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Abstract 

The brainstem region, locus coeruleus (LC), has been remarkably conserved across vertebrates. 

Evolution has woven the LC into wide-ranging neural circuits that influence functions as broad as 

autonomic systems, the stress response, nociception, sleep, and high-level cognition among others. 

Given this conservation, there is a strong possibility that LC activity is inherently similar across species, 

and furthermore that age, sex, and brain state influence LC activity similarly across species. The degree 

to which LC activity is homogenous across these factors, however, has never been assessed due to the 

small sample size of individual studies. Here, we pool data from 20 laboratories (1,855 neurons) and show 

diversity across both intrinsic and extrinsic factors such as species, age, sex and brain state. We use a 

negative binomial regression model to compare activity from male monkeys, and rats and mice of both 

sexes that were recorded across brain states from brain slices ex vivo or under different anesthetics or 

during wakefulness in vivo. LC activity differed due to complex interactions of species, sex, and brain 

state. The LC became more active during aging, independent of sex. Finally, in contrast to the 

foundational principle that all species express two distinct LC firing modes (“tonic” or “phasic”), we 

discovered great diversity within spontaneous LC firing patterns. Different factors were associated with 

higher incidence of some firing modes. We conclude that the activity of the evolutionarily-ancient LC is 

not conserved. Inherent differences due to age and species-sex-brain state interactions have implications 

for understanding the role of LC in species-specific naturalistic behavior, as well as in psychiatric 

disorders, cardiovascular disease, immunology, and metabolic disorders. 

Introduction 

The central nervous system-wide projection pattern of the brainstem noradrenergic cell group A6, locus 

coeruleus (LC), has been retained across the vertebrate phylogenetic tree (Ma, 1994; Smeets and 

Gonzalez, 2000; Manger and Eschenko, 2021; Wang et al., 2022; Vreven et al., 2024). In addition to 

retention of LC projection structure, one of the core functions of the LC – mobilization of physiological 

resources in response to the need for physical energy expenditure and/or cognitive energy expenditure 

(i.e., arousal or brain state) – has been conserved across vertebrate nervous systems (Aston-Jones and 

Bloom, 1981a; Bouret and Sara, 2005; Castelino and Schmidt, 2010; Varazzani et al., 2015; Lovett-Barron 

et al., 2017; Hayat et al., 2020). Therefore, the activity patterns of LC neurons may have also been 

conserved across vertebrates to fulfill a fundamental functional role. Consider the analogy of breathing, 

which is fundamentally the same  across mammals: it is controlled by identical activity patterns in a 
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homologous brainstem cell group, the pre-Bötzinger complex (Ramirez et al., 2016; Del Negro et al., 

2018). The same may be the case for the LC and its arousal function. Indeed, across multiple species, 

the population mean baseline firing rate of LC neurons is ~ 1 spike/sec under anesthesia, sleep, or 

wakefulness (Vreven et al., 2024). Furthermore, LC functional firing properties, such as the phasic burst 

response to salient stimuli or elevated baseline firing in the context of anxiety and the stress response, 

are conserved across species (Aston-Jones and Bloom, 1981b, a; Hirata and Aston-Jones, 1994; Vankov 

et al., 1995; Curtis et al., 2012; McCall et al., 2015; Hayat et al., 2020; Prokopiou et al., 2022). Finally, two 

modes of LC activity (tonic and phasic) have been defined in non-human primates (NHPs) (Foote et al., 

1980; Grant et al., 1988; Aston-Jones et al., 1994; Joshi et al., 2016) and rodents alike (Aston-Jones and 

Bloom, 1981b, a; Akaike, 1982; Harley and Sara, 1992; Vankov et al., 1995; Vazey and Aston-Jones, 2014; 

Kelberman et al., 2023; Li et al., 2023). This dual-mode of operation is an universal principal in 

neuroscience. In sum, a large body of evidence supports the hypothesis that LC activity is fundamentally 

similar across species to fulfill similar functions.  

However, this hypothesis has never been tested because individual studies of LC activity are almost 

always conducted in a single species and have small sample sizes. Intracellular recordings target one 

neuron and typically pool data across experiments into sample sizes of less than 75 neurons per study 

(Chandler et al., 2014; McCall et al., 2015; Li et al., 2016; Prouty et al., 2017; Borodovitsyna et al., 2018; 

Breton-Provencher and Sur, 2019; Kuo et al., 2020; Borodovitsyna et al., 2022; Tkaczynski et al., 2022; 

Downs et al., 2023; Kuo et al., 2023; McKinney et al., 2023). Extracellular recording can record discharge 

patterns from many neurons (“single units”) simultaneously; however, in awake (even head-fixed) rodents 

and non-human primates (NHPs), physical instability of the electrode-tissue interface caused by cardiac, 

respiratory, and spinal movement reduces recording yield to one or two neurons per experiment (Kalwani 

et al., 2014; Swift et al., 2018; Breton-Provencher and Sur, 2019). These small sample sizes have 

prevented the comparison of LC activity across the wide range of species, disease-related animal models, 

and experimental preparations used in basic and translational neuroscience. 

A systematic assessment of how species, sex, age, and experimental preparation affect LC activity is 

necessary to explain the neural basis of behaviors that are species- or sex-dependent and to understand 

sex- and age-specific disease prevalence (Brady and Randall, 1999; Whitacre, 2001; Kessler, 2003; Tolin 

and Foa, 2006; Lovejoy et al., 2009; Appelman et al., 2015; Bangasser et al., 2016; Ferretti et al., 2018; 

Weinshenker, 2018; Poe et al., 2020). The LC, via its ascending brain-wide projections, is implicated in 

cognitive deficits observed in attention deficit and hyperactivity disorder, schizophrenia, and 
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neurodegenerative diseases (Aston-Jones and Cohen, 2005; Sara, 2009; Poe et al., 2020) as well as 

psychological and physical symptoms of post-traumatic stress disorder, anxiety disorder, and symptoms 

of opioid withdrawal (Weinshenker and Schroeder, 2007; Weinshenker, 2018; Llorca-Torralba et al., 2019; 

Morris et al., 2020; Poe et al., 2020; Ross and Van Bockstaele, 2020). Moreover, via descending 

projections to the autonomic nervous system and the spinal cord, the LC influences peripheral pain 

analgesia, cardiovascular disease, immune dysfunction, metabolic disorders, and obesity (Abercrombie 

and Jacobs, 1987; Sved and Felsten, 1987; Ziegler et al., 1999; Almeida et al., 2004; Glaser and Kiecolt-

Glaser, 2005; Mawdsley and Rampton, 2005; Nemeroff and Goldschmidt-Clermont, 2012; Tovar et al., 

2013; Bravo et al., 2014; Wang et al., 2014; Hirschberg et al., 2017; Osorio-Forero et al., 2021; Berrocoso 

et al., 2022; Poller et al., 2022; Williams and Rahmouni, 2022; Anderson et al., 2023; Fortin et al., 2023). 

The relevance of LC to such a broad range of human health and disease conditions underscores  the 

importance of understanding how LC activity varies with respect to species, sex, age, and experimental 

preparation. 

Here, we pooled recordings from 20 laboratories totaling 1,855 verified single units spanning three 

species, various ages, both sexes, multiple brain states or experimental preparation types, as well as 

genetic and disease-modelling manipulations. We report that LC firing rate is influenced by age and 

genetic modifications, and by a complex interaction between species, sex, and brain state and 

experimental preparation. Intriguingly, most disease models did not show altered firing rate of LC 

neurons. Moreover, unsupervised k-means clustering of firing patterns uncovered novel spontaneous 

firing patterns which are differentially expressed depending on species, sex, age, and brain state (defined 

by type of experimental preparation). 

Results 

We compiled spontaneously occurring spike trains of LC neurons collected by 20 laboratories. These 

data included mice and rats of both sexes, as well as male NHPs (the Old World primate, Macaca mulatta). 

Animals spanned relatively young (adolescent) to adult and late age. Spike discharges were recorded 

either in tissue slices (intracellular), intact animals under anesthesia of various types, or during 

wakefulness. Additionally, some LC neurons or animals were genetically modified for optogenetic 

manipulation and, while recordings during optogenetic stimulation were not included in the data set, the 

genetic modification was considered as a factor that could influence firing rate. Finally, a subset of mice 

were pharmacologically manipulated or bred to express disease-specific genotypes. 
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Laboratories providing extracellular recordings were asked to include only single units (henceforth 

referred to as “neurons”). However, in the interest of applying similar criteria to define single units across 

laboratories, we performed a quality control sweep of the 2,944 neurons (Figure 1). We discarded 

neurons for which more than 2% of the interspike intervals were less than 10 msec as described in prior 

work (Totah et al., 2018). This excluded 319 neurons from further analysis. Next, we removed spiking 

occurring during pharmacological manipulation with the exception of anesthesia. We sought to 

characterize only temporally stable recordings and removed neurons which did not spike more than 30 

times throughout the recording (457 neurons were removed). At the request of the contributors of those 

data we also removed 199 neurons that were recorded from animals subjected to a stressor. Additionally, 

we removed 113 neurons in which the sex of the animal was unknown; this was necessary because the 

negative binomial regression model required each neuron to have information about each factor that 

could affect firing rate. These exclusions left only one neuron recorded under pentobarbital anesthesia, 

which was removed from subsequent analyses. After submitting data to this quality control procedure, a 

total of 1,855 neurons remained for analysis of firing rates. The number of neurons for each factor are 

reported in Table 1. Finally, since some recordings were provided with stimulus-evoked spiking following 

a stimulus-free baseline epoch, we determined for each neuron whether there was significant difference 

in the mean firing rate between the epoch of the recording without stimulation and the subsequent 

recording epoch containing sensory stimuli. We reasoned that, since phasic LC responses to stimuli are 

transient biphasic events lasting ~1000 msec (Aston-Jones and Bloom, 1981b), such transient changes 

would not lead to an overall change in firing rate averaged over a comparably much larger time window 

(the duration of this subset of recordings ranged from ~5 seconds to ~7 hours, and the median duration 

was 444 sec). We performed a Student’s t-test comparing multiple samples of firing rate (split into 10 

equal time bins) between the recording epochs with, or without, sensory stimuli. If the introduction of 

sensory stimuli led to a significant (p<0.05) alteration of time-averaged firing rate compared to the 

preceding stimulus-free epoch, then the spike train of that neuron was analyzed only until the first stimulus 

and the remaining data were discarded. Out of 1,855 neurons, 560 were exposed to sensory stimuli; of 

those 560, we discarded the recording epoch with stimuli for 352 neurons. In addition to analyzing firing 

rate, we also analyzed firing patterns and, for that analysis, only included spike trains of individual neurons 

prior to any stimuli. Further, we excluded units that did not have at least 100 interspike intervals (ISIs) 

prior to any stimulus or pharmacology application but included neurons from animals with an unreported 

sex to increase sample size (1708 neurons analyzed). 
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Figure 1. A quality control flowchart showing the steps used to check the quality of the submitted 

data. A flowchart visualizing the quality control steps of submitted data. Grey arrows indicate removal of 

neurons from the data set and the number of neurons removed is in parentheses. The number reported 

below each purple arrow shows the number of remaining neurons subjected to the next step in the quality 

control process. To maintain the largest appropriate dataset, slightly different criteria were used to qualify 

neurons be included for firing rate analysis (left, n=1855) vs. interspike interval analysis (right, n=1708). 
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Table 1: Summary of the characteristics of the dataset after quality control. The percentages are 

based upon the total number of neurons subjected to analysis of firing rate (n = 1,855). WT refers to wild-

type animals that were unmanipulated and not on another genetic background (i.e. cre-lines). Rodents 

were designated as adolescent (<3 months), adult (3-12 months), or aged (>12 months), while all NHP 

data came from adult animals (10-16 years) (Dutta and Sengupta, 2016; Simmons, 2016; Colman, 2018; 

Chiou et al., 2020; Wang et al., 2020; Delage et al., 2021). 

