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Abstract 

Tau pathology in the locus coeruleus (LC) is associated with several neurodegenerative 

conditions including Alzheimer’s disease and frontotemporal dementia. Phosphorylated tau 

accumulates in the LC and results in inflammation, synaptic loss, and eventually cell death as 

the disease progresses. Loss of LC neurons and noradrenergic innervation is thought to 

contribute to the symptoms of cognitive decline later in disease. While loss and degeneration of 

LC neurons has been well studied, less is known about changes in LC physiology at advanced 

stages of tau pathology that precedes neurodegeneration. In this study, we investigated the ex 

vivo electrophysiological properties of LC neurons in male and female mice from the P301S 

mouse model of tauopathy at 9 months of age, a time-point when significant tau accumulation, 

cell death, and cognitive impairments are observed. We found a reduction in excitatory inputs 

and changes in excitatory post-synaptic current kinetics in male and female P301S. There was 

also a decrease in spontaneous discharge of LC neurons and an increase in AP threshold in 

P301S mice of both sexes. Finally, we observed a decrease in excitability and increase in 

rheobase current in P301S mice. Despite the decrease in LC activity in slice, we did not identify 

differences in total tissue norepinephrine (NE) or NE metabolites in prefrontal cortex or 

hippocampus. Together these findings demonstrate reductions in the activity and excitability of 

LC neurons at late stages of tau accumulation. However, compensatory mechanisms may 

maintain normal NE levels in LC projection regions in vivo.  

 

Keywords: tauopathy, electrophysiology, norepinephrine, catecholamines, Alzheimer’s Disease, 

Frontotemporal Dementia 
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Introduction 

The locus coeruleus (LC) is a dense collection of noradrenergic neurons located in the pons that 

innervates many cortical and subcortical structures throughout the brain (Robertson et al., 

2013). Due to its broad innervation pattern, the LC is critical for a diverse array of functions 

including arousal, sleep-wake cycles, stress responses, learning and memory, and cognition 

(Mason, 1981; Harley, 1987; Kayama & Koyama, 2003; Aston-Jones & Cohen, 2005). The LC 

has been identified as a major site of phosphorylated tau accumulation during early Alzheimer’s 

Disease (AD) and results in progressive loss of LC neurons (Bondareff, Mountjoy & Roth, 1982; 

Zweig et al., 1988; Braak & Braak, 1991; Rüb et al., 2001; Andrés-Benito et al., 2017; 

Beardmore et al., 2024; Bueichekú et al., 2024). Loss of LC neurons and NE innervation is 

associated with cognitive decline in later stage AD, which suggests reduced LC-NE 

neurotransmission during AD progression (Jacobs et al., 2021). 

 While ample evidence links the LC to tau accumulation, there is relatively little known 

regarding the effects of tau pathology on LC physiology and connectivity itself. Generally 

speaking, genetic manipulation of tau has mixed effects on neurons. Tau knockout mice show 

reduced action potential firing in excitatory neurons in the somatosensory cortex but increased 

excitability of parvalbumin-positive inhibitory interneurons (Chang et al., 2021). Tau pathology is 

associated with cortical hypoactivity in a mouse model of combined β-amyloid (Aβ) and tau 

pathology (Busche et al., 2019). However, other studies have reported tau pathology-mediated 

hyperactivity in both mice and humans using PET imaging (Huijbers et al., 2019; Shimojo et al., 

2020). A recent study, using the TgF344-AD transgenic rat model found hypoactivity of LC 

neurons at baseline relative to controls, but age-dependent changes in foot shock-evoked LC 

burst firing (Kelberman et al., 2023).  Importantly, few of these studies have investigated sex 

differences in tau pathology induced changes in LC function. Our previous study investigating 

effects of alcohol exposure on the P301S genotype at 7 months of age identified effects of 
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alcohol and sex on LC electrophysiological properties, but relatively few effects due to P301S 

genotype (Downs et al., 2023). Given the importance of the LC on a variety of cognitive and 

affective functions and its importance in the progression of AD and other tauopathies, further 

research is critically needed to understand LC dysfunction in aged mice, when tauopathy is 

expected to be most severe.  

 To investigate the effects of tau pathology on LC neuron physiology, we recorded LC 

neurons from the P301S (PS19) mouse model using ex vivo patch-clamp electrophysiology. 

