31)=2.857, p = 0.101; Treatment effect: F (1,31)=1.124, p = 0.297; Genotype X treatment effect: F (1,31)=6.079,

p = 0.019]; pairwise comparisons reveal a significant difference between TMG-treated WT and TgF344-AD rats, with AD-T cells having significantly
more branches than WT-T (p = 0.006) as well as a significant increase in the number of branches in AD-T compared to AD-S (p = 0.014).

across all parameters investigated. Indeed, we confirmed that
astrocytes near Af plaques have larger cell volumes, longer process
lengths, and more branch points compared to those located more
distally to plaques, regardless of treatment. (Figure 7). Surprisingly,
increasing O-GlcNAc further increases cell volume (Figure 7B; saline:
y=-3.845X + 1,351 vs. TMG y=—7.015X + 1,355; p =0.0095),
process length (Figure 7C; saline: y = —2.3458X + 681.1 vs. TMG
y =—5.278X + 837.2; p =0.0004) and number of branch points
(Figure  7D; y=—03116X +88.13 vs. TMG
y =—-0.7851X + 122.8; p = 0.0009) of astrocytes close to plaques
(roughly 0 to 30 microns away from the nearest plaque) compared to

saline:

astrocytes of similar proximity to plaques in saline-treated
TgF344-AD rats. Also surprising is that the opposite is true for the
astrocytes located further from plaques (roughly 50-75 microns away
from the nearest plaque), where astrocytes in TMG-treated
TgF344-AD rats are smaller and less complex than those astrocytes
in saline-treated TgF344-AD rats of similar distance from plaques.

3.7 Microglia in TgF344-AD rats are
increased, more reactive, and are resistant
to O-GIlcNAc modulation

In TgF344-AD rats, microglia are also reactive, indicated by an
increase in Iba-1 staining intensity starting at 6 months of age
(Cohen et al., 2013; Rorabaugh et al., 2017). To further characterize
these cells, we used IHC staining and confocal imaging and
performed a detailed analysis of microglia morphology in the hilus
of saline- and TMG-treated TgF344-AD rats compared to saline and
TMG-treated WT rats (Figures 8Ai-Div). Although we only found
a significant increase of Iba-1 protein in Western blot analysis of
TMG-treated WT and TgF344-AD rats (Figure 5B), we found a
significant increase in the total number of microglia in TgF344-AD
rats compared to WT (p <0.001; Figure 8Ei) in both saline
(p < 0.001) and TMG-treated groups (p < 0.001), with no interaction
(p = 0.533). This again indicates that measuring proteins like GFAP
and Iba-1 can provide useful information, but it does not provide an
accurate picture of what is happening to the morphological
restructuring of the glial cells. This finding is in contrast to our
finding with astrocytes, which are decreased in number in
TgF344-AD rats compared to WT (Figure 6). Furthermore, we
found a significant genotype difference in total microglia volume
with decreased volume in TgF344-AD rats vs. WT (p = 0.006;
Figure 8 Eii), but this difference was limited to the saline-treated
group (p =0.018), and there was no interaction with treatment
(p = 0.459). Consistent with this, we found a significant effect of
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genotype (p < 0.001) on total process length, with decreased length
in TgF344-AD rats compared to WT in both the saline (p < 0.001)
and TMG-treated groups (p = 0.004; Figure 8Eiii), but with no
treatment interaction (p = 0.938). We observed a similar finding
with branch point numbers (Figure 8Eiv), with decreased branching
in TgF344-AD rats vs. WT (p < 0.001) with both saline (p < 0.001)
and TMG-treated groups (p =0.015), and with no treatment
interaction (p = 0.965). Overall, microglia were less complex in
TgF344-AD rats compared to WT, although the total number was
increased, consistent with heightened inflammation. Importantly,
no effect on microglia morphology was detected as a result of
increased O-GlcNAcylation, in contrast to our findings for
astrocytes (Figures 6, 7).