 

 

Overview of the statistical model used to assess impact of different factors on LC firing rates 

We analyzed firing rate using a negative binomial regression model to explain the individual and combined 

effects of species, sex, age, genotype, and brain state or experimental preparation type (e.g., awake, 

anesthesia of various types, or ex vivo slice recordings). We first examined the main effects of individual 

factors and considered interactions between these factors (Supplemental Table 1A & B). Animal strain 

was not included in the model because strain could be completely encompassed by another factor, in 

this instance species (i.e. Fischer animals are only in rats, C57Bl/6 animals are only mice). For similar 

reasons, the interactions between age and species (adolescent and aged neurons were only obtained 

from rats), age and anesthesia (aged animals were all recorded under chloral hydrate anesthesia while 

all adolescent animals were recorded in slice), species and genotype (specific genotypes came from the 

Isoflurane Chloral Hydrate Urethane

adult 17 (<0.01%)

aged 34 (1.8%)

adult 40 (2.2%)

aged 33 (1.8%)

Listerhooded WT adult 369 (19.9%)
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129S2/SvPas VGAT-Cre 22 (1.2%)

WT 15 (<0.01%) 28 (1.5%) 17 (<0.01%)
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same species, such as APP/PS1 animals all being rats), and genotype and anesthesia (neurons from 

specific genotypes were recorded under the same anesthetic) could not be estimated. 

We report effect sizes with 95% confidence intervals (CIs) as a change in firing rate (spikes/sec) to provide 

an intuitive quantification of how much firing rate differs between factors (Calin-Jageman and Cumming, 

2019a, b; Ho et al., 2019). Importantly, small effect sizes of even 0.5 spikes/sec may carry considerable 

relevance to brain function. First, consider that the baseline discharge of LC neurons is already low 

(typically ranging from 0.5 to 5 spikes/sec) and that a relative change of 0.5 spikes/sec is a large difference 

in this range of activity. Second, our rudimentary understanding of how LC firing rate alters nervous 

system function largely precludes making a judgement regarding what effect size may (or may not) have 

consequences. 

Activity in awake animals is reproduced in anesthetized and slice preparations, but is dependent on sex 

and species 

Given the technical challenges of targeting the LC with recording electrodes and sustaining recording 

signal quality, many recordings that form substantial basis of our understanding of LC activity have been 

made in anesthetized animals or in brain slices. However, understanding the function of LC neuronal 

activity relies on how closely these preparations reflect LC activity in awake animals. The pooled dataset 

allowed us to address the translatability of anesthetized and slice preparations by assessing whether LC 

firing rates were dependent upon the recording preparation being ex vivo (deafferenated slice), 

anesthetized (chloral hydrate, urethane, or isoflurane anesthesia), or awake. This analysis considered 

recordings in rats and mice, for which we had both ex vivo and in vivo data. The analysis controlled for 

the covariates of age, sex, and species as well as genotype and brain state. There was a main effect of 

experimental preparation (p<0.0001; Figure 2A; Supplemental Table 1A). Pairwise comparisons 

showed that firing rates recorded under urethane were lower than those recorded under chloral hydrate 

(p<0.0001), isoflurane (p=0.006), and in slice (p=0.003) (Figure 2A; Supplemental Table 2). The effect 

sizes were between 0.3 and 0.47 spikes/sec (Figure 2A). Our analysis shows that, although there is a 

difference in firing rate between urethane and the other anesthetics, the firing rates of neurons in the 

awake state were similar to those recorded under anesthesia and in the deafferenated brain slice. 

Therefore, anesthetized and slice preparations seem to be reasonable proxies for spontaneous baseline 

activity in the awake animal.  
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Figure 2. Baseline LC firing rates are largely consistent across brain states but interact with sex 

and species. A) We observed a main effect of state on LC firing rates which revealed firing rates recorded 

under urethane anesthesia was lower than those recorded under chloral hydrate, isoflurane, and in slice. 

B) LC firing rates under urethane anesthesia were lower than chloral hydrate anesthesia and isoflurane 

anesthesia in male animals. C) In female animals, firing rate was lower in awake animals compared to 

chloral hydrate or isoflurane anesthesia and to slice. D) In rats, LC firing rates in the awake state were 

higher compared to those recorded under urethane anesthesia or in slice preparations. In addition, firing 

rates under chloral hydrate anesthesia were higher than in slice and urethane. Finally, firing rates under 

isoflurane anesthesia were higher than those recorded in slice preparations. E) In mice, LC firing rates 

recorded in the awake state were lower than in all other states. *p < 0.05, **p < 0.01, ***p < 0.001, ****p 

< 0.0001. 

However, when considering sex as an effect modifier along with state, differences emerged between 

anesthetized or slice preparations and awake animals. Our analysis revealed an independent interaction 

between recording preparation and sex (p=0.004; Figure 2B & C; Supplemental Table 3A & B). In males, 

activity was similar across anesthetized, slice and awake animals except for small differences in firing rate 

between different types of anesthesia (Figure 2B; see Supplemental Table 3A for pairwise p-values). 

Intriguingly, in females, LC activity during wakefulness was reduced compared to slice recordings and 

most anesthetics tested (Figure 2C; see Supplemental Table 3B for pairwise p-values). The effect sizes 

compared to the awake state varied from 0.96 to 2.49 spikes/sec. Therefore, anesthetized and isolated 

brain slice recordings may be appropriate proxies for awake recordings in male animals, while in females, 

LC neurons recorded under anesthesia or from slice are more active compared to recordings from awake 

animals. This change in baseline activity is large (~1 spikes/sec or greater). 

The choice of species also impacted whether activity in anesthetized or slice preparations resembled 

awake activity. Since the dataset did not contain data from anesthetized NHPs or NHP brain slices, our 

analysis of the interaction between species and experiment preparation was limited to rats and mice. The 

statistical model indicated an independent interaction between experimental preparation and species 

(p=0.001; Figure 2D & E; Supplemental Table 3C & D). In rats, LC neurons from awake animals were 

more active than those recorded under urethane (p=0.034) or from brain slices (p=0.019). The awake rat 

LC firing rates were closer to (and not significantly different from) those recorded under chloral hydrate. 

Firing rates recorded in rats under chloral hydrate, like those recorded in awake rats, were higher than 

those recorded under urethane (p<0.0001) or in slice preparations (p<0.0001). Like chloral hydrate 

preparations, rat LC neurons recorded under isoflurane had firing rates that were higher than those 

recorded in slice (p=0.05) and, accordingly, were more similar to activity in the awake rat (Figure 2D; 

Supplemental Table 3C). Thus, in comparison to awake rats, ex vivo and urethane recordings are 
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associated with suppressed LC activity, while LC activity under chloral hydrate and isoflurane anesthesia 

was similar to awake activity. 

Surprisingly, mice showed a largely opposite pattern relative to what was observed in rats. Whereas LC 

neurons were more active in awake rats (compared to some other preparations), awake mouse LC 

neurons were less active than all other preparations covered by our data set. Specifically, the LC firing 

rate in awake mice was lower than LC activity under chloral hydrate (p<0.0001), isoflurane (p=0.0005), 

or urethane (p=0.001), or slice recordings (p<0.0001) (Figure 2E; Supplemental Table 3D). The 

opposition between rats and mice is apparent in the effect size plots (Figure 2D & E), which show positive 

effect sizes for rats and negative effect sizes for mice.  

Sex impacts baseline LC firing rates in opposing directions based on state and species 

Biological sex is associated with differences in autonomic control, the stress response, sleep, and 

cognition, as well as symptoms of various clinical disorders (Brady and Randall, 1999; Whitacre, 2001; 

Kessler, 2003; Tolin and Foa, 2006; Lovejoy et al., 2009; Appelman et al., 2015; Bangasser et al., 2016; 

Ferretti et al., 2018; Poe et al., 2020). We wondered whether these sex differences could be associated 

with sex-specific LC firing rates. A recent study has shown that brain slice recordings of LC neurons from 

female mice are more excitable than those from males (Mariscal et al., 2023). However, a systematic 

comparison of male and female LC firing rates has not been done previously, nor has the interaction of 

sex with other factors such as species or experimental preparation type been studied. Our analysis 

revealed a main effect of sex on firing rate (p<0.0001; Figure 3A, Supplemental Table 1A and 4). We 

found that the female LC was more active than male LC with an effect size of 0.4 spikes/sec. However, 

there was also an independent interaction between sex and state (p=0.0044; Figure 3B-D; Supplemental 

Table 1B). Specifically, the female LC was only more active when recorded under chloral hydrate 

(p=0.031) or from brain slice recordings (p=0.024). On the other hand, in awake animals, the female LC 

was actually less active compared to the male LC (p=0.004; Figure 3B-D; Supplemental Table 5A). The 

effect of sex also depended on species (p=0.0103; Figure 3E & F; Supplemental Table 1B). In rats, the 

female LC is more active than male LC (p<0.0001; Figure 3E; Supplemental Table 5B), whereas in mice 

the opposite was observed (p=0.034; Figure 3F; Supplemental Table 5C). While LC firing rate varies by 

sex, whether females have a higher firing rate depends on species and experimental preparation. 
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Figure 3. The effect of sex on LC firing rates depends on state and species. A) LC neurons recorded 

from female animals had a higher firing rate compared to males. B) Female animals recorded under 

chloral hydrate and C) in slice have a higher firing rate than males. D) Contrastingly, in male animals, LC 

firing rates were higher than females in the awake state. E) In rats, females LC firing rates were higher 

than in males. F) This effect was reversed in mice, where male LC neurons were more active than female 

LC neurons. *p < 0.05, **p < 0.01, ****p < 0.0001. 

Baseline LC firing rates in mice differ from those in other species 

Next, we turned to the effect of species on LC firing rates because it has long been assumed that LC 

activity is conserved across model species. Using the pooled dataset, we were able to compare, in a 

single analysis, the commonly studied model organisms: mouse, rat, and NHPs. Our analysis showed a 

significant main effect of species (p<0.0001; Figure 4A; Supplemental Table 1A). Neurons recorded 

from mice had higher firing rates compared to rats (p<0.0001) and NHPs (p=0.0001), but rats and NHPs 

did not significantly differ from each other (Figure 4A; Supplemental Table 6).  

The effect of species on LC activity interacted with the type of experimental preparation defining the state 

of the animal (p=0.001, Figure 4B-F; Supplemental Table 1B). We compared firing rates using pairwise 

tests and observed that the mouse LC is more active relative to the rat LC under all tested anesthetics 

and during ex vivo recordings (Figure 4B-E; Supplemental Table 7A). However, in the awake state, 

mouse LC neurons were less active compared to rats (p=0.0036) and NHPs (p=0.0491) (Figure 4F;  

Supplemental Table 7A).  

The effect of species also interacted with sex (p=0.0103; Figure 4G & H; Supplemental Table 1B). The 

higher firing rate in mice relative to rats and NHPs was observed specifically in males (p<0.0001 vs rats; 

p<0.0001 vs NHPs) (Figure 4G; Supplemental Table 7B). The effect sizes between male mice versus 

male rats and male NHPs were 1.09 and 1.07 spikes/sec, respectively. On the other hand, in females, 

there were no species-specific differences between mice and rats (Figure 4H; Supplemental Table 7C). 