P301S mice express the P301S variant of the human MAPT gene and show progressive 

synapse loss and tau accumulation with marked neuronal loss and cortical and hippocampal 

atrophy by 9 months of age (Yoshiyama et al., 2007).  These mice also demonstrate behavioral 

phenotypes consistent with AD, including cognitive impairment and enhanced anxiety-like 

behaviors during aging, many of which are influenced by LC activity (Chalermpalanupap et al., 

2018; Catavero et al., 2022). We found decreased excitatory neurotransmission to LC neurons 

in both male and female P301S mice at 9 months of age. We also found decreased 

spontaneous AP firing rate and decreased excitability in male and female P301S mice at 9 

months of age. Despite the decrease in LC activity in slice, we did not identify differences in 

total tissue norepinephrine (NE) or NE metabolites in prefrontal cortex or hippocampus. 

Materials and Methods 

Animals 

Adult male and female P301S (Jackson Labs #008160) mice on a C57BL/6J background and 

wild-type littermate controls were bred in-house. All mice were group housed and maintained on 

a standard 12/12-hr light cycle. Animals had ad libitum access to food and water. All animal 

procedures were performed in accordance with the regulations of the University of North 

Carolina at Chapel Hill’s institutional animal care and use committee. All mice used in this study 
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were approximately 9-months old (39-42 weeks old) as there is evidence for significant tau 

accumulation and neuronal loss at this time point, but there is greater mortality at later time 

points (Yoshiyama et al., 2007).  

Immunohistochemistry 

Brains were sliced coronally at 30 μm using a Leica CM3050S cryostat (Leica, Wetzlar, 

Germany) and stored in cryoprotectant at -20 oC. Slices were washed with 0.1 M phosphate 

buffer saline (PBS), pH 7.3, (2 x 10 minutes) and permeabilized in a solution of 0.5% bovine 

serum albumin (BSA) and 0.4% Triton-X100 in 0.1 M PBS for 10 minutes. Slices were then 

covered for 2 hours at room temperature with blocking buffer: 5.0% donkey serum in the 1% 

BSA and 0.4% Triton-X100 in PBS at pH 7.3. Slices were transferred to blocking buffer with 

primary antibody solution: rabbit anti-tyrosine hydroxylase at 1:1000 (Pel Freez, Rogers, United 

States) and mouse anti-human phospho-Tau (Ser 202, Thr 205) AT8 at 1:500 (Invitrogen, 

Waltham, United States) and incubated for 16 hours at 4oC with gentle shaking. After incubation, 

slices were washed with 0.1 M PBS (4 x 10 minutes) and a solution of 0.5% BSA and 0.4% 

Triton-X100 in 0.1 M PBS for 10 minutes. Slices were covered in blocking buffer for 1 hour and 

immediately transferred to blocking buffer with secondary antibodies: donkey anti-rabbit IgG 

AlexaFluor 555 (1:200; Invitrogen) and donkey anti-mouse IgG AlexaFluor 488 (1:200; 

Invitrogen) for 2 hours with gentle shaking while shielded from light. Subsequently, slices were 

rinsed with 0.1 M PBS (4 x 10 minutes). Slices were washed in 0.1 M PBS with DAPI at 1:1000 

(Thermo Fisher Scientific, Waltham, United States) for 5 minutes. Slices were then mounted on 

charged slides and cover slipped with Vectashield Vibrance Antifade Mounting Medium (Vector 

Laboratories, Newark, California, United States).  

Image acquisition 
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Slices were imaged using a BZ-X800 Keyence (Keyence Corporation, Osaka, Japan) with a 20x 

objective. Imaging parameters and exposure settings were consistent among all images. 

Brain Slice preparation  

Mice were deeply anesthetized with isoflurane, decapitated, and brains were removed and 

placed into ice-cold sucrose aCSF [in mM: 194 sucrose, 20 NaCl, 4.4 KCl, 2 CaCl2, 1.2 

NaH2PO4. 10 glucose, 26 NaHCO3] oxygenated with 95% O2 5% CO2 for slicing. Brains were 

sliced coronally at 200-300 μm using a Leica VT1000 vibratome (Germany). Brain slices were 

then incubated in oxygenated NMDG aCSF recovery solution [in mM: 92 NMDG, 2.5 KCl, 0.5 

CaCl2, 10 MgSO4, 1.25 NaH2PO4, 25 glucose, 30 NaHCO3, 20 HEPES, 2 thiourea, 5 Na-

ascorbate, and 3 Na-pyruvate] held at 32 °C for 12 minutes. Slices were then transferred to a 

holding container with HEPES aCSF [in mM: 92 NaCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 

HEPES, 2 thiourea, 5 Na-ascorbate, and 3 Na-pyruvate, 2 CaCl2, and 2 MgSO4] at 32 °C for at 

least 45 minutes.   Slices were then transferred to a recording chamber and perfused with 

oxygenated aCSF [in mM: 124 NaCl, 4.4 KCl, 2 CaCl2, 1.2 MgSO4. 1 NaH2PO4, 10 glucose, 26 

NaHCO3] at 30 °C at a constant rate of 2 mL/min.  

