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Abstract 17 

 18 

Neurons in the locus coeruleus (LC) have been traditionally viewed as a homogenous population. 19 

Recent studies are beginning to uncover heterogeneous molecular phenotypes and projection 20 

targets in this nucleus, but how such heterogeneity is ultimately manifested in neuronal physiology 21 

and function is largely unknown. We took an orthogonal approach to directly assess the 22 

physiological and functional heterogeneity in the LC. By identifying noradrenergic neurons using 23 

a genetic-based tagging approach, our study revealed a subset of neurons exhibiting a distinctive 24 

narrow spike waveform and lacking the prolonged after-hyperpolarization. We further provided 25 

evidence establishing a link between the proximity of LC neurons and their response latency, 26 

where putatively proximal neurons tended to have a long latency to optogenetic activation. Finally, 27 

we found that response latency of LC neurons was correlated with their burst firing and distinct 28 

relationship with pupil diameter. Together, our study presents novel evidence to reveal and link 29 

LC heterogeneity at the physiological level to that at the functional level.  30 

 31 

Introduction 32 

 33 
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The noradrenergic nucleus locus coeruleus (LC) is interconnected with many regions in the 34 

nervous system, and has been implicated in a multitude of physiological and cognitive functions 35 

ranging from sleep-wake cycle and sensory perception to attention and memory (Berridge and 36 

Waterhouse, 2003; Aston-Jones and Cohen, 2005; Sara and Bouret, 2012; McBurney-Lin et al., 37 

2019). Neurons in the LC have been traditionally viewed as a uniform population with 38 

homogenous intrinsic properties and functions (Aston-Jones and Bloom, 1981; Fallon and 39 

Loughlin, 1982; Loughlin et al., 1982; Waterhouse et al., 1993). Recent advances in single cell 40 

profiling and tracing (e.g., (Macosko et al., 2015; Shekhar et al., 2016; Tervo et al., 2016; Zingg 41 

et al., 2020)) have revealed heterogeneity in neuronal populations that were once thought to be 42 

homogeneous. These approaches have also begun to challenge the longstanding view of 43 

homogeneity in the LC (Chandler et al., 2019; Poe et al., 2020), uncovering heterogeneity at 44 

multiple levels including developmental origins, molecular phenotypes and projection targets 45 

(Robertson et al., 2013; Chandler et al., 2014; Schwarz et al., 2015; Kebschull et al., 2016; 46 

Kempadoo et al., 2016; Hirschberg et al., 2017; Plummer et al., 2017; Uematsu et al., 2017; 47 

Mulvey et al., 2018; Borodovitsyna et al., 2020). However, how heterogeneity at the subcellular 48 

and anatomical level is ultimately manifested in LC physiology and function is largely unknown 49 

and is under active investigation. In addition, one widely adopted criterion to identify LC neurons 50 

in vivo relies on their distinctive wide spike waveforms with prolonged after-hyperpolarization (e.g., 51 

(Andrade and Aghajanian, 1984; Berridge and Waterhouse, 2003)). Since ‘blind’ in vivo 52 

recordings cannot determine cellular identity, i.e., whether the recorded neurons are indeed 53 

noradrenergic-positive (NA+), such inclusion criteria may be biased to sample a subpopulation of 54 

neurons. It is currently unclear whether LC NA+ neurons ubiquitously exhibit wide spike 55 

waveforms (Totah et al., 2018; Breton-Provencher and Sur, 2019). More importantly, it is currently 56 

unknown whether and how LC physiological diversity underlies any heterogeneity at the functional 57 

level. 58 

 59 

Deeply situated in the brainstem, the LC poses a great technical challenge for in vivo recordings. 60 

Based on anatomical structures and empirical measurements (Breen et al., 1983; Rajkowski et 61 

al., 1994; Murphy et al., 2014; Varazzani et al., 2015; Reimer et al., 2016; Liu et al., 2017; Breton-62 

