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Tau pathology reprograms glucose
metabolism to support cortical
hyperexcitability, excitatory/inhibitory
imbalance, and sleep loss

Check for updates
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Holden C. Williams1, Gopal V. Velmurugan2,5, Jerry B. Hunt Jr.2, Junyan Li2, Patrick G. Sullivan2,5,
Daniel C. Lee2,6, Adam Q. Bauer3,4, Lance A. Johnson1,2,6 & Shannon L. Macauley1,2,6

Alzheimer’s disease (AD) is not only defined by amyloid-β and tau pathology but by early metabolic
disruptions and hyperexcitability. How tau independently reshapes the coupling of metabolism-
excitability to impact processes like sleep remains unclear. Here, hyperphosphorylated tau preserves
whole-bodymetabolic functionwhile driving cortical hyperexcitability and sleep loss inmousemodels
of tauopathy. Tau pathology prevented age-related decline in glucose tolerance and maintained
diurnal hippocampal interstitial fluid (ISF) glucose and lactate rhythms, which were lost in aging
wildtype mice. Stable isotope-resolved metabolomics revealed that tau pathology preferentially
shunts glucose toward glutamate synthesis at the expense of GABA, suggesting an excitatory/
inhibitory (E/I) imbalance not explained by synaptic mitochondrial deficits but by glycolytic flux.
Hallmarks of hyperexcitability and impaired inhibitory tone were confirmed by continuous EEG/EMG
recordings where decreased beta power, reduced cortical coherence, a flatter aperiodic slope, and
abnormal gamma oscillations were associated with NREM and REM sleep loss. Widefield optical
imaging confirmed exaggerated glutamatergic calcium activity during whisker stimulation. Together,
these findings show that tau pathology drives glucose-dependent hyperexcitability while impairing
network synchrony and sleep/wake architecture. This work identifies E/I imbalance as a mechanistic
link between tau, metabolism, and sleep loss, highlighting a therapeutic target for tauopathies like AD.

Alzheimer’s disease (AD) is the most common cause of dementia, char-
acterized by the progressive aggregation of amyloid beta (Aβ), followed by
the accumulation of hyperphosphorylated tau, and subsequent
neurodegeneration1,2. Beyond these hallmark pathologies, metabolic and
sleep disturbances are among the earliest andmost consistent physiological
changes in AD3–13. Sleep fragmentation, reduced slow-wave sleep, and
altered circadian rhythms are observed decades before cognitive decline and
are strongly associated with increased Aβ and tau burden14–16. These find-
ings suggest that disruptions in energy homeostasis and sleep-wake reg-
ulation are notmerely downstream consequences of neurodegeneration but

may actively contribute to disease onset and progression17–19. At the mole-
cular level, AD pathology is associated with mitochondrial dysfunction,
oxidative stress, and inflammation, which are hypothesized to underlie
altered energy and metabolic homeostasis20,21. 2-Deoxy-2-[18F]fluoro-D-
glucose positron emission tomography (FDG-PET), the gold standard for
imaging glucose uptake in AD, has repeatedly shown cerebral hypometa-
bolism in patients with AD and mild cognitive impairment (MCI)22,23.
However, it is unclear whether these findings are solely due to neuronal
dysfunction and cell loss, or whether Aβ or tau pathology causes shifts in
brain metabolism independent of cell loss. Interestingly, recent evidence
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suggests that tau pathology may independently, and paradoxically, drive
regional hypermetabolism in 4 R tauopathies or early AD24,25. These con-
founding findings raise a need to further investigate and clarify the inde-
pendent effects of tau pathology on metabolism to identify potential
therapeutic targets and biomarkers of disease progression.

Sleep-wake regulation provides a potential link between altered
metabolism and tau pathology. Extracellular tau fluctuates with sleep-wake
states, increasing during wake and periods of heightened neuronal
activity19,26,27. Sleep is a metabolically restorative state supporting synaptic
homeostasis, glymphatic clearance, and replenishment of energy
substrates28–33. Conversely, chronic sleep disruption elevates extracellular
tau levels and energy consumption34–37, while tau accumulation in turn
disrupts sleep architecture and neuronal synchrony38,39. However, the
mechanisms underlying this bidirectional relationship are still debated and
present a unique opportunity to uncover novel therapeutic targets for
restoring tau-dependent sleep loss.

One mechanism potentially underlying alterations in metabolism and
sleep is the dysregulation of neuronal excitability. Neuronal excitability,
energymetabolism, and sleep-wake activity are tightly coupled and essential
for maintaining healthy brain function. During wake and periods of
heightenedneuronal activity, glucose uptake andoxidative phosphorylation
are upregulated to sustain increased ATP production, lactate shuttling,
glutamate recycling, and neurotransmitter production40–50. Conversely,
sleep, particularly slow-wave sleep, provides a metabolically restorative
period during which neuronal firing and energy consumption decline,
enabling clearance of metabolic waste products and replenishment of gly-
cogen and neurotransmitter pools15,51. In neurodegenerative diseases, like
AD, this couplingmay become disrupted. Aberrant hyperexcitability across
cortical and hippocampal circuits, documented in AD patients and mouse
models, elevates energy demands, perturbs metabolic imbalance, and
fragments sleep architecture52–56. These disturbances can, in turn, amplify
neuronal activity and accelerate accumulation of pathogenic tau, suggesting
a bidirectional loop between excitatory tone, metabolism, and sleep
regulation26,38. However, the independent effects of tau pathology on the
coupling of metabolism and excitability remain unexplored. While
increased neuronal activity is known to promote tau release into the
extracellular space, the extent to which tau pathology drives neuronal
excitation versus silencing remains controversial57–65. Therefore, we sought
to investigate how tau pathology reshapes the interrelationship between
metabolism, excitability, and sleep.

In this study, we characterized how tau pathology impacted the rela-
tionship between metabolism, sleep, and excitability in the P301S PS19
mouse model of tauopathy. Using indirect calorimetry and glucose toler-
ance tests, we found that female P301S mice are resistant to age-related
metabolic decline in whole body metabolism. Moreover, we found similar
effects in preserved glucose tolerance using the Tau4RTg2652 mice that
exhibit increased ptau levels but not neurofibrillary tangles or neurode-
generation. This data suggests thatmetabolic preservation is due to ptau, not
tangles or neurodegeneration. Using intrahippocampal biosensors to assess
interstitial fluid (ISF) glucose and lactate dynamics, a similar pattern
emerged. P301S mice maintained diurnal ISF glucose and lactate rhythms,
which are lost with age in WT mice. Using [U-¹³C]-glucose stable isotope-
resolved metabolomics (SIRM), labeled glucose was preferentially incor-
porated into glutamate, which occurred at the expense of GABA and other
metabolites, suggesting that glucose is an important biosynthetic substrate
for glutamate production in P301S mice. Despite this, the total abundance
for both glutamate andGABAwere reduced in the P301Smice, highlighting
tau-dependent changes in the neurotransmitter pool. BulkRNA sequencing
of the P301S cortex demonstrated a downregulation of synaptic signaling
pathways and an upregulation of metabolic and mitochondrial gene
expression following a glucose challenge. To directly assess excitability and
sleep-wake cycles, cortical EEG recordings demonstrated that P301S mice
spend increased time in wake and decreased time in NREM and REM
during the light (inactive) period. Further, spectral analysis revealed that tau
pathology reduces beta power, increases excitation, and reduces EEG

coherence. Further spectral decomposition revealed a shift in theta and
gamma oscillations, highlighting increased cortical excitability. These
results were confirmed using wide-field optical imaging (WFOI) which
revealed that tau pathology increased glutamatergic calcium dynamics, a
measure of neuronal activity, during an evoked response. Together, these
findings suggest tau pathology causes ametabolic shift to support increased
excitation, at the expense of inhibition, which contributes to NREM and
REM sleep loss.