Whole-cell recordings  

Recording electrodes (2-4 MΩ) were pulled on a P-97 Micropipette Puller (Sutter 

Instruments). All recordings were conducted with potassium-gluconate intercellular recording 

solution [in mM: 135 gluconic acid potassium, 5 NaCl, 2 MgCl2, 10 HEPES, 0.6 EGTA, 4 

Na2ATP, 0.4 Na2GTP). All signals were acquired using an Axon Multiclamp 700B (Molecular 

Devices Sunnyvale, CA). Input resistance, holding current, and access resistance were 

continuously monitored throughout the experiment. Cells in which access resistance changed 

greater than 20% were excluded from analysis. 1-3 cells were recorded from each animal for 

each set of experiments to avoid oversampling from 1 animal.   
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 LC neurons were identified by their anatomical location in the slice, morphology, 

absence of Ih currents, presence of spontaneous action potentials, and linear response to 

hyperpolarizing currents (Williams et al., 1984; Paladini, Beckstead & Weinshenker, 2007). 

Spontaneous glutamate-mediated excitatory postsynaptic currents (sEPSCs) were acquired in 

voltage clamp at a -80 mV holding potential. Spontaneous action potentials were acquired in 

current-clamp mode with no current injected (I=0). Excitability studies were performed in current 

clamp mode with current injected to hold cells to a common membrane potential of -75 mV to 

account for inter-cell variability. Rheobase currents were determined with a series of current 

ramps (0-120 pA at 120 pA/s and 100-220 pA at 120 pA/s). Action potential firing curves were 

then assessed with step-wise current injection ranging from -100 to +400 pA at 20 pA intervals, 

and the number of action potentials at each current step were counted. The same cells were 

used for both current clamp and voltage clamp experiments.  

Tissue Monoamines 

Mice were euthanized by isoflurane inhalation and brains were rapidly dissected, sliced, and 

frozen on dry ice. Tissue punches containing the PFC and Hippocampus were collected and 

stored at -80 ºC. For high performance liquid chromatography (HPLC) analysis of monoamines, 

tissue was homogenized in 100 mM perchloric acid by probe sonication at 4 ºC and centrifuged 

at 10,000 g for 10 min. The supernatant was then filtered through a 0.45 µm PVDF membrane 

before HPLC. The cell pellet was retained, and the protein concentration was determined using 

a BCA assay (ThermoFisher, Waltham, MA, USA). Monoamines were then measured using 

HPLC with electrochemical detection. The HPLC system included an ESAS MD-150 x 3.2 mm 

column, an ESA 5020 guard cell, and an ESA 5600A Coularray detector with an ESA 6210 

detector cell (ESA, Bradford, MA, USA). The guard cell potential was 475 mV, and the analytical 

cell potentials were 175, 100, 350, and 450 mV. A flow rate of 0.4 mL/min was used and the 

mobile phase contained [in mM], [1.7] 1-octanesulfonic acid sodium, [75] NaH2PO4, 0.25% 
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triethylamine, and 8% acetonitrile at pH 2.9. Both retention time and electrochemical profile 

were used to identify monoamines, and their properties were compared to known standards.  

Data analysis 

 All electrophysiological data were analyzed using pClamp 10.6 software (Molecular 

Devices) and Easy Electrophysiology. All data were analyzed using a two way or three-way 

regular or repeated-measures ANOVA depending on the number of variables assessed in each 

experiment. The Greenhouse-Geisser sphericity correction was used for all 2-way ANOVAS.  

Significant main or interaction effects were subsequently analyzed using Tukey’s multiple 

comparisons test to control for multiple comparisons. Due to known sex differences in the 

noradrenergic system, we a priori performed post-hoc analyses on significant main effects. All 

data are expressed as mean ± SEM. P values ≤ 0.05 were considered statistically significant. All 

statistical tests were performed using Graphpad Prism 10.2 (La Jolla, CA, USA).  