3.8 Proximity to ap plaques does not
impact microglia morphology, regardless
of thiamet-G treatment

Similar to our analysis with astrocytes, we assessed microglia
morphology with respect to proximity to Ap plaques, and whether
increasing O-GlcNAc may affect them, in case we were inadvertently
overlooking a finding by comparing averages in the above analysis.
In contrast to our findings with astrocytes (Figure 7), there were no
significant differences in microglia morphology located proximal
(Figures 9Aiii, Aiv) versus distal (Figures 9Ai, Aii) from plaques as
indicated by non-significant linear relationships across cell volume
(saline: p =0.266; TMG: p = 0.699; Figure 9B), process length
(saline: p = 0.645; TMG: p = 0.081; Figure 9C), or branch points
(Saline: p = 0.259; TMG: p = 0.263; Figure 9D). We likewise did not
find significant differences in the relationships between treatment
groups across cell volume (saline: y = —1.667X + 1,099 vs. TMG
y =—0.5238X + 1,079; p=0.5711; Figure 9B), process length
(saline: y=—0.2960X +358.8 vs. TMG y=—1.124X + 377.1;
p=0.1202; Figure 9C), or Dbranch points (saline:
y =—0.1538X + 64.07 vs. TMG y = 0.1541X + 69.63; p = 0.1135;
Figure 9D). These findings indicate that microglia morphology is
not modulated by increasing O-GlcNAcylation.

3.9 Increasing O-GlcNAcylation decreases
the number of dystrophic NA axons in
Tg-F344-AD rats

A previous study reported no loss of NA axons in 6-month
TgF344-AD rats but significant loss at 16 months (Rorabaugh et al.,
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Pharmacologically increasing O-GlcNAc modulates astrocyte complexity based on proximity to Ap plaques. (Ai,Aii) Reconstructed images of astrocytes
in TgF344-AD rats located less than 2 pm from an AB plaque. (Aiii,Aiv) Reconstructed images of astrocytes located at least 75 pm from an AB plaque,
scale bars = 20 pm. (B) Linear regression showing relationship between cell volume and distance to the nearest Ap plaque (Saline (red line)

y = =3.845X + 1,351 vs. TMG (black line) y = —=7.015X + 1,355; p = 0.0095). (C) Linear regression showing relationship between total cell process length
and distance to the nearest Ap plaque (Saline: y = —2.3458X + 681.1vs. TMGy = —5.278X + 837.2; p = 0.0004). (D) Linear regression showing
relationship between total cell branch points and distance to the nearest Ap plaque (Saline: y = —0.3116X + 88.13 vs. TMGy = —0.7851X + 122.8;

p = 0.0009). Across all parameters examined, analyses reveal significantly different linear models between saline and TMG-treated animals, indicating
that TMG treatment differentially impacts the relationship between astrocyte complexity and distance to AB. Regression plots for linear regressions in

). Subsequently, we reported significant loss of locus coeruleus
NA axons in the DG of 6- and 12-month-old TgF344-AD rats
compared to WT ( ), but interestingly, there was

no genotype difference at 9 months, perhaps due to compensatory
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sprouting. In human AD, evidence of NA axon sprouting in the

hippocampus and compensatory changes have been reported (

>

torturous morphology (

), along with TH + axons with distinct
). To determine if
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FIGURE 8

Increasing O-GIlcNAc has no significant effect on microglia morphology. (Ai—-Div) Representative images of microglia from all 4 experimental groups

with morphological reconstruction using Arivis. (Ai—Aiv) Dapi (blue), Iba-1 (red), Ap (green), scale bar = 40 pm. (Bi—Biv) Images display only Iba-1

staining; scale bar = 40 pm. (Ci—Civ) Examples of individual reconstructed microglia. Image color based on total process length of that cell, scale

bar = 20 pm. (Di-Div) Full image Arivis reconstruction; cell color based on total process length shows an increased number of microglia with shorter

total process lengths in TgF344-AD rats (i.e., no yellow). (Ei—Eiv) Graphs quantifying morphology attributes of microglia in the hilus. Each dot

represents 1 rat with an average of 3 images per rat (total number of microglia analyzed: 1686 total cells, with a breakdown of: WT-S: 252; WT-T: 267;

AD-S: 576; AD-T: 591); N = 8-10 rats per group. (Ei) Significant effect of genotype on total number of microglia with TgF344-AD rats having increased

number with no effect of treatment [significant genotype effect: F (1,31)=45.322, p < 0.001; no treatment effect: F (1,31)=0.398, p = 0.533]; pairwise
(Continued)
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FIGURE 8 (Continued)

TMG-treated WT andTgF344-AD rats (p = 0.015).