We did not have data from female NHPs for comparison. These findings indicate that, in males, the mouse 

LC is more active relative to the rat and NHP LC, whereas in females LC activity is similar between rodent 

species. In sum, there are mouse-specific differences in LC firing rate, but those differences are in 

opposite directions depending on whether sex or a particular experimental preparation (awake) is 

considered as a variable. 
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Figure 4. A main effect of species on baseline LC firing rates depends on both state and sex. A) 

There was a main effect of species on LC firing rates, with mouse LC neurons displaying higher activity 

compared to both rats and NHPs. The effect of species also depended on the state of the animal. Mouse 

LC neurons were hyperactive when recorded under B) chloral hydrate C) urethane D) isoflurane and E) 

in slice. F) In awake animals, this effect was reversed, with rat and NPHs displaying higher firing rates 

compared to mice. There was also a separate species and sex interaction. G) Male rats and NPHs had 

lower firing rates compared to mice. H) There was no difference between rat and mouse LC firing rates 

when comparing females, while we had no NHP data for comparison. *p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001. 
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Baseline LC activity is unaffected in models of neurodegenerative disease unless the degeneration 

specifically targets LC neurons 

LC dysfunction is a universal feature of Alzheimer’s disease, Parkinson’s disease, and other 

neurodegenerative disorders beginning with the early aggregation of disease-specific proteins followed 

by late-stage degeneration (Weinshenker, 2018). Subsets of the pooled dataset included recordings from 

TgF344-AD rats that carry transgenes expressing autosomal dominant, early onset Alzheimer’s disease-

causing APP/PS1 mutations (Cohen et al., 2013; Kelberman et al., 2023). Importantly, these rats develop 

hyperphosphorylated tau in the LC prior to amyloid or tau pathology in forebrain regions (Rorabaugh et 

al., 2017), similar to the temporal pattern of tau deposition observed in humans (Braak et al., 2011). The 

dataset also included three pharmacological manipulations to induce disease-like states. The first 

manipulation was the selective adrenergic neurotoxin, N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine 

hydrochloride (DSP-4), which induces LC noradrenergic axonal degeneration (Iannitelli et al., 2023). The 

second manipulation were rats unilaterally injected with 6-OHDA into the medial forebrain bundle to 

induce dopaminergic system neurodegeneration while sparing the noradrenergic system using 

pretreatment with desipramine (Miguelez et al., 2011a). This second manipulation produces a 

hemiparkisonian disease model. The third manipulation combined 6-OHDA injections into the median 

forebrain bundle with 3 weeks of L-DOPA treatment, which produces a dyskinetic disease model 

(Miguelez et al., 2011b). We asked whether these manipulations led to changes in LC firing rates that 

could be relevant for the presentation of neurodegenerative disorders. There was a main effect of disease 

model type on firing rates (p<0.0001; Figure 5A; Supplemental Table 1A). Post-hoc analysis revealed 

that animals treated with DSP-4 had higher firing rates than wild-type animals (p=0.0249; Figure 5A; 

Supplemental Table 8). Unexpectedly, LC activity did not differ from control animals in any of the other 

disease models.  

Due to the relationship between neurodegenerative disorders and age (Hindle, 2010; Hou et al., 2019; 

Zaib et al., 2023), the age of the animal might interact with the preclinical models to produce a change in 

LC activity. However, we found that the effect of these disease models on firing rate was not dependent 

on sex or age (Supplemental Table 1B). Note that interactions with species or brain state were not 

estimable. Overall, our findings are unexpected given that the genetic and pharmacological 

neurodegenerative disease models, which presumably relate to symptoms through altered noradrenergic 
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neuromodulation by the LC, actually resulted in no change in baseline LC activity (with the exception of 

the DSP-4 pharmacological lesion model). 

 

Figure 5. The effect of disease models, age, and genetic manipulations on LC firing rates. A) There 

was a main effect of disease model on LC firing rates and post-hoc analysis revealed that DSP-4 lesions 

increased LC activity. B) There was also a main effect of age on LC firing rates, with firing rate gradually 

increasing over the course of aging. C) There was also a main effect of genetic modification on LC firing 

rates, with VGAT-Cre animals demonstrating a lower firing rate when compared to WT animals. *p < 0.05, 

***p < 0.001, ****p < 0.0001. 

The LC becomes gradually more active over the course of aging 

The largest risk for developing neurodegenerative disorders is age (Hindle, 2010; Hou et al., 2019; Zaib 

et al., 2023). Moreover, age heavily impacts LC structure and function. For example, studies in human 

subjects demonstrate that although there is no age-related loss of LC cell bodies (Theofilas et al., 2017), 
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there are changes in LC functional connectivity and neuromelanin signal intensity across aging (Zhang et 

al., 2016; Liu et al., 2020), However, preclinical studies have reported LC cell body and axon loss over 

the course of aging (Sturrock and Rao, 1985a; Rorabaugh et al., 2017; Kelberman et al., 2022). LC firing 

rates have not been compared over the course of aging in a large dataset in any species. Therefore, we 

investigated whether there were any changes in LC firing rates during the process of normal aging. 

Rodents were designated as adolescent (<3 months), adult (3-12 months), or aged (>12 months), while 

all NHP data came from adult animals (10-16 years) (Dutta and Sengupta, 2016; Simmons, 2016; Colman, 

2018; Chiou et al., 2020; Wang et al., 2020; Delage et al., 2021). There was a main effect of age on firing 

rates (p=0.006; Figure 5B; Supplemental Table 1A). Adolescent firing rates were lower than both adult 

(p=0.0002) and aged animals (p<0.0001), while LC activity in adults was lower than in aged animals 

(p=0.035) (Figure 5B; Supplemental Table 9). Note that the interaction of age with species and state 

were not estimable (Supplemental Table 1B). Assessing the other factors revealed no interaction 

between age and any other factor, suggesting that the gradual increase in LC activity during aging is not 

genotype- or sex-dependent. Thus, LC firing rates gradually increase with age, which has implications for 

understanding the contributions of LC activity to behavioral changes during aging and disease prevalence 

during aging. 

Brain-wide Cre expression in GABA interneurons is associated with a less active LC relative to wild-type 

rats and mice 

Optogenetics and chemogenetics are commonly used in neuroscience. The assumption is that the 

requisite genetic modifications that enable optogenetics and chemogenetics (such as expressing Cre 

recombinase in all catecholaminergic neurons or in all GABA neurons throughout the brain) have no 

effect on LC activity. We compared recordings from (i) dopamine beta-hydroxylase (DBH)-Cre mice, 

which express Cre in noradrenaline-producing neurons (Breton-Provencher and Sur, 2019; Breton-

Provencher et al., 2022; Dvorkin and Shea, 2022); (ii) vesicular GABA transporter (VGAT)-Cre mice, 

which express Cre in GABAergic interneurons (Vong et al., 2011; Kuo et al., 2020; Breton-Provencher et 

al., 2022); and (iii) tyrosine hydroxylase (TH)-Cre rats, which express Cre in all catecholaminergic 

(dopaminergic and noradrenergic) neurons (Witten et al., 2011; Uematsu et al., 2017). There was a 

significant effect of the type of genetic manipulation on firing rates (p<0.001, Figure 5C; Supplemental 

Table 1A). Post-hoc testing demonstrated that wild-type animals had higher firing rates compared to 

VGAT-Cre animals (p=0.0007) but were not different from DBH-Cre or TH-Cre animals (Figure 5C; 

Supplemental Table 9). The effect of these genetic manipulations was not dependent on age or sex. 
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Note that we could not assess any interaction effects with state or with species because VGAT-Cre and 

DBH-Cre data were in mice, while TH-Cre data were in rats) (Supplemental Table 1B). This result shows 

that a widely used genetic modification that merely enables optogenetic or chemogenetic manipulation 

of GABAergic interneurons throughout the brain can reduce LC activity on the order of 0.51 spikes/sec 

compared to wild-type animals. Given the overall low frequency of baseline LC activity, this change in 

spike rate is substantial. Importantly, this change is not due to manipulation of GABAergic interneuron 

activity, but due only to expressing Cre recombinase in them. 

Phasic, burst firing of LC neurons occurs spontaneously and shows multiple burst patterns 

In the preceding analyses, we used a pooled dataset of 1,855 LC neurons to demonstrate that time-

averaged baseline firing rate depends on factors such as sex, species, age, brain state (defined by type 

of experimental preparation), disease model, and genetic manipulation. It is possible that these factors 

also affect the temporal patterns of spiking. LC neurons, like dopaminergic neurons (Grace and Bunney, 

1984) have been characterized as emitting spikes in two patterns: tonic baseline activity or evoked phasic 

bursts (Foote et al., 1980; Aston-Jones and Bloom, 1981b; Grant et al., 1988; Harley and Sara, 1992; 

Aston-Jones et al., 1994; Coull, 1998; van den Brink et al., 2016a). The tonic spiking mode encompasses 

baseline firing discussed above, canonically at rates below 6 spikes/sec with ISIs lasting several hundreds 

of msec resulting in slow, irregular spike discharges. The phasic mode consists of internal or external  

stimulus-evoked activations of 2-3 spikes within a 50-100 msec window (Aston-Jones and Bloom, 1981b; 

Neves et al., 2018) and correspondingly short (<80ms) ISIs (Tung et al., 1989; Miguelez et al., 2011a). 

We sought to determine whether LC neurons spontaneously burst without external triggers, and to 

characterize those spontaneous burst patterns. We expected occasional phasic bursting in awake 

recordings that was less pronounced or absent in other preparations. We also expected that phasic 

busting would be a canonical train of 2 to 3 spikes with an ISI histogram peak time of less than or ~ 80 

msec followed by a long tail of larger ISIs. Our key prediction was that neurons with phasic bursts would 

cluster together with a similarly low ISI time in a consistent pattern. 

We tested this prediction by clustering ISI distributions across neurons. To do so, we performed principal 

components analysis (PCA) on the ISI distributions (20 msec bin size, range from 0 to 2.5 sec), which 

permits clustering of similar distributions among sub-sets of 1,708 neurons (see exclusion criteria from 

Figure 1). We then performed kmeans clustering (see methods) on the resulting component scores for 

PC1 through 6, which together explained ~75% of the variance in ISIs (Supplemental Figure 2). Prior to 
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clustering, we used a gap test to assess the optimal number of clusters (k) between 1 and 20 clusters. 

The optimal K was 17 clusters of ISI distributions across the 1,708 neurons (Figure 6A; Supplemental 

Table 10). Each cluster contained multiple neurons with similar ISI distributions. The number of neurons 

assigned to each cluster is shown in Supplemental Table 10. The four example ISI distributions in Figure 

6A show the across-neuron average ISI distribution for clusters 1,5,6, and 12. 

It is apparent in the examples that some neuronal clusters have ISI distributions that are relatively flat with 

large variance (e.g., cluster 12 in Figure 6A), which indicates irregular firing. Conversely, other clusters 

had narrow distributions (e.g., clusters 1 and 5 in Figure 6A), which indicates more rhythmicity in spike 

times. We also noted that the ISI distributions of different neuronal clusters peaked at different times. 

Some distribution peak times correspond to bursting (e.g., peak at 50 msec, cluster number 3, 

Supplemental Table 10), whereas others correspond to irregular baseline firing (e.g., peak at 760 msec, 

cluster number 14, Supplemental Table 10). In sum, there were two apparent characteristics that 

distinguished ISI distributions from each other: peak time and variance.  

We captured these two characteristics by calculating the kurtosis of the across-neuron average ISI 

distribution for each neuronal cluster, and then plotting it against its mean (distribution peak) ISI (Figure 

6B). Kurtosis was used to capture the “tightness” of the ISI distribution, and thus its degree of rhythmicity 

with tighter distributions having more similar ISIs (i.e., more rhythmicity). Kurtosis is a mathematical 

characteristic of a distribution that describes the shape of the distribution, especially with respect to its 

tailedness. A normal distribution has kurtosis of 0. Negative kurtosis describes a distribution with more 

outliers which is therefore flatter and wider than a normal distribution. Positive kurtosis is “tighter” than 

normal distribution, in that it has less outliers (less tailedness). Positive kurtosis can be thought of as more 

ISIs concentrated around the mean ISI, and thus more rhythmicity in spike times. Neuronal clusters, when 

inspected on the joint basis of kurtosis and mean ISI, fell into 3 groups. Group 1 (Figure 6C) was rare 

(2.75% of LC neurons) with an ISI peak that was short duration (50 msec to 150 msec) and very high 

kurtosis indicating highly rhythmic firing with short ISIs. ISIs of neuronal clusters in Group 1 were narrowly 

distributed around 50, 110, 120, and 150 msec (clusters 3, 2, 4, and 1 respectively). The second group 

made up of 29.39% of LC neurons (Figure 6D) also had low ISI peak values (40 msec to 320 msec) and 

high kurtosis (although lower than group 1) indicating a somewhat narrow distribution. The ISI 

distributions of the neuronal clusters in Group 2 indicate that, relative to Group 1 and 3, firing is semi-

rhythmic. Some of the neuronal clusters in Group 2 preferred to spike with a 40 msec ISI (cluster 6) or 

an 80 msec ISI (cluster 7) illustrating spontaneous phasic burst firing exhibited by different populations 
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of neurons. Moreover, other clusters in Group 2 had peaks at 210, 230, and 320 msec (clusters 11, 5, 

and 9, respectively) and might be considered tonic firing with somewhat more regularity in spike times 

compared to Group 3. Finally, most LC neurons (67.86%) fell into the third group (Figure 6E) with kurtosis 

values of nearly 0 or negative kurtosis. This group is, therefore, irregular firing. The ISI peak in this group 

ranged from 170 msec to 1050 msec. In contrast to the classic two-mode tonic-phasic framework, we 

show that multiple non-evoked phasic burst firing patterns spontaneously occur in different sets of LC 

neurons. Importantly, we found a stark difference in prevalence of firing patterns across the data set. 