Results 

Tau accumulates in LC at 9-months-old in male and female P301S mice 

Because the LC is an early site of phosphorylated tau accumulation in both humans and rodents 

(Bondareff, Mountjoy & Roth, 1982; Zweig et al., 1988; Braak & Braak, 1991; Andrés-Benito et 

al., 2017; Zhu et al., 2018; Beardmore et al., 2024; Bueichekú et al., 2024), we first assessed 

whether phosphorylated tau is present in LC neurons of P301S mice at 9 months of age. While 

it is known that different post translational modifications of tau can affect disease severity, we 

focused on the S202, T205 (AT8) phosphorylated tau. We did not observe any AT8 staining in 

either male or female WT animals (Fig 1A & B), with the exception of small amounts of 

background staining of what are presumably blood vessels. When we examined male and 

female P301S mice, we observed AT8 in the perikarya of both TH-positive and TH-negative 

neurons in the LC and peri-LC (Fig 1C & D). We did not observe AT8 in the surrounding 
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Barrington’s nucleus or parabrachial nucleus. While we did not quantify AT8 expression in this 

experiment, we did not observe qualitative differences in the number of AT8+ cells between 

males and females.  

Electrophysiological properties of LC neurons 

We first assessed changes in resistance and capacitance in male and female WT and P301S 

mice in voltage clamp mode by applying steps from -70 mV to -80 mV. We did not observe any 

changes in whole cell resistance in P301S mice (main effect of genotype, F(1,72)= 0.179, p = 

0.67) or between the sexes (main effect of sex, F(1,72) = 3.231, p = 0.076) (Table 1). There were 

no significant changes in capacitance in P301S mice (main effect of genotype, F(1,69) = 0.239, p 

= 0.626) or between the sexes (main effect of sex, F(1,69) = 1.45, p = 0.232) (Table 1). There 

were no significant changes in access resistance by sex (main effect of sex, F1,69 = 0.71, p = 

0.40) or genotype (main effect of genotype F1,69 = 0.32, p = 0.57) (Table 1). 

Spontaneous excitatory neurotransmission 

We next assessed changes in glutamatergic transmission onto LC neurons by measuring 

spontaneous excitatory postsynaptic currents (sEPSCs) in the absence of tetrodotoxin in male 

and female P301S and WT littermates. We found a significant reduction in sEPSC frequency in 

P301S mice (main effect of genotype, F(1,72) = 9.55, p = 0.003; Females: WT vs P301S, Tukey’s 

multiple comparisons test, p = 0.019) (Fig 2A & B). Male mice, regardless of genotype, also had 

a significantly lower sEPSC frequency in their LC neurons, as compared to female mice (main 

effect of sex, F(1,72) = 7.00, p = 0.01). There were no significant effects on sEPSC amplitude due 

to P301S genotype or sex (Fig 2C). We found additional changes in the kinetics of sEPSCs. 

There was a significant reduction in decay time in P301S mice relative to WT (main effect of 

genotype, F(1,72) = 5.77, p = 0.019) (Fig 2D). However, we did not observe any effects of sex on 

decay time (main effect of sex, F(1,72) = 0.220, p = 0.640). Corresponding with the decrease in 
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decay time, we also observed a significant decrease in AUC in P301S mice (main effect of 

genotype, F(1,72) = 4.315, p = 0.041) (Fig 2E). Taken together these results demonstrate an 

overall reduction in excitatory neurotransmission in the LC of 9-month-old P301S animals.  

Spontaneous action potentials 

We next assessed spontaneous firing rate and action potential kinetics in WT and P301S mice. 

We found a significant reduction in AP firing frequency in P301S mice relative to WT (main 

effect of genotype, F(1,71) = 13.24, p = 0.0005;, Tukey’s post hoc test, Female: P301S vs WT, p = 

0.025) (Fig 3A & B). We did not observe any effects of sex on AP firing rate (main effect of sex, 

F(1,71) = 0.011, p = 0.92). We did not observe any changes in AP half-width based on genotype, 

but there was a significant increase in AP half-width in female mice (main effect of sex, F(1,71) = 

4.85, p = 0.031) (Fig 3C). There were no significant changes in after-hyperpolarization potential 

(AHP) due to either genotype or sex (Fig 3D). However, there was a significant increase in AP 

threshold voltage in P301S mice (main effect of genotype, F(1,71) = 6.16, p = 0.016) (Fig 3E).  