comparisons show a significant difference between saline-treated WT and TgF344-AD rats (p < 0.001) and TMG-treated WT and TgF344-AD rats

(p < 0.001). (Eii) A significant effect of genotype with microglia in TgF344-AD rats having a significantly smaller total volume with no effect of treatment
[significant genotype effect: F (1,31)=8.535, p = 0.006; no treatment effect: F (1,31)=0.562, p = 0.459]; pairwise comparisons show a significant
difference between saline-treated WT and TgF344-AD rats (p < 0.001). (Eiii) A significant effect of genotype with microglia in TgF344-AD rats having a
significant decrease in total process length per cell with no effect of treatment [significant genotype effect F (1,31)=31.770, p < 0.001; no treatment
effect: F (1,31)=0.006, p = 0.938]; pairwise comparisons show a significant difference between both saline-treated rats WT and TgF344-AD rats

(p < 0.001), and TMG-treated WT and AD rats (p = 0.004). (Eiv) A significant effect of genotype with microglia in TgF344-AD rats having a significant
decrease in total branches per cell with no effect of treatment [significant genotype effect: F (1,31)=24.074, p < 0.001; no treatment effect: F
(1,31)=0.002, p = 0.965]; pairwise comparisons show a significant difference between both saline-treated WT and TgF344-AD rats (p < 0.001), and

increasing O-GlcNAcylation between 6 and 9 months of age can
protect against loss of NA axons in TgF344-AD rats, we used
tyrosine hydroxylase (TH) staining as a proxy for NA innervation
and imaged TH + axons in the hilus (Figures 10AI-Civ). We found
a genotype difference in TH + staining (p = 0.003) and pair-wise
comparisons revealed that TMG-treated TgF344-AD rats have less
staining compared to TMG-treated WT rats (p = 0.004), although
there were no differences in the saline-treated groups (p = 0.201;
Figures 10Di). Importantly, we noted the presence of tortuous,
dystrophic TH + axons in both the saline- and TMG-treated
TgF344-AD groups (Figures 10Bii-Civ, white arrows), similar to
what has been reported in postmortem human AD tissue. To
determine if increasing O-GlcNAc improved the morphology, and
presumably the health, of NA axons, we quantified the dystrophic
“blebby” axons by using size exclusion to separate unusually large
axons (above ~250 voxels), before manual confirmation to add or
remove objects of interest (Figures 10Ci,Cii, red arrows indicate
“false flags”). Although a difference did not bear out in the statistical
analysis (p = 0.265; Figures 10Dii), visual inspection of TH + axons
in the TMG-treated TgF344-AD groups revealed fewer blebby axons.
An improvement is indicated in that the TMG-treated TgF344-AD
was not significantly different from either the saline-treated
TgF344-AD group or either of the WT groups, suggesting that
O-GlcNAc is inducing a slight beneficial change in axon morphology
in TgF344-AD rats.

4 Discussion

This study was the first to investigate the impact of prolonged,
pharmacologically induced increase in protein O-GlcNAcylation on
morphological complexity of astrocytes and microglia and the density
of NA innervation in either control animals or in an experimental
model of AD. We specifically focused on these pathological changes
in the DG given our previous findings of altered synaptic function at
excitatory synapses at MPP-DGC by 6 months of age in TgF344-AD
rats (Smith and McMahon, 2018; Goodman et al., 2021; Smith et al.,
2022) as well as significant accumulation of Ab, reactive astrocytes and
microglia, and degeneration of NA axons reported by us and others
(Goodman et al., 2021; Cohen et al., 2013; Rorabaugh et al., 2017;
Chaney et al., 2021).