Results
Tau pathology decreases cortical and hippocampal volume
As P301S mice age, AT8+ tau pathology is observed in the cortex (soma-
tosensory, parietal, retrosplenial, entorhinal, and piriform) and hippo-
campus by 6 months of age and progresses with age (Fig. 1A–C). By
6 months, AT8+ staining is increased by 15% in the entorhinal/piriform
cortex (Fig. 1C; p < 0.01) and 5% somatosensory/parietal/retrosplenial
cortex and hippocampus (Fig. 1C; p < 0.05). Reductions in regional volume
reflect neurodegeneration, as indicated by NfL-DegenoTag immunor-
eactivity representative images, which label degenerating axons. Neurode-
generation is present in 9 month P301S mice but absent in controls (Fig.
1D). Volumetric analysis of the cortex and hippocampus demonstrated a
4% reduction in somatosensory/parietal/retrosplenial cortical volume as
early as 6 months (Fig. 1E; p < 0.05) while entorhinal/piriform and hippo-
campal volume decreased by 9 months (Fig. 1E; p < 0.05). Together,
hyperphosphorylated tau (ptau) pathology exhibits region-specific accu-
mulation, which is associated with cortical atrophy as early as 6 months of
age. Both tau pathology and regional atrophy progress with age.

Tau pathology prevents age-related decline in peripheral meta-
bolism and locomotion
To analyze whole-body metabolism relative to normal aging and tau
pathology, we utilized glucose tolerance tests (GTT) to examine glucose
sensitivity and tolerance. Fasting blood glucose levels did not differ at
baseline based on either age or genotype (Fig. 2A). Wild-type (WT) mice
display an age-related change in glucose sensitivity, including a higher
glucose peak and delayed return to baseline following an i.p. glucose chal-
lenge (Fig. 2B, p < 0.001). WTmice exhibited an age-dependent increase in
area under the curve (AUC) (Fig. 2C, p < 0.01), suggesting glucose intol-
erance. In contrast, P301S mice did not display an age-related change in
glucose tolerance or sensitivity (Fig. 2C). The glucose peak, return to
baseline, and AUC did not change in P301S mice as they age and remain
comparable to the phenotype of 3-month WT (Fig. 2B, C). This suggests
glucose tolerance is preserved in 9-month P301S mice compared to age-
matchedWTmice (Fig. 2C, p < 0.01). Next, we explored if changes in body
weightweredriving changes in peripheralmetabolism.WTmice exhibited a
progressive increase in body weight with age (Supplementary Fig. 1,
p < 0.0001); however, P301S mice weighed less at 9 months compared to
WT littermates (Supplementary Fig. 1A, p < 0.0001). Interestingly, this
difference in weight gain was not due to changes in food intake (Supple-
mentary Fig. 1B). To explore whether this was due to the presence of ptau,
neurofibrillary tangle formation, or neurodegeneration, we performed
GTTs on 13-month Tau4RTg2652 (4Rtg) mice that exhibit elevations in
ptau but no neurofibrillary tangles or neurodegeneration66. We found the
4Rtgmice exhibited decreased bodyweight and preserved glucose tolerance
(Supplementary Fig. 2), similar to the P301S mice. Together, these data
suggest that elevations in hyperphosphorylated tau- independent of
aggregation or neurodegeneration- can drive changes in peripheral meta-
bolism and prevent age-dependent glucose intolerance and weight gain.
Given the tau-dependent preservation of glucose tolerance, we used indirect
calorimetry to further assess how aging and tau pathology differentially
affected whole-body metabolism. We found that total energy expenditure
(TEE) did not change between age-matched P301S and WT mice, despite
increased oxygen consumption (VO2) and carbon dioxide production
(VCO2) in 9-month P301S mice (Supplementary Fig. 3A, B). Since this
suggestsmetabolic insufficiency or changes in fuel preference, we calculated
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the respiratory exchange ratio (RER) as a measure of whole-body fuel uti-
lization. ARER value closer to 1 indicates carbohydrate (glucose) utilization
and a value closer to 0.7 indicates fatty acid oxidation (FAO). As WT and
P301Smice age, RER is decreased in 9-month-oldmice compared to 3- and
6-month genotype-matched mice (Fig. 2D, p < 0.05) across the 24 h cycle,
suggesting a switch in fuel preference from carbohydrates to fats with age.
However, 9-month P301Smice exhibit an increased RER compared to age-
matched controls (Fig. 2D,p < 0.05), demonstrating thatP301Smicedisplay
apreference for carbohydrates over fatswhencompared to agematchedWT
littermates. Interestingly, this was driven by RER changes in the dark period
when mice are active. Even as late as 11 months of age, these changes were
not simply explained by changes in body composition, although we cannot
rule out that shifts in body composition may occur at earlier time points in
disease (Supplementary Fig. 4A, B). Next, we explored locomotor activity

across the circadian day in P301S and WT mice relative to age. Here, we
found that 9-month-oldP301Smice aremore active than their age-matched
WT littermates, but only during the dark (active) period (Fig. 2E, p < 0.05).
Together, these data suggest tau pathology preserves whole-body metabo-
lism, with a preference towards increased carbohydrate utilization and
locomotor activity during the dark period in response to tauopathy.

Tau pathology preserves hippocampal ISF glucose and lactate
rhythms
Given that tau pathology shifts whole body metabolism in a manner dif-
ferent fromnormal aging,wenext investigatedhow tau pathology and aging
impact brain metabolism relative to time of day (Fig. 3A). Using intra-
hippocampal biosensors, we measured interstitial fluid (ISF) glucose and
lactate levels across the circadian day. Young, healthyWTmice displayed a

Fig. 1 | Tau pathology decreases cortical and hippocampal volume.
A Representative images of AT8+ tau pathology in 3-, 6-, and 9- month P301S v.
3-monthWTmice.BRepresentative image of regional traces for AT8 quantification
and cortical volume. C P301S (red) mice exhibit increased AT8 staining in the
somatosensory, parietal, and retrosplenial cortices and hippocampus at 6 and
9 months compared to age-matched WT (blue) or 3-month P301S mice. AT8+
staining is higher in entorhinal/piriform cortex compared to other cortices (soma-
tosensory, parietal, or retrosplenial cortices). D NfL Degeno-Tag staining shows

axonal degeneration in P301S mice. E Cortical atrophy due to neurodegeneration
begins at 6 months in P301S mice compared to age-matched WT. This atrophy
continues to progress at 9 months. Hippocampal and entorhinal/piriform cortex
atrophy is present in 9-month P301S mice. n = 5–10 mice/group. Statistical sig-
nificance was determined using a two-way ANOVA with Tukey’s post-hoc tests.
Data is represented by means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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diurnal rhythm in ISF glucose and lactate, where both ISF glucose and
lactate levels peak at ZT16-17 during the active or dark period and drop
during the light period when mice traditionally sleep (Fig. 3). By 9 months,
WT mice lose fluctuations in ISF glucose levels across the light and dark
period, with an accompanying reduction in rhythm amplitude (Fig. 3B, D,
p < 0.05). While Jonckheere-Terpstra-Kendall (JTK) analysis confirmed
rhythmicity in WT mice, 9-month WT mice exhibited 90% amplitude
reduction and peak during the light period compared to 3-month WT

suggesting loss of rhythmicity and phase shift. (Fig. 3D, E, Supplementary
Table 1A). P301S mice, on the other hand, maintained robust ISF glucose
rhythms across the light and dark periods (Fig. 3C, D, p < 0.0001), where
both rhythm amplitude and phase are maintained as confirmed by JTK
analysis (Suppl. Table 1). This data suggests aging dampens ISF glucose
rhythms, while tau pathology preserves rhythmicity. Similar effects were
observed with diurnal fluctuations in ISF lactate. 9-month WT mice
exhibited decreased ISF lactate rhythm shown by a loss in light-dark