Provencher and Sur, 2019; Privitera et al., 2020), pupil diameter has been widely treated as a 63 

noninvasive readout of LC activity (e.g., (Aston-Jones and Cohen, 2005; Gilzenrat et al., 2010; 64 

Preuschoff et al., 2011; Clewett et al., 2020)). This view has also been challenged by recent 65 

findings that pupil size changes correlate with activity in other brain structures, and that pupil and 66 

LC respond to task epochs differently and have variable relationships (Joshi et al., 2016; Cazettes 67 
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et al., 2020; Yang et al., 2021; Megemont et al., 2022). However, it is still unclear whether 68 

physiological diversity of LC neurons contributes to their distinct relationship with pupil diameter. 69 

Elucidating heterogeneity in the pupil-LC relationship will provide mechanistic insights into and 70 

set appropriate constraints on interpreting pupil diameter as a readout of LC activity. 71 

 72 

To address these questions, we took advantage of recent development in mouse genetics that 73 

allowed identifying NA+ neurons with a specific marker, i.e., the presence of dopamine-beta-74 

hydroxylase (DBH, an enzyme in the NA synthesize pathway downstream of tyrosine 75 

hydroxylase), and expressed ChannelRhodopsin-2 (ChR2) in DBH+ neurons. We recorded 76 

spiking activity from single units in the LC that were responsive to optogenetic stimulation, with a 77 

subset of these units exhibiting a distinctive narrow spike waveform and lacking the prolonged 78 

after-hyperpolarization. A fraction, but not all of the narrow units appeared to be fast spiking. Next, 79 

we provided evidence revealing a link between the proximity of LC neurons and their response 80 

latency, where putatively spatially proximal neurons tended to have a long latency in response to 81 

optogenetic activation. Finally, we found that response latency of LC neurons was correlated with 82 

their burst firing and distinct relationship with pupil diameter. Together, this study presents novel 83 

evidence to advance our understanding of the heterogeneity of LC neurons at the functional level, 84 

and provides further physiological insights into the relationship between pupil and LC. 85 

 86 

Results 87 

 88 

To collect a dataset that consisted of putatively noradrenergic neurons in the LC, we implemented 89 

an approach to drive a genetically encoded ChannelRhodopsin-2 (ChR2(H134R)) transgene 90 

monoallelically from the Gt(ROSA)26Sor locus (DBH-Cre/+;Ai32/+). Taking this approach 91 

instead of using a viral vector should allow less variation in copy number and spatial spread when 92 

expressing ChR2 across DBH+ neurons. We used long pulses (0.2-0.3 s) for optogenetic tagging 93 

as recent work showed that a subset of LC neurons cannot be excited by short pulses (Hickey et 94 

al., 2014; Li et al., 2016). Only neurons that emitted spikes in response to optogenetic stimulation 95 

were included in the dataset (Fig. 1a, b).  96 
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Figure 1. Quantifying spike waveforms of the units 

(a) ChR2 expression in a DBH-Cre/+;Ai32/+ mouse. TH: Tyrosine hydroxylase.  

(b) Top: Response of a ChR2-expressing LC neuron to optogenetic stimulation (lightning bolts). 

Bottom: Spike waveform and spike sorting diagram of this unit.  

(c) Example spike waveforms with trough to peak AHP and FWHM indicated. Black: typical 

extracellular spike waveforms with negative-positive polarity. Gray: Spike waveforms with 

distorted/reversed polarity. Only units with the typical waveforms were included in d-f.  

(d) Histogram of trough to peak AHP (Left) and FWHM (Right) of LC units (n = 22).  

(e) Scatter plot of trough to peak AHP vs. FWHM, based on which K-means clustering classified 

4 classes of spike waveforms (color coded).  

(f) Average spike waveform of each class in (e). 