Two-thirds of the neurons fired in irregular patterns and one third fired in fast, semi-rhythmic patterns. 

However, merely 47 neurons (2.75%) fired in fast rhythmic patterns. Individual studies of small sample 

size would likely fail to detect or differentiate between such patterns. We next turned to assessing how 

these newly identified firing patterns, which are expressed by different neuronal clusters, mapped onto 

various traits (i.e., sex, species, age, brain state, disease model, and genetic manipulation). 
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Figure 6. LC neurons have varied temporal patterns of activity that can be broadly categorized 
into 3 groups    
A) PCA space showing the 17 clusters identified by using kmeans clustering and principal components 
analysis on 1708 neurons’ ISI distributions. Average ISI distribution for 4 example clusters (clusters 1,5,6, 
and 12) are shown (right and left). Cluster identity is highlighted using color. B) Further grouping of 
clusters based on average cluster traits identified three separate groups. Scatterplot of each cluster’s 
kurtosis and maximum probability ISI time identified 3 groups – C) Group 1; fast and rhythmic, D) Group 
2; fast and semi-rhythmic, and E) Group 3; irregular. ISI distributions of all clusters in each group are 
shown for groups 1-3 (C-E). Figure legends show the color of each cluster and how many neurons are 
contained in each cluster. 

Species, age, and brain state were associated with specific spike timing patterns, but males and females 

expressed similar patterns  

Among the 17 clusters identified by PCA, we assessed whether any traits (sex, species, age and brain 

state) were preferentially expressed by specific clusters. We compared the proportion of each trait in 

each cluster to their proportion in the overall population of neurons included in this study. The difference 

was compared using a chi-squared test, and the test statistics and p-values are shown in Supplemental 
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Table 11. We observed differential expression of ISI patterns according to species and age, but not sex. 

Mouse neurons had a higher presence in clusters 1, 5, and 9 that expressed rhythmic or semi-rhythmic 

firing patterns. Rats had a higher representation of neurons in clusters 11,15, and 16 with greater 

irregularity in ISIs. Cluster 16 also had an increased proportion of neurons from NHP (Figure 7A). ISI 

distributions of clusters with a higher proportion of mouse neurons were less variable on average 

compared to clusters with a higher proportion of rat neurons (Figure 7A, lower right insert). Regarding 

age, clusters 3, 6, 7, and 10 showed shorter peak ISIs and skewed older with more neurons from aged 

animals and fewer from adolescent animals. Irregularly distributed ISIs in clusters 15, 16, and 17 were 

almost entirely comprised of neurons from adults. Finally, clusters 5, 9, and 12 that contained longer peak 

ISI times, skewed younger with more neurons from adolescent animals and completely lacked neurons 

from aged animals (Figure 7B). ISI distributions from clusters with higher proportions of aged animals 

showed shorter ISIs compared to clusters with high proportions of adult or adolescent neurons (Figure 

7B, lower right insert). Despite these strong trait-associated firing patterns, sex did not appear to 

associate with any particular ISI distribution except for cluster 7, which had a higher proportion of neurons 

recorded in females (Figure 7C). 

We also observed clusters of ISI distributions that differed in their composition of neurons based on brain 

state (awake, anesthetized, or ex vivo recording). Clusters 1, 2, 4, 5, 9, 12, and 14 were comprised of 

significantly more neurons from, anesthetized and brain slice recordings than the overall population 

(Figure 7D). Neurons recorded under anesthesia were the predominant contributors to clusters 11, 15, 

and 16. Clusters 10 and 13 had a higher proportion of neurons from awake animals with very few neurons 

recorded ex vivo. Clusters with higher proportions of neurons recorded ex vivo were less variable and 

had lower ISIs, especially when compared to clusters with more awake or anesthetized animals which 

had much more variable ISI distributions (Figure 7D, lower right insert). Given the over-representation 

of neurons recorded under anesthesia in some clusters, we further explored the effect of anesthesia by 

comparing the proportion of different types of anesthesia (urethane, chloral hydrate, or isoflurane) in each 

neuronal cluster. Clusters 6, 7, and 10 had a predominance of neurons recorded under chloral hydrate, 

while neurons recorded under isoflurane were absent. Clusters 12 and 14 also had a greater proportion 

of neurons recorded under isoflurane compared to the overall population. Clusters 11 and 16 had a higher 

proportion of neurons recorded under urethane (Figure 7E). These findings show that specific 

experimental preparations were associated with particular ISI patterns. However, diverse firing patterns, 

including multiple burst patterns, were found across each preparation. 
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Neurodegenerative models expressed different patterns of spike timing compared to wild-type animals 

We wondered whether models of neurodegenerative disease (either due to genetic modification or 

pharmacological manipulation of the LC noradrenergic system) might also be associated with particular 

spiking dynamics. Neuronal clusters 6, 10, and 13 were highly enriched with neurons recorded from 

APP/PS1 genetically modified animals, but those same clusters included very few (or were devoid of) 

neurons from parkinsonian and dyskinetic pharmacological models. On the other hand, we observed the 

opposite pattern in clusters 14 and 17, which had a greater proportion of neurons recorded from 

parkinsonian and dyskinetic animal models with hardly any representation of the APP/PS1 animal model 

(Figure 7F). ISI distributions from clusters with a higher proportion of APP/PS1 recorded neurons were 

shifted toward shorter ISIs and were less variable than the ISI distributions associated with parkinsonian 

animal models (Figure 7F, lower right insert). Thus, we found that models aimed at replicating core 

features of neurodegenerative diseases often expressed different LC spike timing patterns. 

Genetic modification for opto/chemo-genetic manipulation was associated with altered spike timing 

We investigated spike train dynamics across Cre-expressing animals. Cluster 10 had a higher proportion 

of neurons recorded from DBH-cre and VGAT-cre animals. Cluster 13 was comprised of a higher 

proportion of VGAT-cre, DBH-cre, and TH-cre animals compared to the overall population of neurons. 

Perhaps most strikingly, neurons recorded in TH-cre animals were nearly exclusively found in cluster 3 

and were only found in clusters 3 and 13 (Figure 7G). Overall, these results suggest that genetic 

manipulation of LC neurons or GABA interneurons to introduce Cre expression may be associated with 

changes in the temporal spike patterns of LC neurons. 
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Figure 7: Traits such as species, age, and recording preparation were represented differently 
across the 17 clusters based on ISI distributions. Bar graphs show the proportion of traits represented 
in each of the 17 clusters (cluster ID on x axis) and the population as a whole (rightmost bar). Gray 
shading under each cluster number identifies which group those clusters belong to (from Figure 14C-F). 
Mean ISI distribution of the clusters with a significantly different composition of traits compared to the 
overall population of neurons (chi squared) are shown in the lower right inserts. The color of the ISI 
distribution corresponds to the trait that is most overrepresented in the cluster (identified by the largest 
fold change in proportion, ((proportion in cluster-proportion in population)/proportion in population). A) 
Species were differentially represented across the 17 clusters. Clusters 1, 5, and 9 had an 
overrepresentation of mouse neurons. ISI distributions of these clusters were less variable than clusters 
with higher proportion of neurons from rats (11 and 15) or NHP (16). B) Clusters showed distinct 
differences in their composition based on age. Clusters 3, 6, 7, and 10 were comprised of more aged 
neurons and displayed shorter ISIs than clusters 5, 9, and 12 which consisted of a greater proportion of 
adolescent neurons. Clusters 15, 16, and 17 had a greater proportion of adult neurons with increased 
variability in their ISI distributions. C) Sex was equally represented in all clusters except for cluster 7 
which had increased female neurons compared to the population. D) 70% of clusters had statistically 
different proportions of neurons based on state compared to the population, a large majority of which had 
a greater proportion of neurons from ex vivo preparations. Clusters 1, 2, 4, 5, 9, 12, and 14, had a larger 
proportion of neurons from reduced preparations. Clusters 11, 15, and 16 had more neurons from 
anesthetized animals. There was an increased proportion of neurons from awake animals in clusters 10 
and 13. Both anesthetized and awake clusters showed increased ISI variability compared to clusters with 
a majority of ex vivo recorded neurons. E) Anesthesia type was differentially represented in 7 clusters. 
Neurons recorded under chloral hydrate were overrepresented in clusters 6, 7, and 10 which had ISI 
distributions with little variability and low ISIs. Clusters 12 and 14 had a greater proportion of neurons 
recorded under isoflurane and the proportion of neurons recorded under urethane anesthesia was 
increased in clusters 11 and 16. F) Clusters 6, 10, and 13 had a higher proportion of neurons from 
APP/PS1 animals. These clusters had lower ISIs compared to the clusters with increased neurons from 
parkinsonian (cluster 17) or dyskinetic (cluster 14) animals. G) Neurons from genetically modified animals 
for opto/chemo-genetic manipulation were differently represented in clusters 3, 10, and 13. TH-cre 
animals were only found in clusters 3 and 13; and were almost all in cluster 3. Cluster 10 had an increased 
proportion of neurons from DBH-cre animals.  

Second order statistics of LC spiking is diverse and varies greatly across neurons 

We characterized the second order statistics of LC neuronal spiking using so-called “return maps” or 

“Poincaré maps,” which are visualizations of the joint relationship between successive interspike intervals. 

This analysis provides important information on how the variability in temporal firing patterns is organized. 

The return map can show temporal patterns that are not apparent in the raw data, including stable states 

(attractors) of neuronal firing (Siegel, 1990; Carlson and Foote, 1992; Szücs et al., 2005). For instance, 

Figures 8A and 8B show synthetic data for two neurons, one which fires regularly and the other which 

fires tonically with occasional bursts. The return map distinguishes these two patterns and provides an 

intuitive visualization of the second order statistics of spike trains. Here, we calculated return maps for 

the 1,708 LC neurons (which met requisite conditions for ISI analysis). We observed several unique 
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spiking patterns, which we manually grouped. Finally, we assessed how distinct types of second-order 

firing patterns mapped onto various factors. 

We identified unique patterns in the 1,708 neurons in the return map density plots and manually grouped 

them into 8 types. Figures 8C-J shows an example unit from each of these 8 types of return maps, in 

which distinguishing features are visible. Types 1 - 5 (accounting for 62.5% of the patterns produced and 

most neurons) show a single stereotyped firing pattern (i.e, an attractor) with different shapes due to ISI 

variability (Figures 8C-G). This pattern is expected from irregular tonic baseline activity. For example, 

the return density plots of type 1 and 4 are both evenly distributed around a common mode ISI value but 

the variability in type 1 is larger than type 4, which is highly discrete and the result of extremely regular 

activity similar to the synthetic raster used in Figure 8A. Types 6, 7, and 8, however, have multiple 

attractors that also differ in their shape and variability (Figures 8H-J). The neurons with multi-attractor 

firing patterns are generated by tonic firing interspersed with bursting at discrete relative frequencies. 