Fig. 2 | Tau pathology prevents age-related decline in peripheral metabolism and
locomotion. A P301S andWT exhibit no changes in fasting blood glucose with age.
BAsWTmice age from3–9months, they become glucose intolerant as evidenced by
an increased peak and longer tail on glucose tolerance tests (GTTs). Orange and pink
lines indicate elevated blood glucose in 6 and 9 month WT mice, respectively,
compared to 3 months. Conversely, tau pathology preserves peripheral glucose
tolerance independent of age. C Area under the curve (AUC) increases between 3-
and 9-monthWTmice, while P301S have a decrease in AUC at 9 months compared
toWTmice.DThere is an aged-related decrease in respiratory exchange ratio (RER)

across the 24 h day in WTmice. P301S mice, conversely, exhibit an increase in RER
from 3 to 6 months during the light period. At 9 months, RER is elevated during the
dark period and across the 24 h day in P301S mice compared to WT, indicating
increased carbohydrate utilization. E Locomotor activity in 9-month-old P301S
mice is increased during the dark period only compared to age-matched WT. Data
reported asmeans ± SEM. n = 9–12mice/group. Significance determined using two-
wayANOVAwith Tukey’s post-hoc corrections. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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fluctuations, decreased rhythm amplitude, and loss of rhythms using JTK
analysis (Fig. 3F, H, I, Supplementary Table 1B). In contrast, tau pathology
maintained ISF lactate rhythmicity at 9months in P301Smice, where light-
dark fluctuations and rhythm amplitude are preserved (Fig. 3G, H, I, Sup-
plementary Table 1). Together, these findings show that tau pathology
prevents age-related loss of ISF lactate rhythms. In fact, ISF lactate rhythms

are potentiated in P301S mice compared to WT mice at 9 months. Inter-
estingly, thepreservation inmetabolic rhythmsoccurredwithout changes in
synapticmitochondrial oxygen consumption rate (Supplementary Fig. 5A);
however, tau pathology did reduce State V (succinate) respiration in non-
synaptic mitochondria (neuronal soma/glia) (Supplementary Fig. 5B,
p < 0.05). These findings suggest tau pathology may reprogram systemic
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and brain metabolism in a way that resists age-related metabolic decline or
promotes metabolic inflexibility but is not a result of a primary mito-
chondrial deficit.

Increased glucose utilization is necessary for glutamate pro-
duction in response to tau pathology
Given that tau pathology preserves brain and peripheral metabolic function,
we next used 13C-glucose stable isotope-resolved metabolomics (SIRM)
coupled with gas chromatographymass spectrometry (GCMS) to determine
how glucose is metabolized by the brain and what biosynthetic pathways
glucose supports (Fig. 4A). A heatmap of relative abundance for each
13C-glucose labeled metabolite measured in individual mice and averaged
across genotypes for 9 month P310S and WT brains is shown in Fig. 4B.
While the heatmap suggests that overall the P301S brain exhibited increased
13C enrichment following a 13C-glucose challenge compared toWTbrain, we
only observed increased enrichment for 13C-labeled glutamate in P301Smice
compared to controls (Fig. 4B, p < 0.01). This occurred at the expense of
13C-labeled GABA, which decreased in P301S mice compared to WT mice
(Fig. 4B, p < 0.05). Interestingly, heatmaps of individual and group-averaged
total abundance (e.g. labeled + unlabeled pools) suggest the opposite- that
total pool size of these central carbon metabolites was generally lower in the
P301S compared toWT, including a significant decrease in GABA (Fig. 4C,
p < 0.05) and a trending decrease in glutamate (Fig. 4C, p = 0.0527). Further,
P301S mice exhibit reduced GABA:glutamate ratios in both fractionally
enriched and total abundance pools (Fig. 4D, E, p < 0.05, p < 0.05). These
findings indicate that in thepresence of taupathology, the brainpreferentially
diverts glucose toward glutamate biosynthesis, rather than for traditional
energy-producing pathways, like glycolysis or oxidative phosphorylation. It
further suggests that changes in whole-body glucose metabolism could be
driven by an excitatory/inhibitory (E/I) imbalance in the tauopathy brain.

Pathway analysis of the cortical transcriptome following 13C-glucose
administration revealed interestingdifferences between9-monthP301S and
WT mice related to synaptic and metabolic activity. First, P301S mice
exhibit decreased expression of genes associated with Synapse Gene
Ontologies, or SynGO, pathways. Specifically, there was decreased enrich-
ment of pathways associated with synaptic homeostasis, synaptic trans-
mission, synaptic density, and synaptic structure (Fig. 4F).While this ismost
likely due to the neurodegeneration that accompanies taupathology (Fig. 1),
it is striking given the increased labeled glutamate that occurs following
13C-glucose administration. We also noted increased enrichment of genes
associated with Reactome pathways after glucose administration. Specifi-
cally, increased enrichment of genes associatedwithmetabolism, diseases of
metabolism, aerobic respiration, respiratory electron transfer, complex I
biogenesis, and other pathways associated with mitochondrial processes
(Fig. 4G). Taken together, these data suggest that tau pathology utilizes
glucose to fuelmetabolic need and sustain neuronal activity in the context of
synaptic dysfunction.

Tau pathology reduces time spent in NREM and REM during the
light period
Since metabolic demand is tightly coupled to neuronal activity and sleep/
wake states, we next analyzed how tau pathology alters cortical EEG activity

and sleep macroarchitecture (Fig. 5A). Using EEG/EMG recordings, we
quantified time spent in wake, NREM, and REM sleep over the 24 period as
a function of age and pathology. By 6 months of age, P301S mice spent
increased time inwake (Fig. 5B,p < 0.05) anddecreased time inNREMsleep
during the light period (ZT0-12; Fig. 5C, p < 0.05). This pattern persisted at
9months and 11months (Fig. 5B, C, p < 0.05; Supplementary Fig. 4), where
P301S mice also had a reduction in REM sleep (Fig. 5D, p < 0.01). Sleep
disruptions continued to dominate the light (inactive) period, driving a
global decrease in REM across the 24 h cycle (Supplementary Fig. 6B,
p < 0.05). These results demonstrate that taupathology impairs bothNREM
and REM sleep, potentially through alterations in cortical excitability or E/I
balance.