 97 

We first reported spike waveform properties of these neurons (35 units from 26 recordings of 21 98 

mice). We strove to ensure that all units were distinct from one another by taking a conservative 99 

approach to include one recording from each mouse, with one exception: when a second 100 

recording from the same animal was acquired on a separate day, and a light-responsive unit was 101 

present in a tetrode channel different from the first recording, the unit from the second recording 102 

was considered distinct from the first recording and included (5 units from the second recordings 103 

of 5 mice. Waveform similarity between units from the second recording and units from the first 104 

recording of the same mouse: 0.35 ± 0.23, mean ± SEM, Methods). Typically, we were able to 105 
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sort one single unit from a recording (18/26 (69%) recordings yielded 18 units), but a subset of 106 

recordings yielded multiple tagged units (8/26 (31%) recordings yielded 17 units). We observed 107 

a spectrum of spike waveforms from this dataset, the majority of which had the typical polarity of 108 

extracellularly recorded waveform (negative-positive polarity, 22/35. Fig.1c black). A minority 109 

exhibited distorted/reversed polarity (13/35. Fig. 1c gray), indicating that the recording site was in 110 

the distal axonal or dendritic compartment of a neuron where estimating waveform properties 111 

would be less accurate (Rall and Shepherd, 1968; Gold et al., 2006; Barry, 2015; Sun et al., 2021).  112 

 113 

 

Figure 2. A subset of the units exhibited fast-spiking feature 

(a) Scatter plot of spontaneous firing rate vs. trough to peak AHP for narrow (n = 5) and wide (n 

= 17) units under anesthesia.  

(b) Example waveforms of the putative same units recorded in anesthetized (dark color) and 

awake state (light color).  

(c) Histogram of spike waveform similarity (Pearson correlation coefficient) of the putative same 

units recorded in both states. 

(d) Scatter plot of spontaneous firing rate vs. trough to peak AHP in anesthetized (dark color) and 

awake state (light color). A subset of units shown in (a) underwent both states (5 narrow and 9 

wide units). 3 narrow units and 1 wide unit (circled) exhibited spontaneous firing rate > 30 spikes/s 

in the awake state, and were considered as fast-spiking. The waveforms of these units are shown 

next to the dashed circle.  

(e) Example spike trains (ticks) to optogenetic stimulation of an FS unit, with 127 ms response 

latency to stimulation. Rows represent trials. 
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(f) Example spike trains (ticks) to optogenetic stimulation of a wide unit, with 5 ms response 

latency to stimulation. Rows represent trials. 

(g) Comparison of response latency between FS (n = 4) and wide units (n = 16) during anesthesia 

with median indicated. FS vs. Wide, 106 (85, 160) ms vs. 8 (4, 36) ms, median (IQR), P = 1e-4. 

(h) Histogram of response latency for FS and wide units shown in (g). 

 114 

Therefore, reversed polarity units were excluded from the following analyses concerning spike 115 

width. We quantified the width of the typical spike waveforms based on trough to peak after-116 

hyperpolarization (AHP) and full width at half maximum (FWHM, Fig. 1c). Trough to peak AHP 117 

was relatively widely distributed between 0.2 and 2 ms, while FWHM was more narrowly 118 

distributed and peaked around 0.2-0.3 ms (Fig. 1d). These results suggest that spike waveforms 119 

could be more separable using trough to peak AHP. Accordingly, we classified narrow and wide 120 

units based on a threshold between 0.4 and 0.6 ms trough to peak AHP (Totah et al., 2018), 121 

yielding 23% (5/22) narrow and 77% (17/22) wide units. The units appeared to form additional 122 

subclusters (Fig. 1e), which were further classified by K-means clustering (Methods), 123 

demonstrating that narrow units exclusively exhibited one waveform subclass which lacked the 124 

prolonged AHP, while wide units likely possessed different waveform subclasses (Fig. 1e, f).  125 