This identifies specific relative relationships in spontaneous bursting activity of LC neurons. The number 

of units in each type varied from 21 to 689. More complex multi-attractor firing patterns were observed 

in a minority of neurons (n=115, 6.73%), while most neurons fired in type 1 or type 2 single-attractor 

patterns (n=1249, 73.13%). Descriptive values for each type can be found in Supplemental Table 12. 

These findings show that LC neurons produce firing patterns that are stereotyped attractors, and some 

neurons display transitions between multiple attractors. The attractor landscape is diverse across LC 

neurons. Therefore, we wondered whether these activity landscapes mapped onto particular factors, such 

as species, sex, etc.  
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Figure 8: Return density plots identify distinct higher order temporal dynamics of ISIs in 8 
patterns. Return density plots show the relationship between pairs of ISIs in a single neuron, namely the 
ISI of a given neuron on the x-axis against the following ISI of that same neuron on the y-axis. The 
frequency in which those relationships occur for a given unit are represented in the color where blue is 
no/infrequent ISI pairings and yellow is a pairing that occurs often. A&B) Example neurons with their 
respective raster plot (top) and return density plots (bottom) show the relationship between firing rate, 
ISI, and return density plots. A) Example neuron with a regular/tonic firing rate results in a return density 
plot with one point. B) Another example neuron with periods of tonic firing along with bursts results in a 

return density plot with a distinct shape of four points. Burst firing is highlighted in green in the raster and 

return density plot. Short ISIs followed by long ISIs (blue) and long ISIs followed by short ISIs (orange) 

are represented in the upper left and lower right corners of the return density plot. Tonic firing, long ISI 

followed by long ISIs, are highlighted in purple in the raster plot and return density plot. C-J) Return 

density plot for the manually identified patterns fell into these 8 types. C-G) Types 1-5 (C: n=689; D: 

n=560; E: n=90; F: n=206; G: n=48) show single attractor patterns, likely representing different forms of 

irregular tonic baseline activity. H-J) Return density plots for type 6-8 (H: n=44; I: n=50; J: n=21) contain 

multiple attractors, from 3-5, and have differences in the number of attractors, gaps between attractors, 

and variability in the attractors. These types likely represent tonic and spontaneous phasic burst firing 

occurring in baseline LC activity.   
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Species-, age-, and sex-specific second-order spike train statistics 

We characterized to what degree different factors were expressed in each return map type by comparing 

the proportion of neurons with a specific trait to the overall population (Supplemental Table 13). We 

begin with the contribution of species, age, and sex. Our analysis revealed that some firing patterns are 

almost entirely expressed by a single species (Figure 9A). Type 2 (single attractor) was almost 

exclusively rat LC neurons. Types 4 and 5 (single attractor) had a greater proportion of neurons from 

mice and rarely included neurons recorded from NHPs. However, NHP LC neurons were overrepresented 

in type 3 (single attractor), which also contained a large proportion of mouse LC neurons. Therefore, we 

found species specific variations in tonic baseline firing intervals from mouse, rat, and NHP LC.  

We also examined the effect of age on LC spike train dynamics (Figure 9B). Type 1 and 3, single 

attractors with wide variability, had a higher proportion of aged animals. Adolescent neurons were 

especially common in type 4 which showed the most consistent ISIs. Type 2 was almost entirely made 

up of adult neurons with little/no adolescent or aged neurons. Thus, the adult LC may express a specific 

tonic firing pattern that distinguishes it from tonic activity patterns in adolescence or later life. Of note, 

variability (spread) between relative ISIs (Figure 8C-F) is very low in the type with more adolescent 

animals (Figure 8F; type 4), increasing in the adult animal type (Figure 8D; type 2), and aged animal 

types showing the greatest variability (Figures 8C&E; types 1 and 3). Thus, distinct timepoints in 

development and aging are associated with specific relative LC neuronal firing patterns. 

Lastly, we investigated whether firing patterns were expressed to a greater extent in males compared to 

females and vice versa (Figure 9C). However, no return map type was entirely specific to one of the 

sexes. Male neurons predominated type 1 and 7, whereas type 4 had a higher proportion of female 

neurons. These results show that sex has some influence on higher-order LC spike train patterns, but all 

relative patterns are expressed in both sexes. 

Specific second order spike train dynamics are expressed in slice, anesthetized, and awake recordings 

We next examined the role of experimental preparation on second order dynamics. Type 4 and 5 return 

maps (single attractor, limited variability) had a significantly higher proportion of neurons recorded in a 

slice preparation and contained no neurons recorded in awake animals. Type 2 (single attractor) was 

almost entirely made up of neurons from anesthetized animals. Finally, type 1 (single attractor) and 8 

(multiple attractors) were comprised of a higher proportion of neurons recorded in the awake state with 
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a lower proportion of neurons recorded in the slice preparation (Figure 9D). These results suggest that 

the preparation in which LC neurons are recorded is associated with specific second-order spike train 

statistics. 

Given that experimental preparation is associated with altered LC spike train dynamics, we assessed 

whether the dynamics were influenced by the type of anesthetic agent utilized in anesthetized recordings 

(Figure 9E). Neurons recorded under urethane anesthesia were the majority in type 1, 6, and 7. 

Moreover, these types lacked neurons recorded under isoflurane. Similarly, there were no isoflurane 

neurons in type 3, but this type contained a higher proportion of chloral hydrate neurons. Finally, type 2 

and 4 contained neurons recorded under isoflurane, as well as those recorded under chloral hydrate, in 

greater proportions. Thus, we found 75% of the second-order spike train patterns identified differed in 

their composition of neurons recorded under urethane, chloral hydrate, and/or isoflurane.  

Specific disease models and genetic modifications were associated with different second-order spike 

train dynamics 

Finally, we tested whether genetic manipulations for opto/chemo-genetics (Cre-expression) and models 

of neurodegenerative disease (i.e., genetic modification or pharmacological manipulations) were over- or 

under-expressed in any of the return map types (Figure 9F-G). We found that type 2 had an increased 

proportion of neurons from pharmacological animal models of dyskinesia and Parkinson’s disease, but a 

decreased proportion of neurons from APP/PS1 genetic model and DSP-4 pharmacological model of 

neurodegenerative disease (Figure 9F). In contrast, we observed the opposite patterns in type 1 and 3. 

These clusters contained more APP/PS1 and DSP-4 neurons, but almost entirely lacked neurons from 

the pharmacological models of Parkinson’s disease and dyskinetic disorders. 

Lastly, we examined the representation of genetic manipulation for Cre expression across the 8 types of 

return density patterns (Figure 9G). We found type 2 was almost entirely comprised of wild-type animals. 

Type 3 had a higher proportion of TH-cre neurons, while type 5 and 8 had a greater proportion of neurons 

recorded DBH-cre animals. Although not a large difference, types 3, 5, and 8 also had an increased 

proportion of neurons from VGAT-cre animals. These results show that TH-cre, DBH-cre, and VGAT-cre 

expressing neurons may each be biased toward specific relative firing patterns. Importantly, however, 

one type of firing pattern (type 2) was expressed only in wild type subjects. 
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Figure 9: Age, state, and other factors contribute to unique second order spike train dynamics. 
Bar graphs show the proportion of traits represented in each of the 8 return density types (type ID on x 
axis) and the population as a whole (rightmost bar). The proportion of traits in each cluster is identified in 
each bar graph and was tested for differences compared to the overall population with a chi-squared test. 
Fold change in proportional representation is shown in the bottom right insert for types where there was 
a significantly different proportion of traits. Fold change was calculated as (trait proportion within type-
proportion in population)/proportion in population). A) Four types were comprised of neurons across 
species in different proportions compared to the population. Type 2 contained almost entirely neurons 
from rats while there was an overrepresentation of mouse neurons in type 4 and 5. Nonhuman primate 
neurons were overrepresented in type 3 return density plots.  B) Age impacted the types of return density 
plots LC neurons fell into. Types 1-4 were comprised of significantly different proportions of neurons 
based on age. There was an increase in adolescent neurons in type 4, adult neurons in type 2, and aged 
neurons in types 1 and 3. C) Three of the return density types (1,4, and 7) contained different proportions 
of neurons from males and females.  D) State varied greatly across the 8 second order types. Types 4 
and 5 have more neurons from reduced preparations, 1 and 8 had more neurons from awake animals, 
and type 2 is almost all from anesthetized neurons. E) Almost all types had different proportions of 
anesthesia types compared to the overall population of neurons. F) Disease model representation 
differed in types 1, 2, and 3. There is an overrepresentation of APP/PS1 and DSP-4 neurons in types 1 
and 3 and an overrepresentation of parkinsonian and dyskinetic pharmacological models in type 2. G) 
Types 3, 5, and 8 contained increased proportions of neurons from genetically manipulated animals while 
type 2 was almost entirely from wild type animals.   

 

Discussion 

The LC is an ancestral brain region whose form and function has been conserved across species 

including fish, amphibians, reptiles, and mammals. We hypothesized that LC activity (spike rate and firing 

patterns) would be largely identical across species. We furthermore hypothesized that the activity of an 

evolutionarily ancient brain region would be affected similarly by sex, age, and experimental preparation 

or brain state across species. By analogy: breathing in mammals, whether the individuals are male or 

female – young or old – asleep or awake – is driven by homologous brainstem (pre-Bötzinger nucleus) 

activity patterns regardless of these biological factors. At first glance, this would appear true for LC 

neurons which tend to fire around 1 spike/sec and exhibit two firing modes (phasic or tonic) in vertebrates. 

However, the hypothesis we propose has never been tested due to the low sample sizes used in 

individual studies. By pooling data and using a powerful binomial regression model, we show that LC 

firing rates vary due to a complex interplay between species, sex, age, and brain state. In short, LC 

activity – and its relationship with core biological factors – is not conserved across species. In fact, the 

differences in firing rate (0.12 to 3.1 spikes/sec) represent relatively large deviations in neuronal activation 

given the low level of spontaneous LC activity (around 1 spike/sec). 

LC firing rate and firing patterns are associated with complex interaction between species and biological 

factors  
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Although, in principle, the firing rate of LC neurons appears to be similar between fish, mice, rats, and 

NHPs in datasets collected over decades of individual studies (Vreven et al., 2024), a direct comparison 

has not been made on single large dataset with a model controlling for individual and combined effects. 

We found that the firing rate in mice is elevated compared to rats and NHPs. We also observed that 

specific fast, rhythmic and fast, semi-rhythmic firing patterns, as well as single attractor dynamics 

(Poincaré plots type 4 and 5) were enriched with neurons recorded in mice. Male mice have become a 

predominant species in research due to their accessibility for genetic modification. Intriguingly, we found 

that brain-wide genetic manipulation not directly focused on the LC may affect both firing rate (VGAT-cre 

mice) and temporal spiking patterns (VGAT-cre and DBH-cre mice). One caveat, however, is that most 

of the genetic manipulation data were collected by a single laboratory and should therefore be assessed 

across laboratories before drawing firm conclusions.  

We found that species differences in neuronal activity interact with biological factors, such as sex and 

brain state. For instance, in mice, activity was generally higher under anesthesia and in brain slices and 

lower during wakefulness, whereas in rats the opposite pattern was observed (we did not have NHP data 

from different experimental preparations for comparison). Neurons recorded from female rats were more 

active than those recorded from male rats or NHP, whereas in mice, female LC neurons are less active 

than male during awake states but more active in brain slice preparations. While it is known that the LC 

is a sexually dimorphic structure (Pinos et al., 2001; Bangasser et al., 2011; Bangasser et al., 2016; 

Mariscal et al., 2023), a direct comparison of LC activity between sexes has not been performed on a 

large scale. Our findings may implicate the increased activity of female LC as a driver of sex-specific 

vulnerability to stress, anxiety, and substance-use disorder (Brady and Randall, 1999; Altemus et al., 

2014; Bangasser and Valentino, 2014; Bangasser et al., 2016). Critically, however, our analysis identifies 

potential mechanistic differences in the neural circuits underlying sex-related stress and anxiety across 

species that may impact translatable findings. 

Do LC neurons spontaneously burst, and are bursts the same across species? 