Preclinical data showing beneficial effects of OGA inhibition on
memory performance in mouse models of tauopathy and AD has led
to significant clinical interest in OGA inhibitors as a potential
treatment for neurodegenerative disorders in patients (Yuzwa et al.,
2014; Bartolome-Nebreda et al., 2021; Graham et al., 2014; Hastings
etal,, 2017; Selnick et al., 2019; Permanne et al., 2022; Wheatley et al.,
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2019). However, the mechanisms underlying the beneficial effects are
not fully understood. Here, we tested the hypothesis that globally
increasing O-GlcNAcylation in TgF344-AD rats using the OGA
inhibitor TMG for 3 months, beginning at 6 months of age, would
reduce AP plaques, decrease glial cell reactivity, and lessen NA axon
loss in the hilus of the DG measured at 9 months of age. This
hypothesis was based upon previous reports showing decreased
amyloidogenic processing of APP following pharmacologically or
genetically increasing O-GlcNAc in transgenic mouse models (Kim et
al,, 2013; Yuzwa et al., 2014; Park et al., 2021; Borghgraef et al., 2013).
Recent literature has shown that pharmacologically increasing
O-GIcNAc decreases astrocyte reactivity and GFAP mRNA in control
mice (Dong et al., 2023; Bell et al., 2025) and genetically increasing
O-GlcNAc in 5XFAD mice decreases GFAP protein expression and
astrocyte reactivity (Dong et al, 2023). Furthermore, because
increasing O-GlcNAc can decrease the accumulation of both Ap and
pTau, it might protect NA axons from degeneration.

4.1 TMG significantly increases O-GIcNAc
with a cumulative effect of multiple
injections

While only a few studies currently exist, increasing
O-GlcNAcylation has been shown to improve memory performance
in transgenic mice with Tau or APP mutations (Kim et al., 2013;
Yuzwa et al,, 2014). The molecular mechanisms driving this beneficial
effect are not fully understood but may be related to the ability of
O-GIcNAc to enhance non-amyloidogenic APP processing, decrease
hyperphosphorylation of Tau as previously mentioned (Kim et al.,
2013; Yuzwa et al., 2014; Bartolome-Nebreda et al., 2021; Graham et
al,, 2014; Dong et al., 2023; Banerjee et al., 2016; Wheatley et al., 2019),
regulation of neuronal circuits (Stewart et al., 2020; Taylor et al., 2014;
Park et al., 2021; Wheatley et al., 2019; Phillips et al., 2024), and/or
potentially by decreasing glial cell reactivity (Dong et al., 2023;
Banerjee et al., 2016; Bell et al., 2025; Park et al., 2021; Park et al., 2021;
Baudoin and Issad, 2014). Notably, these studies have employed high
doses of OGA inhibitors (up to 500 mg/kg in daily drinking water) for
extended periods (5 + months) to achieve beneficial effects (Yuzwa et
al., 2014; Wang et al., 2020). Here, we used a more modest dose of
TMG (10 mg/kg) that we have shown here and in our previous studies
to cause robust increases in protein O-GlcNAcylation in the
hippocampus (Taylor et al.,, 2014) and decrease epileptic activity
recorded in vivo (Stewart et al., 2020; Stewart et al., 2017). We have
also reported that this dose can acutely impair some forms of learning
and memory (Taylor et al., 2014). To permit the fluctuating nature of
O-GlcNAcylation that occurs in vivo (Chatham et al., 2021; Hart et
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FIGURE 9
Pharmacologically increasing O-GIlcNAc does not affect microglia morphology regardless of proximity to AB. (Ai,Aii) Reconstructed images of
microglia in TgF344-AD rats located less than 2 um from an Ap plaque. (Aiii,Aiv) Reconstructed images of microglia in TgF344-AD rats located at least
50 pm from an AB plaque. Scale bars = 20 pm. (B) Linear regression showing relationship between cell volume and distance to the nearest A plaque
(Saline:y = =1.667X + 1,099 vs. TMG y = —0.5238X + 1,079; p = 0.5711). (C) Linear regression showing relationship between total cell process length
and distance to the nearest Ap plaque (Saline: y = —0.2960X + 358.8 vs. TMG y = —1.124X + 377.1; p = 0.1202). (D) Linear regression showing
relationship between total cell branch points and distance to the nearest Ap plaque (Saline: y = —0.1538X + 64.07 vs. TMGy = 0.1541X + 69.63;
p = 0.1135). Across all parameters examined, analyses reveal no difference in linear models between saline and TMG TgF344-AD rats, indicating that
TMG treatment does not differentially impact the relationship between astrocyte complexity and distance to Ap. Regression plots for linear regressions
in

s ), we increased O-GlcNAcylation using a
3-times-per-week treatment protocol to allow O-GlcNAc levels to
vary to minimize adverse effects that can occur as a result of
chronically elevated O-GlcNAcylation (

R ). Little information exists in the published
literature about the time course of the increase in O-GIcNAc in the
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hippocampus following systemic administration of OGA inhibitors,
which is important given these drugs are being used in AD clinical
trials ( ; R