 126 

The presence of narrow units in/around the mouse LC supports a recent rat study, where ~15% 127 

of the population (34/234) was found to be narrow (Totah et al., 2018). However, could the narrow 128 

units be fast-spiking interneurons (Breton-Provencher and Sur, 2019)? Under isoflurane 129 

anesthesia (2%), all units showed low spontaneous firing rate (0.6 (0.2, 1.7) spikes/s, median 130 

(IQR), Fig. 2a). A subset of the recordings was acquired in the awake state as well (<4 hours 131 

interval between anesthetized and awake states). In order to examine their awake firing rate, we 132 

first strove to ensure that the putatively same units were tracked in the two states by including the 133 

units that were acquired from the same tetrode channel in both states with highly similar 134 

waveforms (Fig. 2b, c. 5 narrow units, 9 wide units and 9 reversed polarity units. Waveform 135 

similarity, anesthesia vs. awake: 0.98 (0.96, 0.99), n = 23). In the awake state, we found that a 136 

fraction of these units exhibited >30 Hz spontaneous firing rate (Fig. 2d, circled ones). Together 137 

with their apparent narrow spike waveforms, these units were likely to be fast-spiking (FS) 138 

interneurons. Interestingly, all putative FS units had >80 ms response latency to tagging, longer 139 

than the classic wide units (FS vs. Wide, 106 (84, 160) vs. 8 (4, 36) ms, P = 1.0e-4, Fig. 2e-h), 140 

and longer than all non-FS units as well (FS vs. All, 106 (85, 160) ms vs. 12 (5, 38) ms, P = 141 

0.0041). Our results suggest that a fraction of the narrow units in/around the LC are fast-spiking 142 
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interneurons. As a result, these FS units were excluded from further analysis, and the remaining 143 

units were considered as LC NA+ neurons.  144 

 145 

 

 

Figure 3. Different response properties of the units 

(a) Comparison of ISI during anesthesia tagging between short and long latency units with median 

indicated. Short vs. Long, 19 (12, 21) ms vs. 47 (32, 57) ms, P = 9.7e-4. A total of 19 units 

underwent tagging in both anesthetized and awake states. Units with response latency < 12 ms 

were considered short latency (n = 10, magenta), > 12 ms considered long latency (n = 9, blue). 

Main results in Fig. 3 held when using 10 ms to classify latency. It is important to point out that in 

2 recordings the evoked ISI is ≤10 ms. This does not translate to a sustained firing rate >100 

spikes/s. Instead, it represents a short burst of spiking (typically 2 spikes) evoked by light. 

(b) Comparison of ISI during awake tagging between short and long latency units with median 

indicated. Short vs. Long, 25 (21, 32) ms vs. 50 (34, 69) ms, P = 0.0082. Short and long latency 

units were classified in the anesthetized state. 

(c) Comparisons of spontaneous firing rate between anesthetized and awake state for short and 

long latency units. Left: short latency units, 1.7 (0.2, 2.5) vs. 2.8 (2.0, 4.1) spikes/s, P = 0.13, n = 

10; Right: long latency units, 0.4 (0.1, 0.8) vs. 2.8 (2.1, 4.6) spikes/s, P = 0.0039, n = 9. Two red 

lines indicate the two non-FS narrow units. 

(d) Comparisons of response latency to tagging between anesthetized and awake state for short 

and long latency units. Left: short-latency units, 5 (4, 8) vs. 6 (4, 7) ms, P = 0.38, n = 10; Right: 

long-latency units, 36 (19, 45) vs. 17 (14, 26) ms, P = 0.0039, n = 9. Two red lines indicate the 

two non-FS narrow units. One long-latency narrow unit became short-latency under awake state.  
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(e) Example spike trains (ticks) to optogenetic stimulation of two distinct single units (grey and 

black) recorded from the same tetrode channel. We call these units ‘pairs’.  

(f) Spike sorting diagram and waveforms of the two units in (e). Units were identified in Ch1. 

(g) Pie chart showing the percentage of short and long latency units in all unit pairs. Short vs. 