LC excitability 

We next assessed the excitability of LC neurons. We first measured the rheobase current by 

first holding the cells at -75 mV to stop spontaneous firing and then applying ramps of 

increasing positive current injection. There was a significant increase in rheobase current in 

P301S mice relative to WT (main effect of genotype, F(1,44) = 25.26, p < 0.0001; Males: WT vs 

P301S, Tukey’s post hoc test, p = 0.015; Females: WT vs P301S, Tukey’s post hoc test, p = 

0.002) (Fig 4B). There was no effect of sex on rheobase current (main effect of sex, F(1,44) = 

0.719, p = 0.401). We next measured the number of evoked action potentials fired in response 

to positive current injection (0-400 pA, 20 pA steps). In male mice, increasing amounts of 

injected current increased the number action potentials fired per current step in both genotypes 

(main effect of current input, F(1.444,33.21) = 112.8, p < 0.0001) (Fig 4 A & C). However, WT mice 
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had a larger number of action potentials fired for each current step than P301S mice (current 

input x genotype interaction effect, F(20,460) = 7.055, p < 0.0001; main effect of genotype, F(1,23) = 

11.89, p = 0.002). We observed similar result in female mice. Female WT mice had a larger 

number of action potentials fired for each current step than P301S females (current input x 

genotype interaction effect, F(20,460) = 7.001, p < 0.0001; main effect of genotype, F(1,23) = 8.487, 

p = 0.009) (Fig 4 A & D). We also compared the firing curves of each genotype type across 

sexes, but we did not observe any significant sex differences (three-way ANOVA, main effect of 

sex, F(1,46) = 0.405, p = 0.528). Taken together, these results demonstrate a reduction in 

excitability of LC neurons in 9-month-old P301S mice.  

Tissue monoamine content in PFC and Hippocampus 

We next investigated if there is a loss of NE and other catecholamine content in the PFC and 

hippocampus caused by either functional deficits in LC neurons or overt loss of LC innervation. 

We focused on the PFC and hippocampus because they receive NE innervation primarily from 

the LC, as opposed to other noradrenergic nuclei (Robertson et al., 2013).  In the PFC, we 

found significantly more NE in females (main effect of sex, F1,32 = 10.41, p = 0.0029), but there 

were no differences based on genotype (main effect of genotype, F1,32 = 0.51, p = 0.48) (Figure 

5A). We also found a trend towards more MHPG in females, but this was not significantly 

different (main effect of sex, F1,27 = 3.59, p = 0.069) (Figure 5B). There were no differences 

based on either genotype or sex in NE/MHPG ratio (Figure 5C). We also examined dopamine 

(DA) and metabolites in the PFC. Surprisingly, DA was differently altered based on genotype 

and sex. Male P301S mice had more DA than male WT mice, but DA was not altered based on 

genotype in female mice (genotype x sex interaction effect, F1,32 = 5.22, p = 0.29, Male WT vs 

Male P301S, Tukey’s multiple comparisons test, p = 0.015) (Figure 5D). We saw a similar sex 

and genotype interaction for the DA metabolite DOPAC (genotype x sex interaction effect, F1,32 = 

6.44, p = 0.016, Male WT vs Male P301S, Tukey’s multiple comparisons test, p = 0.007) and a 
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trend towards a similar interaction effect in HVA (genotype x sex interaction effect, F1,32 = 2.76, p 

= 0.11) (Figure 5E & F). The DA/DOPAC ratio (main effect of sex, F1,32 = 14.91, p = 0.0005) was 

increased in males but was unaltered by genotype (Table 5G). We also investigated the 

serotonin system in the PFC and found increased 5-HT (main effect of sex, F1,32 = 9.87, p = 

0.004) and 5-HIAA (main effect of sex, F1,27 = 18.45, p = 0.0002) in females, but no differences 

based on genotype (Figure 5H & I). 

 In the hippocampus we did not find any significant differences in NE, MHPG, and 

NE/MHPG based on either genotype or sex (Figure 6A-C). We found a significant increase in 

DA in female mice (main effect of sex, F1,32 = 4.69, p = 0.038), but no effect based on genotype 

(main effect of genotype, F1,32 = 0.063, p = 0.43) (Figure 6D). We found a significant increase in 

DOPAC in female mice (main effect of sex, F1,32 = 25.19, p < 0.0001) and decreased DOPAC in 

female P301S mice versus female WT (main effect of genotype, F1,32 = 5.41, p = 0.027, Tukey’s 

multiple comparisons test, p = 0.032) (Figure 6E). We did not see any significant changes in 

HVA or DA/DOPAC ratio based on either genotype or sex (Figure 6F & G). We found a 

significant increase in both 5-HT (main effect of sex, F1,32 = 14.66, p = 0.0006) and 5-HIAA 

(main effect of sex, F1,32 = 25.84,  p <0.0001) in female mice, but we did not observe changes 

based on genotype (Figure 6H & I).  