). We find that following a single injection of TMG,
O-GIcNAc levels return to baseline by 24 h post-injection. However,
O-GlcNAcylation remains elevated for 48 h post-injection following
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saline-treated WT and TgF344-AD rats (p = 0.006)
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Increasing O-GIlcNAc does not lessen the loss of NA axons in the hilus of the DG. (Ai—Aiv) Representative images of tyrosine hydroxylase (TH;
magenta) and Ap (green) staining. (Bi—Biv) Images displaying only TH staining to facilitate viewing of dystrophic axons (white arrows) in TgF344-AD

rats. (Ci—Civ) Representative image of TH quantification (white axons), axonal abnormalities (red axons), red arrows indicate abnormalities that were
correctly flagged and removed from analysis (Ci,Cii) scale bars = 20 um. (Di) A significant effect of genotype with TgF344-AD rats having a significant
decrease in total TH axon innervation in the hilus of the DG with no effect of treatment [significant genotype effect: F (1,29)=10.176, p = 0.003; no
effect of treatment: F (1,29)=0.191, p = 0.665; pairwise comparisons show a significant difference between TMG-treated WT and TgF344-AD rats

(p = 0.004); N = 8-10 rats per group, 6 images per rat]. (Dii) A significant effect of genotype with TgF344-AD rats having an increase in total dystrophic,
torturous and blebbed TH axons with no effect of treatments [significant genotype effect: F (1,29)=10.697, p = 0.003; no effect of treatment: F
(1,29)=0.409, p = 0.527; and no overall interaction: F (1,29)=0.793 p = 0.380]. Corrected pairwise comparisons show a significant difference between

a series of 3 injections delivered at a 48 h interval, indicating an
accumulative effect. This, along with previous data, led us to try a
lower dose of TMG to increase O-GIcNAc, hopefully without
incurring the detrimental effects of chronically increased O-GlcNAc
seen in several diseases ( ;

; ). Importantly, we confirmed that
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O-GlcNAcylation remains elevated in the DG, as well as in CA3 and
CA1 (
indicating that OGT remains functional and has not been
downregulated to offset the chronic inhibition of OGA. It is unknown
how O-GlcNAc levels between acutely injected animals vs. chronically

), following a 3-month treatment,

injected animals differ, and it is also unknown how long
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O-GlcNAcylation will remain increased following termination of
chronic OGA inhibition, as in the 3-month treatment protocol
used here.

4.2 Increasing O-GIlcNAc at a time when ap
accumulation is significant does not
prevent further plaque accumulation

In our experiments, we investigated whether increasing O-GIcNAc
could slow further A accumulation once pathology had already
begun. In contrast to findings in transgenic AD mice reporting
decreased amyloidogenic APP processing under conditions of
increased O-GlcNAcylation (Jacobsen and Iverfeldt, 2011; Kim et al.,
2013; Yuzwa et al., 2014; Bell et al., 2025; Park et al., 2021), we found
no detectable difference in Ap 15 kDa protein in Western blot analysis
or in total plaque volume in THC staining in the hilus from TMG vs.
saline-treated TgF344-AD rats using the specific dose and treatment
schedule we employed. Potentially beginning treatment earlier in the
disease process, before A accumulation begins, or use of a higher
TMG dose may be beneficial in decreasing Ap accumulation. This
awaits future study.

4.3 Genotype difference in Iba-1
expression between the thiamet-G treated
groups, but no genotype or treatment
effect on GFAP protein expression

Despite previous reports of reactive astrocytes and microglia by
6-8 months in TgF344-AD rats via anti-GFAP or anti-Iba-1 THC
(Cohen et al,, 2013; Rorabaugh et al., 2017), and although Disterhoft
et al.,, add year has demonstrated increases in GFAP protein starting
at 6-8 months assessed via mass spectroscopy in bulk CAl
homogenate (Bac et al., 2023), we observed no detectable difference
in GFAP protein levels in DG measured in Western blot across
genotype or treatment. We suspect changes in protein level may be
masked by decreases in the total number of GFAP-positive astrocytes,
even though those that remain exhibit significantly increased total cell
volume. In contrast to our findings with GFAP expression, we found
a significant increase in Iba-1 expression with elevated levels in the
DG of TgF344-AD rats compared to WT, but this was specific to
TMG-treated groups, with no significant differences in Iba-1
expression in the saline-treated groups. We did observe a significant
increase in GFAP and Iba-1 proteins in the CA3 homogenate of
saline-injected TgF344-AD rats WT
(Supplementary Figure 1), and we suspect even greater morphological

compared to saline

differences in glial populations. This awaits future study. To date, no
study has used Western blot to quantify GFAP or Iba-1 expression in
TgF344-AD rats at any age.