Tau pathology increases excitation, impairing inhibitory tone,
cortical synchrony, and cognition
To further understand the relationship between tau pathology, neuronal
excitability, and sleep loss, cortical EEG recordings were subjected to
power spectral analysis and spectral decomposition (Fig. 6A; Supple-
mentary Fig. 4). While absolute EEG power was reduced in P301S mice
compared to aged-matched controls (Supplementary Fig 7A, B,
p < 0.0001), the most striking and reproducible loss was in beta power
(13–30hz). Beta power traditionally reflects inhibitory control and cor-
tical synchrony, both of which are essential for stable network
function67–74. Across the 24 h period, P301S mice had decreased beta
power during NREM at 6 and 9 months compared to 3-month P301S
mice (Fig. 6B, p < 0.05). By 9 months, beta power is reduced across the
24 h period during wake in P301S mice compared to controls (Fig. 6B,
p < 0.05). This persisted at 11 months (Supplementary Fig. 4F, G).
Reductions in beta power are largely driven by changes during the light
period (Fig. 6C, p < 0.05). Together, tau-mediated alterations in NREM
coincide with decreased beta power, suggesting tau pathology may
impair cortical synchrony and inhibitory control.

To further quantify changes in excitability in P301Smice, we used the
fitting oscillations and one over f (FOOOF) algorithm to separate oscilla-
tory, or periodic activity, from the broadband, aperiodic component of the
power spectrum. This allows us to distinguish true rhythmic changes
associated with network synchrony (periodic) from alterations in back-
ground neuronal excitability (aperiodic). With the aperiodic component, a
flatter slope, or smaller exponent, indicates increased excitatory drive and
reduced inhibitory tone; while a steeper slope, or larger exponent, suggests
increased inhibition75. In 9-month P301S mice, the exponent (slope) of the
aperiodic component was reduced, suggesting increased excitation relative
to inhibition (Fig. 6D, p < 0.05). Additional evidence of cortical hyper-
excitability was confirmed using wide-field optical imaging (WFOI). Sti-
mulation of the whiskers in 9-month-old Thy1-GCaMP; P301S mice
produced a larger peak amplitude and larger change in total calcium activity
within the somatosensory barrel cortex compared to WT mice (Fig. 6E,
p < 0.05). This occurred despite a significant reduction in GCaMP+ neu-
rons in 9-month Thy1-GCaMP; P301S mice (Supplementary Fig 8).
Together, spectral decomposition and calcium imaging both confirm tau
pathology increases glutamatergic or excitatory activity compared to age-
matched controls.

Fig. 3 | Tau pathology preserves interstitial fluid (ISF) glucose and lactate
rhythms in the hippocampus. A Study design for ISF glucose and lactate biosensor
experiments.BAt 3 and 6months old,WTmice exhibit robust glucose rhythms that
peak during the dark period and trough in the light period. These light/dark dif-
ferences are lost by 9 months in WT mice. C P301S mice exhibit robust diurnal ISF
glucose rhythms with differences between the light and dark periods at 3, 6, and
9 months. D 9-month WT mice exhibit decreased ISF glucose rhythm amplitude
compared to 3 and 6-monthWTmice. Conversely, the amplitude of 9-month P301S
mice is maintained despite a lower amplitude rhythm at 3months of age. E 9-month
WT mice exhibit a phase shift, or difference in peak amplitude, compared to other
groups, highlighting the age-dependent change in ISF glucose rhythms. This effect

was not observed in 9-month P301S mice. F At 3 and 6 months, WT mice exhibit
robust, diurnal lactate rhythms shown by peaks in the dark period and trough in the
light period. These light/dark differences are lost by 9 months inWTmice.G P301S
mice exhibit robust diurnal ISF lactate rhythms with differences between the light
and dark periods at 3, 6, and 9 months.H 9-month WT mice exhibit decreased ISF
lactate rhythm amplitude compared to younger WT mice, while P301S mice have a
potentiated rhythm at 9 months. I Phase shift, or peak amplitude, in 9-month WT
mice differs when compared to youngerWTmice. Thiswas not observed in 9-month
P301S mice. Data reported as means ± SEM. n = 6–10 mice/group. Significance
determined using two-way ANOVA with Tukey’s post-hoc correction. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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By analyzing the periodic component, we explored how tau pathology
alters rhythmic oscillations associated with network synchrony (Fig. 6F).
Here, the dominant peak, or central frequency (CF), for 9-monthP301S and
WTmice is localized to theta power (4–8 Hz). This reflects the importance
of theta oscillations and the strength of hippocampal and cortical circuits
(Fig. 6F). At 9 months, the central frequency (CF) was increased in P301S
mice, highlighting an abnormal shift towards higher frequency activity

within theta oscillations. P301S mice also displayed a dominant oscillatory
peak in gamma frequencies, reflecting cortical hyperexcitability or aberrant
activity. Here, P301S had a reduction in the peak’s center frequency (CF),
suggesting a shift toward lower frequencies, and increased peak bandwidth
(BW), suggesting network instability (Fig. 6F, p < 0.05). To further inter-
rogate network stability, we quantified EEG coherence. At 9months, P301S
mice exhibit reduced EEG coherence during theta and beta frequencies
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across the frontal andparietal cortices, further suggestingdecreasednetwork
synchrony and stability (Fig. 6G, p < 0.05).

Next, we explored how power spectral changes may relate to cognitive
impairment typically observed in patients with AD and other tauopathies.
Ratios of theta:gamma (an indicator of hyperexcitability and memory
encoding) and theta:beta (an indicator of cortical synchrony and executive
function) typically increase inAD and are used as surrogate or biomarker of
cognitive impairment76–80. Increased theta:gamma ratios are found in P301S
mice starting at 6months and continuing through 9months of age (Fig. 6H,
p < 0.05), suggesting hyperexcitability and poor cognitive function. The-
ta:beta ratios were increased in both 9-month P301S and WT mice com-
pared to 3-month mice (Fig. 6I, p < 0.01); however, theta:beta ratios in
9-month P301S mice were highest amongst all groups (Fig. 6I, p < 0.0001),
suggesting reduced cortical synchrony, impaired attention, and/or executive
function. Together, EEG spectral analysis and calcium imaging indicate that
taupathologyenhances excitatory activitywhile diminishing inhibitory tone
and network synchrony, consistent with cortical hyperexcitability, network
instability, and impaired cognition.

Discussion
Cellular metabolism, neuronal activity, and sleep are fundamentally inter-
dependent processes. Excitatory activity imposes high energetic demands
on neurons, requiring ATP production to fuel transmission, vesicle recy-
cling, and neurotransmitter biosynthesis81,82. Glucose is the primary sub-
strate used to meet these energy needs and fluctuations in neuronal activity
are tightly matched to glucose uptake and utilization83,84. This metabolic-
excitatory coupling is not only essential for maintaining network stability,
plasticity, and cognitive function, but also for supporting sleep-wake
architecture85–89. Disruption of this tightly regulated relationship, as seen in
aging and disease, leads to inefficient energy utilization, synaptic dysfunc-
tion, sleep fragmentation, and heightened vulnerability to metabolic
stress90,91. Tau pathology may sever this link by increasing neuronal excit-
ability as hyperphosphorylated tau released from cerebrospinal fluid is
shown to depolarize hippocampal neurons and elevate firing rates—
resulting in elevated excitatory drive60,92. Further, knockdown of tau reduces
excitatory input and promotes inhibition93,94. This suggests that tau con-
tributes to an excitatory shift that increases metabolic demand and disrupts
sleep homeostasis by forcing sustained glucose consumption to support
excess neuronal activity and increase neurotransmitter synthesis.