Discussion 

In this study we examined the effects of tauopathy on LC physiology and plasticity in aged (9-

month-old) male and female P301S mice and WT controls. At 9-months of age, we observed an 

increase in intercellular tau accumulation in noradrenergic LC neurons as well as accumulation 

in nearby non-noradrenergic cell populations. We found a significant reduction in glutamatergic 

inputs along with a decrease in charge transfer at AMPA receptors in male and female P301S 

mice. We also observed decreased tonic AP firing and an increase in threshold voltage of LC 

neurons in male and female P301S mice. Further, we observed decreased excitability following 
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excitatory current injections in P301S mice of both sexes. However, many of these changes 

were more pronounced in female mice. Further, we did not find changes in NE or NE 

metabolites in the PFC or hippocampus based on genotype, but did observe changes in 

dopamine and serotonin.  

 At 9-months of age we observed a significant reduction in frequency and a reduction in 

both decay time and AUC of sEPSCs on LC neurons. This suggests both presynaptic changes 

in glutamatergic inputs and postsynaptic changes in AMPA subunit composition to reduce total 

charge transfer of excitatory inputs, as a reduction in frequency could be interpreted as both a 

loss of synapses or a reduction in presynaptic input. In our previous study examining LC 

physiology in 7-month-old P301S mice, we identified a decrease in sEPSC frequency and a 

decrease in sEPSC decay kinetics in male P301S mice, but we did not identify any changes in 

sEPSC properties in female P301S. This suggests that there may be sex differences in the time 

course of glutamatergic dysfunction in the LC in response to pathological tau accumulation 

(Downs et al., 2023). However, it is important to note that our previous study was conducted on 

singly housed animals on a reverse light-cycle, so the differences observed here may also 

reflect circadian activity and the environmental stressor of being singly housed. Exploring the 

relationship between sex, sleep/circadian period and LC function will be critical for future 

experiments. Indeed, the P301S mice show a dark-phase sleep disruption, and the onset of this 

disturbance is earlier in females. The same study also found that sleep disturbance promoted 

tau hyperphosphorylation in the LC (Martin et al., 2024). A number of previous studies have 

identified that pathological, phosphorylated tau disrupts post-synaptic density structure and 

impairs AMPA receptor insertion into the synapse (Gong & Lippa, 2010; Hoover et al., 2010; 

Jurado, 2017; Shrivastava et al., 2019). While studies using ex vivo electrophysiological 

recordings from tauopathy model mice are fairly limited, one recent study using the P301S 

mouse found a significant reduction in glutamatergic inputs to basal forebrain cholinergic 
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neurons, and this effect was mediated by alterations in both AMPA and NMDA receptors (Zhong, 

Cao & Yan, 2022). One intriguing possibility is that, given that excess glutamatergic 

transmission is thought to be excitotoxic, the loss of glutamatergic inputs at both a presynaptic 

and postsynaptic level may be adaptive in the context of tauopathy and may protect remaining 

LC neurons from excitotoxicity (Smith, Gorospe & Kusiak, 2006; Vosler, Brennan & Chen, 2008; 

Dong, Wang & Qin, 2009; Supnet & Bezprozvanny, 2010). However, this likely fails at later 

stages of disease when overt LC neuron loss is observed (Chalermpalanupap et al., 2018). 

Future studies will need to assess the timeline of glutamatergic deficits in tauopathy and if 

reducing glutamatergic inputs is protective for LC neurons.  

 In the present study, we observed a decrease in the spontaneous firing rate of LC 

neurons in both male and female P301S mice at 9-months-old relative to WT controls. This 

contrasts with our previous study, where we did not find any change in the spontaneous firing 

rate of P301S LC neurons at 7-months-old, suggesting that LC dysfunction progresses with 

disease state (Downs et al., 2023). Notably, phosphorylated tau, particularly the AT-8 isoform is 

present in the LC of P301S mice in large quantities at 6-months of age, suggesting additional 

factors, such as synapse loss from excitatory inputs, may mediate the reduction in tonic firing 

rate (Kang et al., 2020). We also identified an increase in the threshold voltage of spontaneous 

APs in male and female P301S mice, which is consistent with the firing rate data. A recent in 

vivo electrophysiological study in the TgF344-AD rat model, which expresses the human 

disease-causing variants of amyloid precursor protein and presenilin-1, showed reduced tonic 

LC firing rates at both 6 months and 15 months of age (Kelberman et al., 2023). While AD-like 

pathology is driven by different transgenes in these rats, pre-tangle tau does accumulate in the 

LC of the TgF344-AD rat starting at 6 months (Rorabaugh et al., 2017). The fact that the 

appearance of pre-tangle tau coincides with the decrease in tonic LC firing rate in both TgF344-

AD rats and our mice suggests that tau accumulation plays a role in the abnormal physiology of 
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LC neurons, although additional insults, such as loss of excitatory inputs, likely contributes. 