4.4 Increasing O-GlcNAc further
exacerbates astrocyte reactivity in
TgF344-AD

Our finding of fewer astrocytes in TgF344-AD rats compared to
WT, regardless of treatment, was unexpected. A previous study in
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7-8-month TgF344-AD rats found no change in the number of
astrocytes in the hippocampus, although they did find a significant
increase in the prefrontal cortex (Futacsi et al., 2025). The decrease in
astrocyte number in this study was offset by an overall larger total
astrocyte cell volume in TgF344-AD rats, suggesting that individual
astrocytes expand to cover a greater region. This is consistent with
literature showing variable morphological changes that are highly
associated with various reactive states (Sofroniew, 2020; Pekny and
Pekna, 2014; Sofroniew, 2014; Burda et al., 2016). With respect to
morphological complexity, we found no significant differences when
statistically comparing any measure of astrocyte morphology between
saline- and TMG-treated WT rats. However, inspection of the violin
plots seems to suggest that astrocytes in TMG-treated WT rats have
less variability, or a more narrow distribution of process length and
number of branches compared to saline-treated WT rats, implying
that increasing O-GlcNAc makes astrocyte morphology, and perhaps
function, more homogenous. Future studies are needed to fully
determine if O-GlcNAc impacts astrocyte function.

4.5 Thiamet-G affects astrocyte cell
properties based on proximity to ap

A surprising finding was the selective effect of increasing
O-GIcNAc on astrocyte complexity in TgF344-AD rats with no effect
on microglia. While we hypothesized that increasing O-GIcNAc
would reduce astrocyte reactivity, we observed the complete opposite.
Total astrocyte process length and number of branches were
significantly increased in TMG- vs. saline-treated TgF344-AD rats,
indicating reactivity was further heightened by increasing
O-GlcNAcylation. These surprising findings suggest a sort of
enhanced function induced by increasing O-GIcNAc on astrocyte
complexity in AD, a mechanism that is absent under healthy
conditions in WT rats. The functional impact of this effect is currently
unknown, but it is attractive to speculate that O-GlcNAc is enhancing
astrocyte reactivity as a further defense against the damaging effects
of AP accumulation. This concept is supported by our analysis of
morphological complexity when the astrocytes are in close proximity
to AP plaques versus at distal locations in TMG vs. saline-treated
TgF344-AD rats. Importantly, it has been appreciated for a couple of
decades that astrocytes near AP} plaques are more reactive than those
at distal sites (Chen et al., 2025; Sofroniew, 2014; Pekny et al., 2014).
Unexpectedly, we found that TMG treatment differentially affected
astrocyte characteristics based on distance to AP plaques, with
astrocytes near plaques being larger and more complex than their
counterparts at the same distance in saline-treated TgF344-AD rats,
while astrocytes more distally located to AP plaques are smaller and
less complex compared to astrocytes at the same distance from Af
plaques in their saline-treated counterparts. Our data suggest that
astrocytes may form a protective barrier around amyloid plaques,
demarcating the area for AP degradation, phagocytosis, and a local
inflammatory reaction. This would predict that plaques that are not
insulated by astrocytes have a greater toxic effect on surrounding brain
tissue. These findings further indicate that TMG is specifically
increasing astrocyte complexity near AP plaques, possibly to aid in
sequestering AP plaques to limit damage to surrounding tissue by
forming a protective border around plaques (Sofroniew, 2015;
Sofroniew, 2014), while decreasing their complexity further away,
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possibly preventing the pro-inflammatory and cytotoxic cascades that
are induced when glial cells are exposed to AP (Itagaki et al., 1989; Li
etal., 2011). However, further investigations are required to confirm
and characterize the neuroprotective role of astrocytes in response to
AP plaque formation (Mathur et al., 2015) and, in particular, how
increasing O-GlcNAcylation modulates astrocyte function in addition
to morphology during progressive AD pathology.