Long, 12.5% (1/8) vs. 87.5% (7/8), P = 0.0027, chi-squared test.  

(h) Pie chart showing the percentage of unit pairs (black) in short and long latency unit groups 

during anesthesia. Short vs. Long, 6.7% (1/15) vs. 43.8% (7/16), P = 0.018, chi-squared test.  

(i) Pie chart showing the percentage of unit pairs (black) in short and long latency wide unit groups 

during anesthesia. Short vs. Long, 11.1% (1/9) vs. 71.4% (5/7), P = 0.013, chi-squared test.  

(j) Bar plot showing the number of singles (grey) and pairs (black) in the three subgroups of wide 

units (classified in Fig. 1e, f), separated by short and long latency. Same data as in (i). 2 unit pairs 

were of reserved polarity and not shown here. 

 146 

LC neurons showed different response latencies to tagging (Fig. 2h). Since the latency distribution 147 

appeared to be bimodal separated around 10-12 ms, we considered < 12 ms as short latency, 148 

and > 12 ms as long latency (only two reversed polarity units had latency of 11 ms and would be 149 

classified differently). The identification of long latency units supports recent findings both in vitro 150 

and in vivo (Hickey et al., 2014; Li et al., 2016), suggesting heterogeneous excitability across LC 151 

neurons. Other lines of evidence further supported the possibility that the long latency units had 152 

lower excitability including: 1) the long latency units had longer ISI than the short latency units 153 

during tagging (Fig. 3a, b); and 2) transitioning from anesthetized to awake state only long latency 154 

units showed a significant increase of spontaneous firing rate, accompanied by a reduction of 155 

response latency (Fig. 3c, d). However, only one long latency unit (narrow) was turned to short 156 

latency in the awake state, and the latency difference between the two groups persisted (Short 157 

vs. Long in the awake state, P = 2.2e-5, with short and long latency defined in the anesthetized 158 

state, Fig. 3d), suggesting that behavioral states (anesthesia vs. awake) alone are insufficient to 159 

account for the differences in response latency.  160 

 161 

As described previously, typically one tagged unit can be sorted from a recording, but a subset of 162 

recordings yielded multiple tagged units. Specifically, in a set of recordings two light-responsive 163 

single units were present in the same tetrode channel (Fig. 3e, f. We have never sorted more than 164 

two tagged units from one channel). A total of 8 such units were acquired from 4 recordings (6 165 

wide units and 2 reversed polarity units), and we called them ‘pairs’. Subsequently, the other units 166 

were called ‘singles’. The fact that a single tetrode channel was able to pick up the spiking activity 167 
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of two distinct units suggests that the two units were spatially proximal to each other. Interestingly, 168 

among these 8 unit pairs, only 1 had a short response latency, and all the remaining units had 169 

long latencies (12.5% (1/8) vs. 87.5% (7/8), P = 0.0027, chi-squared test, Fig. 3g). We also found 170 

higher proportion of unit pairs in the long latency group compared with that in the short latency 171 

group when we included all units that were tested under anesthesia (6.7% (1/15) vs. 43.8% (7/16), 172 

P = 0.018, Fig. 3h), or all wide units tested under anesthesia (11.1% (1/9) vs. 71.4% (5/7), P = 173 

0.013, Fig. 3i, j). Together, our data suggest a link between proximity and response latency, such 174 

that putatively proximal LC neurons tended to have a long response latency to optogenetic 175 

activation.  176 

 177 

 

Figure 4. Tracking units across sessions 

(a) Example spike waveforms and ISI distributions acquired from the same tetrode channel for 4 

consecutive days during behavior.  

(b) Response latency to tagging, spike waveform and ISI distribution similarities across the 4 days 

shown in (a). Similarity was quantified as the Pearson correlation coefficient between day 0 and 

each following day.  

(c, d) Same conventions as in (a, b), but for recordings from a different mouse for 3 consecutive 

days.  
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(e) Same convention as in (a), but for recordings across 16 days. 