This studyprovides new insight into the complex interplaybetween tau
pathology and metabolic-excitability coupling. Rather than simply dis-
ruptingmetabolic homeostasis, tau pathology preserved systemic and brain
glucose metabolism while inducing a state of heightened excitability thus
impairing sleep. Tau pathology, in particular hyperphosphorylated tau,
preserved glucose tolerance, maintained circadian rhythms in interstitial
fluid (ISF) glucose and lactate, and drove fuel preference for glucose or
carbohydrates. Notably, these changes are associated with preserved
synaptic mitochondrial function, despite region-specific cortical atrophy
and cell loss. Moreover, tau pathology reshaped the brain’s metabolic and
excitatory landscape—a relationship that is normally tightly coupled to
maintain healthy brain function. Tau pathology enhanced glutamate pro-
duction and concomitantly reduced GABAergic tone—indicating an exci-
tatory/inhibitory (E/I) imbalance. EEG spectral analysis and spectral

decomposition (FOOOF) revealed a flatter aperiodic slope, reduced beta
power, and diminished frontal-parietal coherence, indicating increased
excitation relative to inhibition and impaired network synchrony. WFOI
further confirmed exaggerated evoked calcium responses in glutamatergic
neurons, demonstrating that this metabolic preservation occurs within or
possibly due to a hyperexcitable network. This hyperexcitability occurred
despite a loss in cortical neurons in P301S mice. Importantly, these altera-
tions coincided with reductions in NREM and REM sleep during the
inactive period, indicating that tau pathologydisrupts sleep architecture and
suppresses normal sleep-dependent reductions in neuronal activity. These
findings suggest that tau pathology induces a hyperexcitable, metabolically
active, and sleep-disrupted state that may cause vulnerability to neurode-
generation by creating a metabolically inflexible, hyperexcitable system.

The implications of these mechanistic findings can be applied to
tauopathies, such as Alzheimer’s disease (AD) and frontotemporal
dementia, and help explain known comorbidities. Sleep and metabolic
dysfunction are increasingly recognized as early, bidirectional drivers of
neurodegeneration and cognitive impairment. Specifically, disruptions
in sleep architecture and circadian regulation are implicated in AD
pathogenesis95,96. Hyperexcitability andmetabolic remodeling are shared
features across multiple neurological and systemic diseases, including
epilepsy, type 2 diabetes (T2D), and sleep disorders16,97–103. Furthermore,
hyperexcitability a hallmark of early AD may underlie the increased
metabolic demand, elevated glutamate production, and altered lactate-
glutamate coupling observed herein27,55,104–108. In P301S mice, reduced
inhibitory tone and loss of network coherence likely underlie increased
wake and decreased sleep, supporting a model in which tau-driven
excitability destabilizes sleep homeostasis. The present findings suggest a
mechanistic bridge between these observations: tau-dependent excit-
ability elevates metabolic demand, disrupts sleep, and drives metabolic
inflexibility109–112.

Perhaps these findings are not surprising when considering the phy-
siological functions of normal tau. Tau is not merely a microtubule-
associated protein; it plays important roles in regulating axonal transport,
synaptic function, andneuronal excitability63. Recent evidence indicates that
under physiological conditions, tau is activity-dependent, released during
high neuronal activity, and may facilitate adaptive responses to metabolic
stress62,113–115. In this context, the observed increase in glutamatebiosynthesis
could reflect a heightened metabolic demand to sustain excitatory trans-
mission. The decreased expression of SynGO transcripts despite elevated
glutamate fluxmay reflect structural degeneration pairedwith an overactive
residual network attempting to compensate. This mismatch between
metabolic supply and synaptic capacitymay establish amaladaptive state of
excitatory stress, metabolic inflexibility, and impaired sleep. Moreover, the
shift towards a hyperexcitable and metabolically active state in tauopathy
may reflect an aberrant amplification of tau’s role in supporting neuronal
activation and therefore, reducing time spent in NREM and REM sleep.
However, while early-stage tau pathology may promote plasticity or com-
pensation, chronic hyperexcitability, elevated glutamate, and reduced sleep
likely accelerate neuronal injury as tau aggregates116–119.Ourfindings suggest
that tau-dependent hypermetabolism is likely linked to hyperpho-
sphorylated tau itself rather than the effects of tau aggregation or neuro-
degeneration as reflected in both P301S and 4RTgmice. Thus, these results

Fig. 4 | Tau pathology shunts glucose towards glutamate production while
upregulating metabolic pathways. A Experiment design for stable isotope resolved
metabolomics (SIRM) following a 13C-labeled glucose oral gavage. B Heatmap of
metabolites that are fractionally enriched following 13C-glucose administration in
individual mice and genotype averages in 9-month P301S v WT mice. When
quantified, there was increased 13C-labeled glutamate P301S brains compared to
WT. Concurrently, there was a decrease in 13C-labeled GABA in P301S mice com-
pared toWT.CHeatmap of the total abundance (13C-labeled and unlabeled pools) of
metabolites following 13C-glucose gavage. The total abundance of GABA is
decreased in 9-month P301Smice compared toWT.D,EGABA:Glutamate ratios in
both the fractionally enriched and total abundance groups are decreased in 9-month

P301Smice.F,GGene pathway analysis following bulk RNA sequencing of 9-month
P301S andWT cortical tissue post 13C glucose gavage yielded changes in excitatory-
metabolism coupling. F SynGO pathways, including those involved in pre- and
postsynaptic homeostasis, are downregulated in the P301S cortex compared toWT,
as visualized by Sankey and dot plots. G Reactome pathways associated with
metabolism, diseases of metabolism, and mitochondrial homeostasis are upregu-
lated in the P301S cortex compared to WT, as visualized by Sankey and dot plots.
Data reported as means ± SEM. n = 7–8 mice/group. Significance determined using
unpaired t test. Enrichr was used for pathways analysis ofDEGs. SR Plot was used for
data visualization. *p < 0.05, **p < 0.01.
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highlight a potential therapeutic window prior to neurodegeneration and
cognitive decline in AD patients.

A central theme in our data is the disruption of E/I balance shifting
toward excitation, as evidenced by increased glutamate labeling, decreased
GABA, reduced beta power, and impaired cortical coherence. Together,
power spectral analysis, spectral decomposition, and calcium imaging con-
verge on a model of network hyperexcitability and weakened GABAergic
inhibition. Reduced GABAergic tone alongside elevated glutamate suggests

that tau pathology selectively impacts inhibitory circuits or neurotransmitter
biosynthesis, consistent with prior reports120–126. Our findings suggest that
this imbalancemayalso serve as adriverofmetabolicpreservation,where the
energetic cost of sustaining excitation ismet by glucose shunting to the brain
and altered mitochondrial function. Importantly, the observed decrease in
non-synapticmitochondrial StateV (succinate) suggests subtle impairments
in oxidative capacity within non-neuronal or somatic compartments, while
synaptic mitochondrial function remains intact. Notably, our findings do

Fig. 5 | Tau pathology reduces time spent in NREM and REM during the light
period. A Schematic of EEG/EMG experiments defining sleep/wake architecture
and power spectral analysis for all groups. B At 6 and 9 months old, P301S mice
exhibit increased time spent in wake during the light period compared to 3-month-
old P301Smice and age-matched controls.C 6 and 9-month-old P301Smice exhibit
reduced time spent in NREM during the light period compared to 3-month-old

P301S mice and age-matched controls. D During the light period, 9-month P301S
mice exhibit reduced time spent in REM compared to 3-month P301Smice and age-
matched controls. Data reported as means ± SEM. n = 6–12 mice/group. Sig-
nificance determined using two-way ANOVA with Tukey’s post-hoc correction.
*p < 0.05, **p < 0.01.
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not support a model of primary metabolic failure. Rather, this supports a
model of metabolic inflexibility- where resources are available but utilized
inefficiently or constrained to specific cellular domains127–130. These findings
are consistentwith reports showing thatmitochondrial dysfunction inAD is
compartmentalized and evolves gradually rather than emerging as a cata-
strophic bioenergetic failure131–136.