4.6 Thiamet-G does not reduce microglia
reactivity observed in TgF344-AD rats

Microglia are reactive in TgF344-AD rats starting at 6 months of
age (Cohen et al., 2013; Rorabaugh et al., 2017), and our findings
confirm this in the DG at 9 months of age. Similar to a recent report
in TgF344-AD rats (Futacsi et al., 2025), we observed a significant
increase in the total number of microglia in TgF344-AD rats
compared to WT, and there was no effect of treatment. Our additional
analysis showed an overall decrease in microglia cell volume, likely a
consequence of the significant decrease in processes contributing to
the decrease in overall cell volume. Individual cells in TgF344-AD rats
had a more ameboid shape compared to WT, consistent with
observations of microglia from both human AD patients and various
transgenic models (Colonna and Butovsky, 2017; Davalos et al., 2005;
Town et al., 2005; Wendimu and Hooks, 2022; Crespo-Garcia et al.,
2015). These findings are in direct contrast to our findings with
astrocytes, where their number was decreased and volume increased
in TgF344-AD rats compared to WT. Also, in contrast to our findings
with astrocytes, microglia in TgF344-AD rats were less complex, with
significantly shorter total process length and fewer branch points.
Interestingly, microglia morphology, regardless of genotype, appeared
resistant to increased O-GlcNAc. However, TMG treatment seemed
to normalize microglia volume, such that cell volumes were only
different in saline-treated WT and TgF344-AD rats. We also found no
significant difference in microglia cell properties with respect to
distance to AP plaques or treatment, indicating microglia are retaining
their reactive state, regardless of proximity to amyloid plaques.
Although previous research has shown increasing O-GlcNAc
suppresses inflammatory responses through microglial-mediated
inflammatory regulation in various models of neurodegeneration or
brain injury (Park et al., 2021; He et al., 2017; Hwang et al., 2013;
Hwang et al., 2010; Wang et al., 2024; Yao et al., 2025; Zheng et al,,
2012), many of these studies only saw effect at high doses of
glucosamine (direct substrate for making UDP-GIcNAc), or OGA
inhibitors. This indicates that while O-GlcNAc has the ability to
modulate microglial activity, either the dose used in this study or the
specific cellular environment to induce increased O-GlcNAcylation
on microglia was lost or not sustained over time in these rats.

4.7 Dystrophic, blebbed NA axons are
increased in TgF344-AD

While it has long been recognized that AD patients suffer from
early locus coeruleus (LC) degeneration (Weinshenker, 2018;
Fructuoso et al., 2025; Szot et al., 2006), it has only been in the past
few decades that the field has appreciated how this loss exacerbated
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neurodegeneration and pathological dysfunction, as seen in rodent
models with chemogenic LC degeneration (Chalermpalanupap et al.,
2018; Iannitelli et al., 2023; Weinshenker et al., 2008; Evans et al., 2024;
Kalinin et al., 2007; Pugh et al., 2007). Numerous studies have shown
that noradrenaline is involved in complex inflammation signaling
cascades, with loss of NA signaling increasing microglia reactivity
(Evans et al., 2020; Gonzalez-Prieto et al., 2021) and perturbations to
astrocyte activity (Wahis and Holt, 2021; Lim et al., 2021), and glial
cell involvement in the degradation of NA axons (Zong et al., 2025;
Jing et al., 2021). We previously reported significant loss of NA axons
at 6 and 12 months in the DG of male TgF344-AD rats, but a
non-significant decrease at 9 months (Goodman et al., 2021). Others
have reported decreased NA innervation at 16 months in TgF344-AD
rats, but not at 6 months of age (Rorabaugh et al., 2017). The apparent
normalization of NA axon density at 9 months in our previous study
in male TgF344-AD rats, when there is significant loss at 6 and
12 months, likely indicates a temporary period of axon sprouting,
which is believed to also occur in human AD (Booze et al., 1993; Szot
et al, 2007). In a previous study, we also reported heightened LTP
magnitude at MPP-DGC at 6 months of age in both male and female
TgF344-AD rats that was normalized by 9 months, again suggesting
compensatory mechanisms at play (Smith and McMahon, 2018). We
later reported that the heightened LTP at MPP-DGC synapses in
6-month-old TgF344-AD rats was caused by an increase in the
function of f-adrenergic receptors (Goodman et al., 2021; Smith et al.,
2022). Interestingly, a recent study found a higher density of
cholinergic synapses in area CA1 of TgF344-AD rats just prior to the
appearance of A plaques, suggesting cholinergic axon sprouting as a
compensatory mechanism (Berg et al., 2025).