We saw evidence of spontaneous bursting from LC neurons (without evoked triggers) and investigated 

whether LC bursts are fundamentally the same across species and biological factors. We observed a 

diverse collection of ISI histogram distributions that fell into 17 different neuronal clusters. These clusters 

could be roughly grouped into 3 types of firing pattern: (i) fast and rhythmic (rare), (ii) fast and semi-

rhythmic (frequent), or (iii) irregular (most common). Each of these three qualitative firing pattern groups 

contain numerous patterns differentiated, for example, by the peak ISI time of the neurons in that cluster. 

Although distinct ISI cluster groups varied between different experimental parameters, each broad pattern 
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group was found across multiple sex, species and experimental preparations.  Overall, this indicates 

abundant heterogeneity within the characteristics of spontaneous bursting by LC neurons.  

We assessed the second-order temporal dynamics of LC activity using Poincaré plots to look at the 

temporal organization of ISIs among individual LC neurons (Siegel, 1990; Carlson and Foote, 1992; 

Szücs et al., 2005). We observed 8 pattern types, which could be coarsely grouped into either single 

attractor or multi-attractor dynamics in the spike train. Single attractor dynamics are characterized by a 

temporally-stable and repetitive pattern of spiking with varying levels of regularity, while multi-attractor 

dynamics meant that neurons switched between stable attractors of specific firing patterns that could be 

bursts, semi-regular activity, or irregular activity.   

Our findings suggest that the classical conceptual two-mode model of LC neuronal activity may be a 

somewhat impoverished view. The irregular firing patterns that emerged from this large dataset are 

consistent with the “tonic” firing mode, which has been defined as spontaneous spiking (~ 0.1 to 5 

spikes/sec) with long, and variable ISIs (Foote et al., 1980). However, it is apparent from the ISI 

histograms and the Poincaré plots that there is substantial diversity in individual tonic baseline range and 

regularity of firing. This diversity in tonic activity is driven by species differences, age and experimental 

preparation. Phasic burst firing in LC neurons has multiple definitions in the literature, including simply a 

transient elevation due to spontaneous (internally-driven) or sensory evoked firing rate (Aston-Jones and 

Bloom, 1981b; Aston-Jones et al., 1994; Marzo et al., 2014; Neves et al., 2018), or a burst of successive 

spikes with an ISI of less than 80 msec (Tung et al., 1989; Saunier et al., 1993; Nilsson et al., 2005; 

Miguelez et al., 2011a; Cieslak et al., 2017; Liu et al., 2017). Here, we show that rhythmic burst firing 

occurs frequently in several species and is expressed over a broad range of potential patterns across LC 

neurons. Overall, this result suggests that LC neuronal activity patterns are heterogeneous and diverse.  

The LC dual-mode of operation has been widely used outside of neurophysiology. For instance, human 

neuroimaging studies and cognitive psychology studies invoke the dual-mode conceptual framework to 

link pupillometry measurements with cognitive processes (Coull, 1998; Einhauser et al., 2008; Murphy et 

al., 2011; Alnaes et al., 2014; Murphy et al., 2014; van den Brink et al., 2016a; van den Brink et al., 2016b; 

Elman et al., 2017; He et al., 2020). The broadening of LC modes of operation may have importance for 

human subjects research that uses pupillometry. 

The heterogeneity of LC firing patterns has important implications for experiments probing LC function 

through optogenetic or electrical stimulation, which drive neurons at a specific timing and pattern (Carter 

et al., 2010; Marzo et al., 2014; Vazey et al., 2018; Harley and Yuan, 2021; Grimm et al., 2024). 

Stimulation parameters for these studies are consistently applied and do not reflect the underlying 
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population heterogeneity and “multi-mode” model of LC activity revealed by this data-driven, large dataset 

approach. This diversity in LC activity patterns also has implications for understanding neuromodulation 

across species and different biological factors. For instance, when rodent LC neurons emit spikes at a 

short ISI, their axons can become depolarized so that subsequent spikes in the burst are conducted 

faster (Aston-Jones et al., 1980). Indeed, this may explain findings from studies in rodents showing that, 

in contrast to periods in which LC activity is tonically elevated, a transient burst can increase the 

magnitude of NE release (Florin-Lechner et al., 1996; Devoto et al., 2005b). Bursts differentially release 

co-transmitters, and LC neurons release numerous neuropeptides such as galanin, neuropeptide Y, and 

brain derived neurotrophic factor, as well as other small molecule neurotransmitters such as dopamine, 

glutamate, and ATP (Castren et al., 1995; Conner et al., 1997; Simpson et al., 1999; Devoto et al., 2001; 

Poelchen et al., 2001; Devoto et al., 2005a; Schwarz and Luo, 2015; Takeuchi et al., 2016; Yang et al., 

2021). The differential expression of diverse firing patterns across species and biological factors suggests 

that the neurotransmitter release properties and functional effects of LC neurons could have nuanced 

and previously unappreciated differences based on species, sex, age, and brain state.  

Brain slices and anesthesia provide a window into the pacemaker dynamics of LC activity  

Experiment preparations, such as anesthetized recordings and ex vivo brain slice recordings, matched 

awake firing rate quite closely (although there was the notable interaction with both species and sex). On 

the other hand, brain slices were primarily associated with distinct firing patterns (ISI histograms) and 

spike timing dynamics (Poincaré plots).  

Brain slice recordings were strongly associated with pacemaker-like, rhythmic spike patterns with low ISI 

variability, while awake or anesthetized preparations had more variable, semi-rhythmic or irregular firing 

patterns. Neurons recorded ex vivo were more likely to be found in type 4 and type 5 Poincaré plots, 

which had the smallest amount of variability. This contrast in activity may be explained by the severance 

of afferent connections and removed external sensory input which affects both anesthetized and awake 

LC activity (Aston-Jones and Bloom, 1981b; Sara and Bouret, 2012).  

While pacemaker-like activity was most prominent in brain slices, such patterns were still observed in 

anesthetized and awake animals. Thus, such patterns of firing are not “artifacts” or “unnatural” brain 

activity, rather they are the reality of the preparation being used. In other words, the LC has a range of 

firing patterns that are apparent in all experimental preparations, but some preparations emphasize 

particular patterns over others and are thus a good experimental preparation for studying those situations. 

It is useful to understand the role of LC pacemaker activity in awake animals and brain slices may be an 

ideal system to study this phenomenon. Moreover, emerging in vitro models of LC organoids that 
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incorporate human pluripotent stem cells may be a useful method for understanding how human LC 

development and gene expression affect LC pacemaker activity (Tao et al., 2023). 

LC firing is affected in aging and neurodegenerative disorders 

We found that LC firing gradually increased with age, consistent with some recent human imaging data 

(Ludwig et al., 2024) and a recent mouse slice recording study (Budygin et al., 2024). To our knowledge, 

prior studies assessing age-related changes in LC activity in anesthetized rats observed either no 

differences, or a decrease with age (Olpe and Steinmann, 1982). This discrepancy may be due to the 

age ranges, smaller sample sizes, or brief duration of recordings (3 min) used in the prior work (recordings 

in this large dataset ranged from ~5 seconds to ~7 hours with a median of 444 seconds). We also 

observed semi-rhythmic firing in the adolescent LC that becomes predominantly irregular in adulthood 

and finally transitions into more rhythmic, faster activity in aged animals. One reason for late stage 

reversion to rhythmic firing patterns and increased firing rates could be compensation for NE fiber loss 

as a natural course of aging, which has been observed in both aging rodents and humans (Rorabaugh 

et al., 2017; Chalermpalanupap et al., 2018; Kelberman et al., 2022; Langley et al., 2022). Interestingly, 

age-related changes appear to be shared across the three species tested in this study. Age-related 

changes may be important for understanding how the immune system, metabolism, cardiac function, 

cognitive abilities, and behavior (which are all influenced by LC activity) change as organisms grow older. 

The LC and its dysfunction have long been implicated in neurodegenerative disorders (Mann et al., 1980; 

van Dongen, 1981; Sturrock and Rao, 1985b; German et al., 1992; Mather and Harley, 2016; 

Weinshenker, 2018; Liu et al., 2020). Surprisingly, most disease models were not associated with altered 

spike rate. This is unexpected given prior work showing differences for the APP/PS1 model (Kelberman 

et al., 2023; Kelly et al., 2021.) In slice recordings, LC neurons from APP-PSEN1 male mice were more 

spontaneously active than wild-type controls (Kelly et al., 2021). On the other hand, extracellular LC 

recordings (chloral hydrate anesthesia) from male and female APP/PS1 rats (Fischer background) were 

less active than wild-type rats (Kelberman et al., 2023). The opposing findings in prior work may be due 

to the phenotypic differences between the rats and mice despite having the same genetic mutation. For 

instance, the APP/PS1 rat develops LC tau pathology, whereas the APP-PSEN1 mice only accumulate 

A oligomers in the LC (Rorabaugh et al., 2017; Kelly et al., 2021). Unexpectedly, our analysis revealed 

no difference in LC firing rate between animals with the APP/PS1 genetic mutation and wild-type controls. 

However, our analysis compared to wild-type neurons from NHPs, rats, and mice under a variety of 

conditions (sex, age, experimental preparation). Our work shows that other factors influence LC activity, 

and it is noteworthy that the prior assessment of the APP/PS1 model in rats used an extracellular 

recording preparation and older animals (6 and 15 months) compared to the recordings in mice, which 
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were in slice and at an earlier age (2 to 4 months). The null finding in our large-scale study does not 

necessarily suggest that individual studies are incorrect. Instead, our report highlights that disease-

related genetic modifications likely require the most stringent controls (i.e., using littermates of same age, 

sex, background, rearing conditions, recording preparation, etc.) to make a comparison with the wild-type 

control group. The need for careful controls is all-the-more relevant when considering that the effects of 

a mutation may be of small magnitude (less than 1 spike/sec) and sample sizes are typically many 

magnitudes smaller than the large dataset analyzed in the present study. 

One point of consensus with prior work on the APP/PS1 genetically-modified rat is that the LC neurons 

display abnormal bursting characteristics (Kelberman et al., 2023). Similarly, we found that APP/PS1 

neurons fired in a short ISI pattern. Temporal firing patterns appeared to discriminate other genetic 

modifications and neurodegenerative disease models, as well. APP/PS1 (and DSP-4) animals are 

overrepresented in type 1 and type 3 Poincaré plots and underrepresented in type 2 Poincaré plots, 

whereas dyskinetic and parkinsonian rat models had the opposite patterns. The common feature is that 

these patterns are all single attractors. Thus, temporal dynamics of LC firing may be more informative of 

LC neuronal dysfunction in neurodegenerative disorders than population level firing rates. 

Integration of the ancestral LC into vertebrate nervous systems may be a bespoke solution for some 

species  

Using the shared contributions of data from multiple laboratories, our analysis uncovered specific 

differences in firing rate and firing patterns that also depended on biological factors such as sex and age. 

Although the LC is an ancestral brain region shared by vertebrates, its activity and functions have not 

been tightly conserved. The LC likely integrated into vertebrate nervous systems within the variable 

context of the evolutionary pressures that sculpted the nervous system of each species. Via its broad 

central nervous system-wide connectivity, this ancestral region may contribute to sex, species, and age-

related differences in cognition, behavior, cardiovascular function, the immune system, and metabolism. 