Our results also suggest that tau pathology imposes a unique form of
metabolic resilience at the expense of impaired sleep-wake cycles. P301S
mice retain glucose sensitivity, locomotor activity, and RER rhythmicity- all
metrics that typically decline with age. Peripheral metabolic resilience is
reflective of brain metabolic preservation, a phenomenon shown by us and
others137–140. This phenotype suggests metabolic capacity coexists with
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impaired sleep homeostasis, potentially reflecting tau-driven excitability
sustaining glucose utilization for biosynthetic pathways such as glutamate
synthesis. However, whether this remodeling is ultimately beneficial or
contributes to accelerated neurodegeneration remains unclear. Moreover,
elevated glutamate is neurotoxic in excess, and chronic excitability increases
the risk of excitotoxic damage, oxidative stress, network instability, and
ultimately reduced NREM and REM sleep42,141–146.

Taken together, our results support a model in which tau pathology
acts upstream of excitability, energy metabolism, and sleep regulation. This
feedforward cyclemay initially preserve function, but ultimately contributes
to sleep impairment and neurodegeneration. Whether the observed meta-
bolic preservation is beneficial or harmful remains unclear- particularly in
light of potential cell loss, reactive gliosis, or immune cell infiltration at later
stages of disease. A key limitation of previous studies was the inability to
distinguish between tau-driven alterations and secondary effects of neuro-
degeneration; however, our findings suggest that tau pathology itself pro-
motes a hypermetabolic phenotype that preserves peripheral glucose
clearance. Moreover, causality between E/I imbalance, metabolic remodel-
ing, and sleep dysregulation remains unresolved: is hyperexcitability the
cause or consequence of altered metabolism or sleep homeostasis? Long-
itudinal studies, cell-type-specific interventions, and real-time metabolic
imaging will be critical in disentangling these relationships.

In conclusion, our findings suggest that tau pathology reshapes
excitability-metabolism coupling in a time-of-day-dependent manner,
disrupting sleep architecture while preserving metabolic capacity. These
changes reflect not only the pathological effects of tau but also its physio-
logical role in regulatingneuronal function.This dynamic interplay between
excitation, metabolism, and sleep regulation offers a novel framework for
understanding tauopathies and their comorbidities, including metabolic
syndromes and sleep disruption. Targeting this feedforward excitatory-
metabolic-sleep loop may hold promise for preserving function and
delaying progression in tauopathies, such as Alzheimer’s disease.

Methods
Mice
Female P301S PS19 (P301S), Tau4RTg2652 (4Rtg), wild-type (WT; both
C57B6C3F1/Jmixed genetic background), andThy-1GCaMP6f littermates
were used in all experiments. P301Smice develop hyperphosphorylated tau
(ptau), neurofibrillary tangles, and neurodegeneration with age147. Mice can
becomemoribund by ~11 months of age due to hindlimb paralysis. If mice
displayed any hindlimb paralysis, deterioration in health, reduction in body
weight (<20%), or other signs of distress, the mice were excluded from this
study. To focus on the development of disease rather than end-stage disease,
3-, 6-, and 9-month-old P301S andWTmice were used for the bulk of this
study. Some additional analyses were performed in 11-month-old P301S
and WT mice. 4Rtg mice overexpress wild-type human tau, causing a 12-
fold overexpression of tau in the brain compared to endogenous murine
levels.Despite increasedprotein level andpre-tanglepathologyby3months,
neurofibrillary tangles are absent in the 13-month 4Rtg mice used in this

study66. P301S and WT mice were bred with transgenic mice expressing
GCaMP6f, a genetically encoded calcium indicator, driven by the thymus
cell antigen 1 (Thy-1) promoter (expressed on glutamatergic neurons) to
generate a Thy1-GCaMPf; P301S mouse model. Mice were given food
(Teklad Global 18% Protein Rodent Diet, Envigo; 18.6% protein, 6.2% fat,
and 44.2% carbohydrate) and water ad libitum and maintained on a 12:12
light/dark cycle (0600:1800). All procedures were carried out in accordance
with an approved IACUC protocol fromWake Forest School of Medicine
and University of Kentucky.

Immunohistochemistry
Mice were deeply anesthetized with isoflurane and transcardially perfused
with heparinized phosphate-buffered saline (PBS). The mouse brains were
dissected from the skull, post-fixed in 4% paraformaldehyde (PFA) for 48 h
at 4°C, and then cryoprotected in 30% sucrose at 4°C. Sections were cut at
40 μmona freezingmicrotome and stored in cryoprotectant until use. Serial
sections through the anterior-posterior aspect of the hippocampus were
immunostained for hyperphosphorylated tau using a biotinylated AT8
monoclonal antibody (anti-tau pSer202, Thr205, Thermofisher,
#MN1020B, 1:1000)148,149. AT8 immunostaining was developed using a
Vectastain ABC kit (PK-6100, Vector Labs) and DAB reaction (ICN
980681, Fisher Scientific) and imaged using a Zeiss Axio Scan.Z1 slide
scanner (Carl ZeissMicroscopyGmbH, Jena,Germany). For quantification,
scanned images were converted to 16-bit grayscale and thresholded to
highlight AT8 staining. Percent occupied by AT8 (e.g. mean reactivity) and
region volume/thickness were quantified by a blinded researcher through-
out the entorhinal cortex, hippocampus, and cortex. Rabbit anti-
neurofilament light chain (NfL) DegenoTag (Encor Biotechnology Inc.,
#RPCA-NF-L-Degen, 1:500) was used to detect degenerating axonal
processes.

Glucose tolerance tests
3-, 6-, and 9-month-old P301S, 4Rtg, andWTmicewere fasted for 4 h at ZT
3 and then a baseline fasted blood glucose level was measured using a
glucometer (Contour, Bayer) at ZT 7. Mice were given a glucose bolus
(2 g/kg) via intraperitoneal (i.p.) injection as previously described150. Blood
glucose levelsweremeasured at 15, 30, 45, 60, 90, and120minpost-injection
via tail bleed.

Peripheral metabolic characterization
Indirect calorimetry, feeding behavior, and activityweremeasured using the
TSE Phenomaster system (TSE System Inc.). Oxygen consumption (VO2),
carbon dioxide production (VCO2), total energy expenditure (TEE),
respiratory exchange ratio (RER), locomotor activity, and food intake were
measured for 72 h following a 24-h acclimation period. Mice were housed
individually in recording chambers and maintained on a 12:12 light/dark
cycle with food and water ad libitum for the duration of the experiment.
EchoMRIwasused for body compositionanalysis as previouslydescribed151.
Briefly, unanesthetized mice were individually restrained in a clear,