Future studies to resolve how alterations in glutamatergic drive impact excitability will 

undoubtedly shed light on this physiology.  

 In addition to changes in firing rate, we also found LC neurons from P301S mice to be 

significantly less excitable in response to injection of positive current steps. Notably, in our 

previous study of 7-month-old P301S mice, we did not observe any significant changes in 

excitability, suggesting that LC function deteriorates with disease progression (Downs et al., 

2023). As stated above, deeper analysis into how circadian period influences these phenomena 

will be undoubtedly informative. Current data on the effects of tau pathology on neuronal 

excitability are conflicting with some studies finding increased or decreased excitability in both 

hippocampal and cortical neuronal populations (Crimins, Rocher & Luebke, 2012; Busche et al., 

2019; Huijbers et al., 2019; Shimojo et al., 2020; Brown et al., 2023). Studies using MAPT 

knockout mice have demonstrated contrasting effects in different neuronal populations, with 

MAPT knockout increasing excitability in inhibitory interneurons but having no effect in 

excitatory pyramidal cells (Chang et al., 2021). This suggests that the effects of tau on 

excitability are cell-type specific. The mechanisms leading to reduced excitability at 9 months of 

age are unclear. One previous study found that tau accumulation in the hippocampus reduced 

Kv4.2 localization in dendrites (Hall et al., 2015). It’s possible that, in later stage tau pathology, 

tau may enhance Kv4.2 accumulation in dendrites or alter other ion channels to reduce LC 

excitability. Alternatively, in addition to the decrease in excitatory inputs, tau may enhance 

inhibitory inputs to alter E/I balance and reduce firing rate and excitability. Our study did not 

block glutamatergic or GABAergic inputs when monitoring excitability so that we could examine 

the LC wholistically. However, future studies could mechanistically dissect if synaptic inputs 

influence the intrinsic excitability of LC neurons with and without tau pathology.  
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 Our physiology data suggests that central NE-neurotransmission from the LC may be 

reduced in the later stages of tauopathy disorders. This contrasts with the early stages of AD 

and tauopathy disorders where NE neurotransmission is thought to be hyperactive and 

contribute to prodromal symptoms (Elrod et al., 1997; Ehrenberg et al., 2018; Weinshenker, 

2018; Henjum et al., 2022). Ultimately, the loss of NE neurotransmission may worsen tauopathy 

progression, as previous studies have demonstrated exacerbated progression of 

neuropathology throughout the neuroaxis after ablation of LC neurons in P301S mice 

(Chalermpalanupap et al., 2018). The loss of coordinated NE neurotransmission may also 

contribute to the development of later stage symptoms of AD, such as apathy and 

neurocognitive impairments, which are associated with reduced LC activity (Matthews et al., 

2002; Hezemans et al., 2022; Ye et al., 2022).  

 A loss of NE innervation and NE content in the hippocampus and forebrain areas has 

been identified in people and multiple mouse models of tauopathy and AD (Matthews et al., 

2002; Francis et al., 2012; Rorabaugh et al., 2017; Chalermpalanupap et al., 2018). The 

functional changes in LC hypoactivity we observed suggest another mechanism by which 

forebrain NE content may be reduced.  Surprisingly, we did not observe any changes in total 

tissue NE or the major NE metabolite MHPG in either PFC or hippocampus due to P301S 

genotype. This may reflect presynaptic adaptations that maintain tissue content of NE despite 

reduced activity of LC neurons ex vivo. Future studies could investigate release of NE in the 

PFC and hippocampus in vivo to determine if P301S mice have lower levels of NE release 

despite normal tissue content and explore if this release is dysregulated. Despite the lack of 

changes in NE, we did find altered DA and DA metabolite levels in the PFC, but not the 

hippocampus, in male P301S mice. Male P301S mice had increased DA and DA metabolites in 

this region, which may be of particular interest given the disruption of learning, cognitive 

flexibility, social behaviors that have been noted in various tauopathy models (Sydow et al., 
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2011; Chalermpalanupap et al., 2018; Samaey et al., 2019; Watt et al., 2020; Catavero et al., 

2022). Future studies should investigate tau pathology in the VTA, a major source of PFC DA.  