A deeper understanding of how the LC is functionally integrated in the nervous system across a range of 

species may help explain the relationship that sex and age have with psychiatric, cardiovascular, 

immunological, and metabolic disease.  
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Methods 

Ethical guidelines. All animal studies in the United States were performed with approval from the 

Institution Animal Care and Use Committee at Baylor College of Medicine, Cold Spring Harbor, Columbia 

University, Emory University, Massachusetts Institute of Technology, New York University, Rowan 

University, University of North Carolina Chapel Hill, University of Pennsylvania, University of Wisconsin-

Madison, Washington University School of Medicine, University, and Yale University in accordance with 

the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Approval for animal 

studies outside of the United States were approved by the Animal Care and Experimentation Committee 

of the Institute for Research in Fundamental Sciences, the Animal Care and Use Committees of the RIKEN 

Brain Science Institute, the Institutional Animal Care and Use Committee of National Taiwan University, 

the Institutional Animal Care and Use Committee of Chung-Shan Medical University, the University of 

Bristol Animal Welfare and Ethical review body according to the UK Animals (Scientific Procedures) Act 

1986 (license PPL3003362), the Committee for Animal Experimentation at the University of Cadiz and 

University of the Basque Country (UPV/EHU), in compliance with the European Community Guidelines 

for the Care and Use of Laboratory Animals (2010/63/EU) and Spanish Law for the protection of animals 

used for research experimentation and other scientific purposes (RD 53/2013), the Committee for Animal 

Experimentation at the University of Cadiz, The Regierungspräsidium Tuebingen & The Regional State 

Administrative Agency for Southern Finland according to German Law for the Protection of Animals in 

experimental research (Tierschutzversuchstierverordnung) & the European Community Guidelines for 

the Care and Use of Laboratory Animals (EU Directive 2010/63/EU). 

Data Collection and Organization 

Data was sourced from various labs and imported into a custom structure in Matlab (MathWorks; 

version R2019a) for analysis. We acquired data on species, sex, strain, state (awake, slice, anesthesia 

and type), age, pharmacology and events (type and timestamp), and genotype. LC recordings were 

imported as timestamps of each individual spike within a given recording. Firing rates were calculated as 

the number of spikes divided by the timestamp of the last recorded spike. 

Data Curation  

A total of 2944 neurons were submitted across 20 labs. After excluding 975 neurons as 

mentioned in Figure 1 (ISI violation n=319, recording length violation n=457, stress n=199) the resulting 
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1969 neurons were further curated for firing rate analysis and interspike interval analysis separately. 

Firing rate analysis further excluded 113 neurons where the sex was unknown and 1 single neuron 

recorded under pentobarbital anesthesia for a final dataset of 1855 neurons. Interspike interval dataset 

included neurons from animals of unknown sex but excluded units that did not have at least 100 

interspike intervals prior to any stimulus or pharmacology application (n=260). This exclusion criteria 

resulted in a total of 1708 single neurons included for ISI analysis.  

Statistical analysis of firing rates 

Descriptive statistics were used to describe the characteristics of the sample of firing rates. Given 

the multitude of variables present in our analyses, we fit a regression to explain the individual and 

combined effects of factors on firing rates. Initial examination of the data revealed overdispersion. We 

therefore chose a negative binomial regression model, which is commonly used to model overdispersed 

data. Negative binomial regression is a generalization of a Poisson regression with less restrictive 

assumptions of equal mean and variance which was also present in our data. Given that we wanted to 

leverage cross-lab comparisons, we removed lab as a random effect and fit a marginal model instead. 

This was further justified by the large size of our dataset and model fit statistics (ratio of the deviance to 

degrees of freedom and dispersion parameter). A generalized estimating equation algorithm was then 

used to estimate the independent effects of individual factors and their interactions on firing rates (SAS 

PROC GENMOD).  

Generalized estimating equations (GEE) are one popular algorithm for fitting marginal models when 

outcome is a discrete variable. Using GEE with offset of measurement time, the independent effect of 

age, sex, species, genotype and anesthesia/state as well as their effect modification on firing rate were 

assessed. If a significant effect modification (interaction) was present, estimated firing rate was compared 

at a different level of the components of the interaction. If the interaction was not significant, estimated 

firing rate was reported with adjustment of other features. GEE was also applied to the comparison of 

firing rate between single or various combination of methods which were used to verify locus coeruleus 

neurons. To correct for multiple comparisons, a false-discovery rate of < 20% was applied and Benjamini-

Hochberg procedure was used. All analyses were performed in SAS® 9.4 (SAS Institute Inc). All tests 

performed were two-tailed. 

Data Visualization 
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Data are visualized by plotting individual data points with a box representing the estimated mean firing 

rate ± 95% confidence interval on a log10 scale. Effect size plots include the difference between the 

estimated means ± 95% confidence interval. Graphs were made in GraphPad Prism (version 9.2.0). 

ISI 

For each neuron, spiketimes from the beginning of the recording until administration of 

pharmacology, any event timestamps, or the end of the recording (whichever was first) were used to 

calculate ISIs. ISIs were calculated by subtracting the time of each spike from the following spike time 

(spikex+1-spikex), resulting in a train of ISIs for each neuron. The mean value for all ISIs was 1.096s ± 

17.573s SD.  

Principal components analysis 

To identify patterns in ISI distributions across neurons, ISI histograms (20ms bins, 0 to 2.5s, 

normalized) were analyzed using PCA. Principal component 1 explained 27.43% of variance and PC2, 

PC3, PC4, PC5, and PC6 explained 17.31%, 11.53%, 7.43%, 6.08%, and 4.88% respectively 

(Supplemental Figure 2). In total the first 6 principal components explain 74.67% of variance. Clustering 

was performed on the first 6 principal components using the Matlab kmeans function. Using a gap test, 

the optimal number of clusters was identified as 17 using squared euclidean distance.   

Grouping ISI clusters 

After neurons were clustered based on ISI distributions, we further grouped the 17 clusters based 

on the peak ISI time and kurtosis of ISI distribution. Kurtosis is a measure of the ‘tailedness’ of a 

distribution, or how often an observation in a distribution falls in the center, where a high kurtosis value 

means low tailedness or most observations falling in the peak. The kurtosis of each cluster was identified 

by finding the kurtosis of the average ISI distribution of all neurons in a cluster using Graphpad Prism. 

The ISI most likely to occur for each cluster was identified by the time bin with the highest probability 

from the mean ISI histograms of all neurons in a cluster. Kurtosis was compared to the maximum 

probability ISI for each cluster. Graphing these characteristics for each cluster identified 3 main groups 

of clusters (Figure 6B). 

Return Density plots 
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Second order ISI patterns were characterized using return density plots to visualize unique 

temporal patterns of single units. These return density plots show the ISI of a single neuron on the x axis 

plotted against the following ISI of that same neuron on the y axis. A two-dimensional histogram was 

created for each unit (ISIn x ISIn+1) binned in 40 bins on each axis centered around the maximum value 

in the two-dimensional histogram (±5) plotted on a logarithmic scale for better visualization. Areas with 

colors approaching yellow indicate a higher density, or likelihood, where cooler colors indicate lower 

density and zero density areas are colored blue. Example return density plot and raster plots are shown 

in Figure 8A-B to demonstrate how neural data is represented. 

We identified unique patterns in the return density plots of single units and grouped the units 

based on these patterns. We visually identified 8 temporal patterns (‘types 1-8’) and manually curated the 

return density plots into each type. When sorting units into types the return density plots were aligned to 

show the max bin in the center of the return density plot and neurons were assigned into types based on 

their shape and not the values on the x and y axis.  

Trait comparisons across ISI groupings 

To identify if clusters (histograms) or types (return density plots) were comprised of more/less 

neurons with certain traits, we compared the proportion of a given trait within each cluster/type to the 

overall population of neurons in the dataset. The proportion of neurons containing certain traits in each 

cluster/type (for both PCA clustered ISI distributions and return density plot types) were compared to 

identify if any given trait was more likely to result in a specific activity pattern. Characteristics examined 

included species, sex, age, state, anesthesia type, disease model and genotype. Differences in the 

frequency of a given trait (ex. male vs female) in each cluster were compared to the frequency of these 

traits in the population of neurons included in ISI analysis using the chi-squared test with Bonferroni 

correction for multiple comparisons.  

Supplemental Figures 

Supplemental Figure 1: Effect of species and state interaction on LC firing rates under A) urethane 

and B) isoflurane anesthesia. 
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Supplemental Figure 2: Variance explained in ISI distribution PCA. 

 

 

 

Supplemental Table 1A: Estimated Firing Rates Based on Main Effects of Individual Factors 
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Factor Sub-Factor DF Chi-

Square 

(Wald 

Test) 

Estimated 

Firing Rate 

Mean ± SEM 

(95% CI) 

Main 

Effect (p-

value) 

Age Adolescent 2 10.34 1.17 ± 0.10 

(0.99 - 1.38) 

0.0057 

Adult 1.57 ± 0.03 

(1.50 - 1.63) 

Aged 1.86 ± 0.13 

(1.61 - 2.14) 

Sex Male 1 12.98 1.47 ± 0.03 

(1.41 - 1.54) 

0.0003 

Female 1.87 ± 0.07 

(1.73 - 2.02) 

Species Mouse 2 42.61 2.27 ± 0.13 

(2.03 - 2.53) 

<0.0001 

Rat 1.48 ± 0.03 

(1.42 - 1.54) 

NHP 1.41 ± 0.19 

(1.09 - 1.83) 

Genotype/Disease 

Models 

Wild-type 7 69.75 1.55 ± 0.03 

(1.48 - 1.62) 

<0.0001 

DBH-cre 2.15 ± 0.44 

(1.44 - 3.21) 

TH-cre 2.23 ± 0.42 

(1.54 - 3.22) 

VGAT-cre 1.04 ± 0.15 

(0.79 - 1.37) 

APP/PS1 1.50 ± 0.12 

(1.28 - 1.74) 
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DSP-4 2.35 ± 0.36 

(1.75 - 3.17) 

Dyskinetic 1.84 ± 0.22 

(1.45 - 2.33) 

Parkinsonian 1.51 ± 0.12 

(1.29 - 1.77) 

State/Anesthesia Awake 4 33.33 1.45 ± 0.14 

(1.20 - 1.76) 

<0.0001 

Slice 1.67 ± 0.09 

(1.50 - 1.86) 

Chloral 

Hydrate 

1.73 ± 0.05 

(1.63 - 1.84) 

Urethane 1.37 ± 0.04 

(1.28 - 1.45) 

Isoflurane 1.84 ± 0.17 

(1.54 - 2.20) 

 

Supplemental Table 1B: Summary of Interactions between Factors on Firing Rates 

Interaction  DF Chi-Square 

(Likelihood 

Ratio Test) 

p value 

Age*Sex 2 3.82 0.15 

Age*Species - - Non-

estimable 

Age*Genotype 1 0 0.97 

Age*Anesthesia - - Non-

estimable 

Sex*Species 1 6.59 0.0103 
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Sex*Genotype 5 6.24 0.28 

Sex*Anesthesia 3 13.12 0.0044 

Species*Genotype - - Non-

estimable 

Species*Anesthesia 3 15.7 0.0013 

Genotype*Anesthesia - - Non-

estimable 

 

Supplemental Table 2: Post-hoc Pairwise Comparisons of Firing Rates Based on Main Effect of 

State 

Comparison DF Chi-Square (Wald Test) Effect Size (95% CI)   p-value 

Awake vs Chloral Hydrate 1 3.376 -0.28 (-0.60 – 0.04) 0.07 

Awake vs Isoflurane 1 3.116 -0.39 (-083 – 0.05) 0.08 

Awake vs Slice 1 1.705 -0.22 (-0.57 – 0.13) 0.19 

Awake vs Urethane 1 0.352 0.08 (-0.18 – 0.34) 0.55 

Chloral Hydrate vs Isoflurane 1 0.385 -0.11 (-0.42 – 0.20) 0.53 

Chloral Hydrate vs Slice 1 0.281 0.06 (-0.14 – 0.26) 0.60 

Chloral Hydrate vs Urethane 1 27.743 0.36 (0.23 – 0.49) <0.0001 

Isoflurane vs Slice 1 0.756 0.17 (-0.24 – 0.47) 0.38 

Isoflurane vs Urethane 1 7.482 0.47 (0.21 - 0.73) 0.0062 

Slice vs Urethane 1 9.037 0.30 (0.13 – 0.47) 0.0026 

 

Supplemental Table 3A: Post-hoc Pairwise Comparisons of Firing Rates Based on the Interaction 

between State and Sex, Males 
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Contrast DF Chi-Square (Wald Test) Effect Size (95% CI) p-value 