Fig. 6 | Tau pathology disrupts E/I balance by decreasing beta power and
increasing excitability. A Experimental design for assessing excitatory/inhibitory
balance, including aperiodic and periodic analyses and wide field optical imaging
(WFOI).BAcross the 24h period, 9-month P301Smice exhibit reduced relative beta
power during wake compared to 3-month P301S and age-matched controls. During
NREM across the 24h period, both 6-month and 9-month P301S mice exhibit
reduced relative beta power compared to 3-month P301S mice and age-matched
controls. C Reductions in relative beta power are driven by changes in the light
period (ZT0-12), where both 6-month and 9-month P301S mice exhibit reduced
relative beta power during bothwake andNREM, compared to 3-month P301Smice
and age-matched controls. D EEG spectral decomposition (FOOOF algorithm)
revealed reduced exponent (slope) of the aperiodic component, G confirming
increased excitation. E Stimulus-evoked calcium activity in 9-month-old P301S and
WT mice was evaluated using WFOI. Group-averaged time courses within

somatosensory barrel cortex during whisker stimulation and area under the curve
reveal increased evoked calcium activity in glutamatergic neurons in 9-month P301S
mice. Peak amplitude was also higher in P301S mice compared to WT. F 9-month
P301S mice displayed a dominant peak in gamma frequency, a lower gamma center
frequency (CF), and increased gamma bandwidth (BW) in the periodic component,
indicating slower and less coherent gamma synchronization.G 9-month P301Smice
exhibit reduced theta and beta EEG coherence during wake across the 24 h period,
suggesting less cortical synchrony. H 6 and 9-month P301S mice exhibit increased
theta:gamma ratio during wake and NREM during the light period (ZT0-12), sug-
gesting E/I imbalance. I 9-month P301S mice have increased theta:beta ratio across
the 24h period compared to 3-month WT mice, suggesting cognitive dysfunction.
Data reported asmeans ± SEM. n = 5–12mice/group. Significance determined using
two-way ANOVA with Tukey’s post-hoc correction and unpaired t tests. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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cylindrical plastic holder and kept horizontal for the duration of the pro-
cedure. Each scan lasted approximately 2min.

Stereotaxic surgery: guide cannula and EEG/EMG insertion
Mice were anesthetized with 5% isoflurane prior to surgery andmaintained
at 1.5-2.0% isoflurane during surgery. A sterile field was maintained to
prevent infection during surgery. Guide cannulas (MD-2255BASi Research
Products) were stereotaxically implanted bilaterally into the hippocampi
(from bregma, A/P -3 mm, M/L+ /− 3mm, D/V -1.8mm) as previously
described130. To record EEG, two stainless steel bone screws (MD-1310,
BASi Research Products) were placed as EEG leads in the skull on the right
frontal cortex (A/P 1mm,M/L -1mm) and left parietal cortex (A/P -2mm,
M/L -1mm). A third reference bone screwwas placed at the cerebellum (A/
P -6 mm,M/L 0mm). Insulated wire leads soldered to a headmount (8402,
Pinnacle Technology) were wrapped around the bone screws implanted
into themouse skull for EEG recordings. Stainless steel wires attached to the
headmount were inserted into the neck musculature to record movement
via EMG. Using dental acrylic, the cannulas, screws, wires, and headmount
were affixed to the skull. Mice were placed into sampling cages (Pinnacle
Technology) and allowed to recover for 72 h after surgery prior to EEG
recording and maintained on a 12:12 light/dark cycle.

Biosensor recording and analysis
Prior to implantation, biosensors were tested for response specificity to each
analyte (L-Lactate, D-Glucose, L-Glutamate) and ensured no response to the
interference analyte (ascorbic acid). 24 h post-surgery, mice were briefly
anesthetized with isoflurane for the implantation of two amperometric
biosensors, specific to either glucose, lactate, or glutamate (7004, Pinnacle
Technology) into the guide cannula placed during surgery. Biosensors were
connected to aflexible preamplifier (100x amplification) and attached to the
mouse’s head mount. The preamplifier was connected to a commutator,
which passes an electrical signal to the data acquisition system (8401, Pin-
nacle Technology) for sampling at 1 Hz for biosensor channels. This setup
allows for unanesthetized, unrestrained movement throughout the experi-
ments. 72-h diurnal rhythm recordings began after a stable baseline reading
was reached using Sirenia Acquisition software. All biosensor data were
exported from Sirenia software, combined into 10-second bins, and con-
verted from nA to mM using the calibration constant for that biosensor.
Binned biosensor data were then analyzed as fluctuations over the diurnal
day and light/dark periods.

13C-glucose oral gavage and tissue collection for stable isotope
resolved metabolomics
Nine-month-old P301S andWTmicewere single-housed and fasted for 4 h
at ZT 3. Briefly, mice were given an oral gavage of 250 μL of 32mg/mL
13C-glucose (Cambridge Isotope Laboratories Inc. #110187-42-3) at ZT 7 as
previously described130,152, and 45min after oral gavage,micewere cervically
dislocated, brain was rapidly extracted, and flash frozen in liquid nitrogen.
Stable isotope-resolved metabolomics (SIRM) and gas chromatography
mass spectrometry (GCMS) were performed on one hemisphere of the
brain as previously described152.

Bulk RNA sequencing
RNA isolation was performed on the posterior cortex from the 13C-glucose
oral gavage 9-monthP301S andWTmice as previously described153. Briefly,
500μL of TRIzol was added to the cortex in a centrifuge tube, homogenized
using a plastic pestle for 1min, and left to sit for 5min. 100 μL of chloroform
was added to each sample and vigorously shaken for 15 s then allowed to sit
for 3min. The samples were spun at 12,000 × g for 10min at 4 °C.
Chloroformwas removed, 200 μLof 70%ethanolwas added to samples, and
samples purified using RNeasy columns and reagents (QIAGEN) per
manufacturer’s instructions. RNA concentration was measured by loading
2 μL of samples onto a Take3 Microplate and RNA measurements were
made using a Biotek Synergy H1 microplate reader using the Gen5
Take3 softwaremodule. IsolatedRNAsampleswere then sent for bulkRNA

sequencing (Novogene Co., Ltd) for sample quantitation, integrity, and
purity using Agilent 5400. DESeq2 was used to determine differentially
expressed genes (DEGs) using Partek Flow Software using a threshold of
p < 0.05. Enrichr was used for pathway analysis for all significant DEGs. SR
Plot was used for data visualization.

EEG analysis
Raw electroencephalography (EEG) recordings were analyzed using Sirenia
Sleep Pro and scored in 10 s epochs by hand according to conventional
classifications for wake, NREM, and REM. Power spectral analyses (relative
power and absolute power)were calculated using Sirenia Sleep Pro Software
(Pinnacle Technology). Briefly, we used a Fast Fourier Transform (Hann
window) to calculate power spectra into pre-defined frequency bins (delta
0.5-4 Hz, theta 4-8Hz, alpha 8-13Hz, Sigma 12-15Hz, beta 13-30 Hz,
gamma 30-50Hz, and high gamma 50-100Hz) for each 10 s epoch via
quantitative EEG. Relative power within each band was calculated as a
percentage of total power. Datawas binned by sleep state to generate a state-
dependent relative power spectrum. EEG coherence was analyzed using
Sirenia Sleep Pro Software between EEG 1 (right frontal cortex) and EEG 2
(left parietal cortex). Coherence values were averaged across vigilance states
and frequency bands.

Fitting oscillations and one over frequency (FOOOF) analysis were
used to parameterize power spectra into aperiodic components in Python as
previously described75. Briefly, power spectral density during wake was
imported and analyzed in the Python for both 9-month P301S and WT
mice.Across all conditions, the FOOOFparameters were peak_width limits
= [1–20], aperiodic_mode = ‘knee’, and fit_range 2-40Hz. Exponent
parameter reports the slope of the aperiodic fit where a decreased exponent
indicates increased excitation compared to inhibition. Knee frequency
indicates the curvature or bend of the aperiodic fit. Offset indicates a vertical
shift of the aperiodic background in log10 power.