Here, our results show a genotype effect, with WT animals having
a higher NA axon innervation compared to TgF344-AD rats overall;
however, pairwise comparisons revealed this was mainly driven by
TMG-treated WT rats. During image analysis, we noted the presence
of abnormally thickened axons, often organized in clusters, sometimes
termed torturous axons, dystrophic axons, or axonal “blebs” in the
literature, particularly in post-mortem human brain tissue, though it
has been noted in animal models of AD as well (Booze et al., 1993;
Powers et al., 1988; Liu et al., 2013; Harrell et al., 2005). We chose to
quantify axonal abnormalities and found a significant increase in these
abnormalities in TgF344-AD saline-injected injected compared to
WT saline rats. This significance is lost in when comparing
TMG-treated WT vs. TMG-treated TgF344-AD rats, presumably due
to a protection of NA axons and a reduction in blebbed axons in the
TMG-treated TgF344-AD rats, which is supported by visual
inspection of the images. Potentially, increasing O-GlcNAc may
provide protection to NA axons in AD, but more work is needed to
determine if this is the case and alternate doses and treatment
strategies may be needed.

4.8 Limitations

This study has several limitations. We chose a specific TMG
dose (10 mg/kg) leaning on our previous studies showing significant
hippocampus dependent behavioral and neuronal excitability
changes (Stewart et al., 20205 Stewart et al., 2017) and injection
schedule of 3 times per week to allow cycling of O-GlcNAc levels
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determine whether increasing O-GlcNAcylation could slow ensuing
AD pathology. We analyzed only the DG, as it is the first region to
display synaptic deficits in TgF344-AD rats (Smith et al., 2022).
Thus, investigating other treatment schedules and brain regions will
expand an understanding of this potential therapeutic strategy. We
systematically quantified AP plaques via IHC, therefore, the
preciseness of the amyloid load may be limited due to the diversity
of plaque size, density, and location. Furthermore, by Western blot,
we detection of the 15 kDa fragment, and did not investigate
potential differences in A monomers, oligomers, protofibrils, and
fibrils. These strategies may be prevented a detection of significant
differences in Ap load between TMG and saline-treated TgF344-AD
rats. We also acknowledge that while increases in GFAP are
common to infer reactivity, the finer processes and plasma
membrane of astrocytes extend far beyond the GFAP-stained arbor.
Morphological analysis using a method that can visualize the
plasma membrane may reveal other morphological changes. At the
outset, we attempted to sufficiently power this study; however, the
diverse nature of AD pathogenesis, together with the vast
heterogeneity of astrocytes and microglia, and TH innervation/
abnormalities, interactions between genotype and treatment were
underpowered. Furthermore, due to averaging hundreds of
heterogeneous astrocytes (or microglia) into one averaged value per
animal, we could be missing morphological differences in various
populations of cells. These results reflect the overall morphological
attributes of glial cells inside the hilus; thus, we could be missing
specific changes occurring in these heterogeneous cell populations.
Finally, we used only female rats in this study. Previous studies have
used both sexes and report limited differences at the ages used in
this study (Cohen et al., 2013; Morrone et al., 2020; Bazzigaluppi et
al., 2018; Pentkowski et al., 2018).

5 Conclusion

The results of this study further highlight the extensive
pathological changes in TgF344-AD rats and the complexity of
manipulating O-GlcNAc levels in evaluating beneficial mechanisms
and therapeutic potential in AD or other neurodegenerative diseases.
Our work enhances understanding of astrocyte and microglia
morphological complexity, with the surprising finding of selective
effects of increasing O-GIcNAc on astrocytes, with microglia being
mostly resistant, at least at the TMG dose and treatment schedule
used here. The dual beneficial effects of increasing O-GlcNAc on
astrocyte morphological complexity, which depend upon distance
from AP plaques was also unexpected. Detailed morphological
complexity has significant advantage over the use of total surface
staining intensity in IHC or protein expression levels in Western blot.
Future studies investigating the advantage of increasing O-GIcNAc
prior to disease onset are needed to inform therapeutic strategies in
delaying the onset of AD pathology.
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