Awake vs Chloral Hydrate 1 0.02 0.03 (0.33 – 0.39) 0.89 

Awake vs Isoflurane 1 0.13 -0.09 (-0.57 – 0.30) 0.71 

Awake vs Slice 1 0.37 0.12 (-0.26 – 0.51) 0.54 

Awake vs Urethane 1 2.47 0.29 (0 – 0.58) 0.12 

Chloral Hydrate vs Isoflurane 1 0.41 -0.12 (-0.45 – 0.21) 0.52 

Chloral Hydrate vs Slice 1 0.61 0.09 (-0.16 – 0.34) 0.43 

Chloral Hydrate vs Urethane 1 9.65 0.26 (0.11 – 0.41) 0.0019 

Isoflurane vs Slice 1 1.21 0.21 (-0.15 – 0.57) 0.27 

Isoflurane vs Urethane 1 4.92 0.37 (0.12 – 0.64) 0.0266 

Slice vs Urethane 1 2.084 0.17 (-0.02 – 0.36) 0.15 

 

Supplemental Table 3B: Post-hoc Pairwise Comparisons of Firing Rates Based on the Interaction 

between State and Sex, Females  

contrast DF Chi-Square (Wald Test) Effect Size (95% CI) p-value 

Awake vs Chloral Hydrate 1 21.11 -0.96 (-1.74 – -0.18) <0.0001 

Awake vs Isoflurane 1 4.49 -2.49 (-4.10 – -0.88) 0.0341 

Awake vs Slice 1 17.08 -1.11 (-2.00 – -0.22) <0.0001 

Awake vs Urethane 1 2.65 -3.56 (-5.57 – -1.55) 0.10 

Chloral Hydrate vs Isoflurane 1 1.73 -1.53 (-2.79 – -0.27) 0.19 

Chloral Hydrate vs Slice 1 0.57 -0.16 (-1.38 – 1.08) 0.45 

Chloral Hydrate vs Urethane 1 1.42 -2.60 (-4.37 – -0.83) 0.23 

Isoflurane vs Slice 1 1.37 1.38 (-0.12 – 2.88) 0.24 

Isoflurane vs Urethane 1 0.19 -1.07 (-6.32 – 4.18) 0.66 
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contrast DF Chi-Square (Wald Test) Effect Size (95% CI) p-value 

Slice vs Urethane 1 1.25 -2.45 (-4.53 – -0.37) 0.26 

 

Supplemental Table 3C: Post-hoc Pairwise Comparisons of Firing Rates Based on the Interaction 

between State and Species, Rats 

contrast DF Chi-Square (Wald Test) Effect Size (95% CI) p-value 

Awake vs Chloral Hydrate 1 1.679 0.55 (-0.03 – 1.13) 0.20 

Awake vs Isoflurane 1 2.030 0.64 (-0.10 – 1.38) 0.15 

Awake vs Slice 1 5.523 1.01 (0.43 – 1.59) 0.0188 

Awake vs Urethane 1 4.486 0.89 (0.40 – 1.38) 0.0342 

Chloral Hydrate vs Isoflurane 1 0.291 0.09 (-0.23 – 0.41) 0.59 

Chloral Hydrate vs Slice 1 17.046 0.46 (0.21 – 0.71) <0.0001 

Chloral Hydrate vs Urethane 1 24.686 0.34 (0.22 – 0.46) <0.0001 

Isoflurane vs Slice 1 3.778 0.37 (0.02 – 0.72) 0.05 

Isoflurane vs Urethane 1 2.209 0.25 (-0.-2 – 0.52) 0.14 

Slice vs Urethane 1 1.258 -0.12 (-0.33 – 0.09) 0.26 

 

Supplemental Table 3D: Post-hoc Pairwise Comparisons of Firing Rates Based on the Interaction 

between State and Species, Mice 

contrast DF Chi-Square (Wald Test) Effect Size (95% CI) p-value 

Awake vs Chloral Hydrate 1 19.763 -1.35 (-2.36 – -0.34) <0.0001 

Awake vs Isoflurane 1 12.074 -2.17 (-3.57 – -0.77) 0.0005 

Awake vs Slice 1 27.122 -1.33 (-2.30 – -0.36) <0.0001 
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contrast DF Chi-Square (Wald Test) Effect Size (95% CI) p-value 

Awake vs Urethane 1 10.478 -3.02 (-4.81 – -1.23) 0.0012 

Chloral Hydrate vs Isoflurane 1 1.637 -0.82 (-1.90 – 0.26) 0.20 

Chloral Hydrate vs Slice 1 0.004 0.02 (-0.56 – 0.60) 0.95 

Chloral Hydrate vs Urethane 1 3.129 -1.67 (-3.00 – -0.34) 0.08 

Isoflurane vs Slice 1 1.831 0.84 (-0.13 – 1.81) 0.18 

Isoflurane vs Urethane 1 0.609 -0.85 (-2.96 – 1.26) 0.44 

Slice vs Urethane 1 3.297 -1.69 (-2.87 – -0.51) 0.07 

 

Supplemental Table 4: Post-hoc Pairwise Comparisons of Firing Rates Based on Main Effect of 

Sex 

Comparison DF Chi-Square (Wald Test) Effect Size (95% CI)   p-value 

Male vs Female 1 24.61 -0.40 (-0.53 – -0.27) <0.0001 

 

Supplemental Table 5A: Post-hoc Pairwise Comparisons of Firing Rates Based on the Interaction 

between Sex and State, Male vs Female 

Contrast (Male 

vs. Female) 

DF Chi-Square (Wald 

Test) 

Effect Size (95% CI) p-

value 

Awake 1 8.309 0.75 (0.00 – 1.50) 0.0039 

Chloral Hydrate 1 4.617 -0.24 (-0.45 – -0.03) 0.0317 

Isoflurane 1 1.988 -1.65 (-2.96 – -0.34) 0.16 

Slice 1 5.105 -0.48 (-0.86 – -0.09) 0.0239 

Urethane 1 2.015 -3.1 (-4.35 – -1.85) 0.16 
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Supplemental Table 5B: Post-hoc Pairwise Comparisons of Firing Rates Based on the Interaction 

between Species and Sex, Rats 

Contrast DF Chi-Square (Wald Test) Effect Size (95% CI) p-value 

Male vs Female 1 26.76 -0.45 (-0.59 – -0.31) <0.0001 

 

Supplemental Table 5C: Post-hoc Pairwise Comparisons of Firing Rates Based on the Interaction 

between Species and Sex, Mice 

Contrast DF Chi-Square (Wald Test) Effect Size (95% CI) p-value 

Male vs Female 1 4.49 0.52 (0.02 – 1.02) 0.034 

 

Supplemental Table 6: Post-hoc Pairwise Comparisons of Firing Rates Based on Main Effect of 

Species 

Comparison DF Chi-Square (Wald Test) Effect Size (95% CI)   p-value 

Rat vs Mouse 1 36.537 -0.79 (-0.97 – -0.61) <0.0001 

NHP vs Mouse 1 14.450 -0.86 (-1.49 – -0.23) 0.0001 

Rat vs NHP 1 0.135 0.07 (-0.44 – 0.30) 0.71 

 

Supplemental Table 7A: Post-hoc Pairwise Comparisons of Firing Rates Based on the Interaction 

between Species and State, Mice vs. Rats vs. NHPs 
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 Effect Size (95% CI) p-value (DF, Chi-Square [Wald 

Test]) 

Anesthesia Rat vs Mouse NHP vs Mouse Rat vs NHP Rat vs Mouse NHP vs 

Mouse 

Rat vs 

NHP 

Awake 1.34 (0.30 – 2.38) 0.52 (-0.15 – 1.19) 0.82 (0.02 – 1.61) 0.0036 (1, 

8.472) 

0.0491 (1, 

3.871) 

0.08 (1, 

3.167) 

Chloral 

Hydrate 

-0.56 (-0.91 – -0.21) - - 0.0206 (1, 

5.361) 

- - 

Isoflurane -1.47 (-2.33 – -0.61) - - 0.0170 (1, 

5.697) 

- - 

Slice -1.00 (-1.49 – -0.60) - - <0.0001 (1, 

26.456) 

- - 

Urethane -2.57 (-3.20 – -1.94) - - 0.0049 (1, 

7.913) 

- - 

 

Supplemental Table 7B: Post-hoc Pairwise Comparisons of Firing Rates Based on the Interaction 

between Species and Sex (Males) 

Contrast DF Chi-Square (Wald Test) Effect Size (95% CI) P value 

Rat vs Mouse 1 35.57 -1.09 (-1.30 – -0.88) <0.0001 

NHP vs Mouse 1 17.1 -1.07 (-1.78 – -0.36) <0.0001 

Rat vs NHP 1 0.02 -0.02 (-0.35 – 0.31) 0.89 

 

Supplemental Table 7C: Post-hoc Pairwise Comparisons of Firing Rates Based on the Interaction 

between Species and Sex (Females) 
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Contrast DF Chi-Square (Wald 

Test) 

Effect Size (95% 

CI) 

P value 

Rat vs Mouse 1 0.42 -0.12 (-0.47 – 0.23) 0.52 

 

 

Supplemental Table 8: Post-hoc Pairwise Comparisons of Firing Rates Based on Main Effect of 

Genotype/Disease Model 

Comparison DF Chi-Square (Wald Test) Effect Size (95% CI)   p-value 

WT vs DBH-Cre 1 1.846 -0.60 (-1.16 – -0.04) 0.17 

WT vs TH-Cre 1 2.585 -0.68 (-1.19 – -0.17) 0.11 

WT vs VGAT-Cre 1 11.376 0.51 (0.12 – 0.90) 0.0007 

WT vs APP/PS1 1 0.192 0.05 (-0.17 – 0.27) 0.66 

WT vs DSP-4 1 5.092 -0.80 (-1.22 – -0.38) 0.0249 

WT vs Dyskinetic 1 1.678 -0.29 (-0.62 – 0.04) 0.20 

WT vs Parkinsonian 1 0.089 0.04 (-0.19 – 0.27) 0.77 

 

Supplemental Table 9: Post-hoc Pairwise Comparisons of Firing Rates Based on Main Effect of 

Age 

Comparison DF Chi-Square (Wald Test) Effect Size (95% CI)   p-value 

Adolescent vs Adult 1 13.920 -0.40 (-0.65 – -0.15) 0.0002 

Adolescent vs Aged 1 16.818 -0.69 (-1.04 – -0.34) <0.0001 

Adult vs Aged 1 4.471 -0.29 (-0.51 – -0.07) 0.0345 
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Supplemental Table 10: Characteristics of Clusters Identified based on ISI Distributions 

 Cluster ID Neurons  

N (%) 

Kurtosis Peak time 

(ms) 

Fast, 

rhythmic 

1 15 (0.88%) 58.39 150 

2 7 (0.41%) 55.63 110 

3 17 (1%) 35.98 50 

4 8 (0.47%) 33.83 120 

Fast, 

semi-

rhythmic 

5 24 (1.41%) 20.8 230 

6 49 (2.87%) 19.76 40 

7 53 (3.1%) 15.83 80 

8 37 (2.17%) 12.61 170 

9 33 (1.93%) 11.04 320 

10 146 (8.55%) 6.227 100 

11 160 (9.37%) 3.573 210 

Irregular 12 115 (6.73%) 1.517 500 

13 225 (13.17%) 0.706 170 

14 145 (8.49%) 0.5535 760 

15 207 (12.12%) 0.5354 310 

16 178 (10.42%) -1.084 490 

17 289 (16.92%) -1.198 1050 
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Supplemental Table 11: Chi-Squared Tests on Trait Prevalence in ISI Distribution Clusters 
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Supplemental Table 12: Characteristics of Clusters Identified based on Return Density Plots 

Type  n Mean ISI 

(sec) 

1 689 2.8003 

2 560 0.6955 

3 90 1.0073 

4 206 0.7236 

5 48 0.6671 

6 44 1.6740 

7 50 3.2011 

8 21 1.1290 
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Supplemental Table 13: Chi-Squared Tests on Trait Prevalence in Return DensityTypes 
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