Wide field optical imaging (WFOI)
Animal preparation. Nine-month-old Thy1-GCaMP6f;P301S and
Thy1-GCaMP6f;WT mice were prepared for WFOI as previously
described154–156. Mice were anesthetized with inhalation isoflurane
(5.0% induction, 1.5% maintenance) and placed into stereotaxic frame
on a heating pad. The scalp was shaved, disinfected, and retracted to
expose approximately 1 cm × 1 cm over the skull. A clear plexiglass
window was placed on the skull and secured with adhesive cement glue
(C&B-Metabond). After surgery, mice were returned to their home
cage and monitored while recovering for at least 48 h. Mice were
handled and acclimated to the WFOI system for 1 week prior to ima-
ging to ensure stillness during unanesthetized imaging following prior
protocols157.

Data acquisition. WFOI measured cortical calcium dynamics and
multispectral oximetric imaging in awake, unanesthetized mice during
the light period (ZT3-10). Mice were placed in a felt pouch and their
heads secured via small screws in the plexiglass window. Sequential
illumination was provided by three LEDs: a 470 nm LED used for
GCaMP6f excitation (Mightex), while 530 nm and 625 nm LEDs were
used for hemoglobin spectroscopy (Thorlabs). LED light was delivered
to the skull using beam combiners and dichroic mirrors connected to a
liquid light guide (Mightex). Diffuse reflected light was collected by a
lens (85 mm, f/1.4, Rokinon) and sampled by a scientific com-
plementary metal-oxide-semiconductor camera with USB3 con-
nectivity (Zyla 5.5, Andor) with an approximately 1 cm2

field of view
covering the entire dorsal view of the cortex. Crossed linear polarizers
positioned at the liquid light guide exit and in front of the camera lens
minimized specular reflectance from the skull. A 500 nm long pass filter
(Semrock) blocked 470 nm excitation light. Data were collected at
20 Hz. Full frame images (1024 × 1024 pixels) were binned (2 × 2 pixels)
on camera to increase SNR and acquisition speed. The LEDs and
camera were synchronized and triggered via data acquisition card (PCI-
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6733, National Instruments) using custom-written MATLAB scripts
(MathWorks, MA, USA). For task-based imaging, air puffs (40 PSI,
100 ms) were directed perpendicular to the mystacial whiskers
(Picospritzer III, Parker Hannifin) at 3 Hz for 5 s, followed by 25 s of
rest. This 30 s block design was repeated for 10 min for each mouse.
Before any imaging run, dark counts due to background sensor noise
were imaged for 1 second with all LEDs off.

Imaging processing. Data were analyzed as previously described155.
Briefly, all image sequences were background-subtracted and detren-
ded to remove slow fluctuations in light level intensity over the imaging
runs. Changes in diffuse reflectance were converted to changes in
hemoglobin concentration using the modified Beer-Lambert Law158.
Fluorescence emission was converted to percent change (ΔF/F × 100%)
by dividing each pixel’s time trace by its average fluorescence over each
imaging run. Absorption of excitation and emission light due to
hemoglobin absorption was corrected following hemoglobin
spectroscopy159. For eachmouse, image sequences were averaged across
stimulus presentation blocks. Time courses of evoked activity within
somatosensory barrel cortex were calculated by thresholding each
mouse’s peak responsemap at 50% of its maximum value and averaging
all time courses in pixels surviving that threshold. From these time
courses, evoked activity was quantified as area under the curve between
5 and 10 s.

Postmortem quantification of GCaMP intensity. The intensity of
GCaMP-positive signal in the cortex of 9-month-old Thy1-
GCaMP6f;P301S and Thy1-GCaMP6f;WT mice was quantified using
Halo Analysis (Indica Labs). Briefly, 40X images were captured using a
Ni-L Eclipse Microscope, imported into HALO, and count per mm2 for
each image was quantified for each mouse. Group averages were calcu-
lated for each group.

Jonckheere–Terpstra–Kendall (JTK) analysis
Biosensor datawerepreprocessed to average groupvalues for eachZeitgeber
Timepoint (ZT). JTKanalysiswas performedusingRpackageMetaCycle130.
The periodmeasured the average cycle length of each rhythm. Lag indicates
the ZTof the peak.Amplitude indicates the average difference betweenpeak
and trough for each rhythm.

Mitochondrial bioenergetics
Nine-month P301S and WT brains were rapidly extracted, and the cortex
was isolated for mitochondrial assays. Mitochondrial bioenergetics were
measured using the Seahorse XFe96 Extracellular Flux Analyzer (Agilent
Technologies, USA) as previously established130,160–162. Synaptic and non-
synaptic mitochondria were diluted in mitochondrial buffer (MRB)
(125mM KCl, 0.1% BSA, 20mM HEPES, 2mM MgCl2, and 2.5mM
KH2PO4, adjusted pH7.2withKOH).A total of 3 μg of synaptic and 1.25 μg
of non-synaptic mitochondria were loaded per well (separate wells for
synaptic and non-synaptic mitochondria). Oxygen consumption rates
(OCR) were assessed under various respiratory states using substrates,
inhibitors, and uncouplers of the electron transport chain, as per a lab-
optimized protocol. Data were collected through sequential injections,
mixing, equilibrium, and OCR measurements. Outputs included State III
respiration (pyruvate, malate, ADP), State IV respiration (oligomycin),
uncoupled respiration complex-I (FCCP), and uncoupled respiration
complex-II (rotenone/succinate).

Statistical analysis
All of the statistical analysis was done usingGraphPad Prism 10 (GraphPad
Software, LLC) or Partek Flow Software. A p-value of p < 0.05 was used for
determining statistical significance. For all groups, Grubb’s test was used to
determine and removeoutliers (alpha=0.05).All data are reported asmeans
with ±SEM. Specific statistical tests used were as follows:

Figure 1: Two-way ANOVA with Tukey’s correction for multiple
comparisons.
Figure 2: Area Under the Curve; Two-way ANOVA with Tukey’s
correction for multiple comparisons.
Figure 3: Two-way ANOVA with Tukey’s correction for multiple
comparisons.
Figure 4: unpaired t-tests; DESeq2 was used to determine differentially
expressed genes using Partek Flow Software (p<0.05). Upregulated genes
displayed fold change >1 and downregulated genes <−1. Enrichr was
used for pathway analysis. SR Plot was used for data visualization.
Figure 5: Two-way ANOVA with Tukey’s correction for multiple
comparisons.
Figure 6: Two-way ANOVA with Tukey’s correction for multiple
comparisons and unpaired t tests.
Supplementary Fig. 1: Two-way ANOVA with Tukey’s correction for
multiple comparisons.
Supplementary Fig. 2. Unpaired t tests, Two-way ANOVA with Sidak’s
correction for multiple comparisons, Area Under the Curve.
Supplementary Fig. 3: Two-way ANOVA with Tukey’s correction for
multiple comparisons.
Supplementary Table 1: Jonckheere-Terpstra-Kendall analysis.
Supplementary Fig. 4: Unpaired t test
Supplementary Fig. 5: Two-way ANOVA with Tukey’s correction for
multiple comparisons.
Supplementary Fig. 6: Two-way ANOVA with Tukey’s correction for
multiple comparisons.
Supplementary Fig. 7: Two-way ANOVA with Sidak’s correction for
multiple comparisons.

Data availability
The datasets used or analyzed in the current study are included within the
manuscript.
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