 One limitation of our study is that we are investigating the entire, undifferentiated LC 

rather than investigating the LC in a module/efferent specific manner. Over the past decade, it 

has become clear that LC neurons send projections to various forebrain regions from 

topographically distinct regions of the LC along rostro/caudal and dorsal/ventral axes (Mason & 

Fibiger, 1979; Chandler, Gao & Waterhouse, 2014; Aston-Jones & Waterhouse, 2016). We did 

not investigate LC physiology in a topographically distinct way, which may obscure more 

aberrant physiology in more sensitive regions. For example, in early AD pre-tangle tau 

accumulation is worse in the middle third of the LC which provides dense innervation to the 

hippocampus and cortex (Waterhouse et al., 1983; Ehrenberg et al., 2017). Accordingly, LC 

physiology may have greater or different alterations in those regions relative to LC regions that 

are spared from tau accumulation. Future studies should investigate the topographical pattern of 

tau accumulation and emergent pathophysiology in the LC across tau pathology progression. 

This may provide key insights into mechanisms involved in the neuropsychiatric symptoms of 

AD and FTD across disease progression.  

 Taken together, our data demonstrate significant reductions in LC excitatory inputs, tonic 

firing rate, and excitability in both male in female P301S mice at 9 months of age. Given the 

broad innervation pattern and diverse roles of the LC in cognition, arousal, and stress 

responses, these physiological changes could have significant roles in the progression of 

tauopathy disorders. Future studies will be critical to understand the effects of tau pathology on 

LC physiology across the lifespan.  
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Fig 1. Phosphorylated tau (AT8) accumulates in the LC at 9 months of age. Representative 

images of WT Male (A), WT Female (B), P301S Male (C), P301S Female (D) LC neurons 

demonstrating that tau accumulates in both catecholaminergic and non-catecholaminergic 

neurons at 9 months of age. Tyrosine hydroxylase (TH) is shown in cyan and phosphorylated 

tau (AT8) is shown in magenta.   
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Figure 2. Spontaneous EPSCs in the LC are altered by tauopathy. (A) Representative 

traces from male and female P301S and WT LC neurons. (B) sEPSC frequency is reduced in 

male and female P301S mice (C) sEPSC amplitude is not altered by genotype or sex. (D) 

sEPSC decay time is reduced in male and female P301S mice. (E) sEPSC AUC is reduced in 

male and female P301S mice. Data expressed as mean ± S.E.M.  
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Figure 3. LC action potential frequency is reduced in P301S mice (A) Representative traces 

form male and female P301S and WT LC neurons. (B) Spontaneous LC firing rate is reduced in 

male and female P301S mice. (C) Action-potential half-width is reduced in male mice but 

unaffected by genotype. (D) AHP is unaffected by sex or genotype. (E) AP threshold voltage is 

increased in male and female P301S mice. Data expressed as mean ± S.E.M. 
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Figure 4. LC neurons are less excitability in P301S mice. (A) Representative traces of LC 

responses to 400 pA current injections. (B) Rheobase current is increased in male and female 

P301S mice. (C) LC neurons from male P301S mice are less excitable than LC neurons from 

WT male mice. (D) LC neurons from female P301S mice are less excitable than LC neurons 

from WT female mice. Data expressed as mean ± S.E.M. 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 17, 2025. ; https://doi.org/10.1101/2025.01.17.633373doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.17.633373
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure 5. Tissue catecholamines in PFC. (A) NE content is reduced in Male P301S mice. (B) 

MHPG content is unchanged due to genotype or sex. (C) NE/MHPG ratio is unaltered. (D) DA 

content is increased in male P301S mice and reduced in female mice of both genotypes. (E) 

DOPAC content is increased in male P301S mice. (F) HVA content is increased in male P301S 

mice. (G) DA/DOAPC ratio is increased in male mice. (H). 5-HT content is increased in female 

mice. (I) 5-HIAA content is increased in female mice.  
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Figure 6. Tissue catecholamines in the hippocampus. (A) NE content, MHPG content (B), 

and NE/MHPG ratio (C) were unaltered. (D) DA content is reduced in male mice. (E) DOPAC 

content is reduced in male mice and reduced in female P301S mice. (F) HVA content is 

unaltered. (G) DA/DOAPC ratio is unaltered. (H) 5-HT content is increased in female mice. (I) 5-

HIAA content is increased in female mice.   
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Table 1. Membrane properties of locus coeruleus neurons. There were no significant differences 
by sex or P301S genotype. Data expressed as mean ± SEM.  

 

 

 

 

 Male Female 

 WT P301S WT P301S 

Input Resistance 
(MΩ) 

380.7 ± 42.7 363.3 ± 19.4 299.4 ± 20.5 341.1 ± 25.67 

Capacitance 
(pF) 

60.9 ± 2.9 53.6 ± 2.8 59.2 ± 4.2 63.2 ± 3.1 

Access 
Resistance (MΩ) 

9.4 ± 1.5 8.6 ± 1.4 8.3 ± 0.8 7.8 ± 0.6 
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