(f) Overlay of spike waveforms and ISI distributions on the first day (day 0) and last day (day +15) 

shown in (e). Note that the AHP was prominent on day 0 but was much reduced on day +15. 

(g) Same conventions as in (b) for the recordings in (e). Note the sharp decreases in both spike 

waveform and ISI similarities between day 8 and day 10 (magenta line), indicative of the transition 

from one unit to another. 

(h) We used a spike waveform similarity threshold 0.95 to distinguish the putatively same units 

from the putatively distinct units, and obtained 9 putatively distinct units, each tracked for at least 

2 sessions. Among these 9 units, spike waveforms from the putatively same units on the first day 

and last day (Within) were more similar than spike waveforms from the putatively different units 

on the first day (Across. Within vs. Across, Pearson correlation coefficient, 0.97 (0.97, 0.99) vs. 

0.88 (0.73, 0.94), P = 6.7e-5). Gray dots: individual pairs. Black dots: group median. 

(i) Same conventions as in (h), but for comparing ISI distribution within and across the 9 units. 

Within vs. Across, 0.91 (0.79, 0.95) vs. 0.66 (0.34, 0.88), P = 0.018. 

 178 

Pupil diameter has been often treated as a noninvasive readout of LC activity (e.g., (Aston-Jones 179 

and Cohen, 2005; Gilzenrat et al., 2010; Preuschoff et al., 2011; Clewett et al., 2020)), but recent 180 

work challenged this view (Joshi et al., 2016; Yang et al., 2021; Megemont et al., 2022). We 181 

wondered whether physiological differences of LC neurons underlie their distinct relationship with 182 

pupil diameter. We further wondered whether the same neuron may correlate with pupil differently, 183 

i.e., exhibit session-to-session variability. If true, this would uncover another layer of variability 184 

and complexity when treating pupil diameter as a readout of LC activity. In this set of experiments, 185 

we recorded from single LC units with simultaneous pupil tracking in mice performing a tactile 186 

detection task (Methods). We acquired one session per day from each mouse for as long as a 187 

tagged unit was present. Therefore, testing these hypotheses requires to first distinguish the 188 

recordings of the putatively distinct LC units from the putatively identical units and then to examine 189 

their relationship with pupil diameter, respectively. To quantitatively assess whether the putatively 190 

same unit was tracked, we restricted analysis to a set of recordings with the following criterion: 191 

recordings across multiple days from the same mouse were included when in each recording the 192 

same tetrode channel contained a tagged unit. Across these multiple recordings from the same 193 

mouse, we compared spike waveform and ISI distribution on day 0 (first recording session) 194 

against spike waveform and ISI distribution on each following session/day (Methods). Both 195 

similarity measures stayed high across sessions, but ISI similarity appeared to have slightly bigger 196 

fluctuations (Fig. 4a-d). In few cases we observed more dramatic changes in both similarity 197 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2022. ; https://doi.org/10.1101/2022.08.19.504582doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.19.504582


measures, suggesting a shift from recording one unit to another (Fig. 4e-g). Based on these 198 

observations and a recent tracking study in the olfactory cortex (Schoonover et al., 2021), we 199 

established a spike waveform similarity threshold of 0.95 to distinguish the putatively same units 200 

from different units. Based on this metric, 9 putatively different units from 6 mice were tracked for 201 

at least 2 sessions during behavior. This represents a low probability (<30%, 6 out of 21 mice) of 202 

tracking LC neurons across days, demonstrating the challenges of this approach (Eschenko and 203 

Sara, 2008). Spike waveform similarity from the putatively same unit across days (Within: day 0 204 

vs. last day) was higher than the waveform similarity between the putatively different units (Across: 205 

day 0, unit 1 vs. unit 2. Within vs. Across, 0.97 (0.97, 0.99) vs. 0.88 (0.73, 0.94), median (IQR), P 206 

= 6.7e-5, Fig. 4h). In parallel, this metric was able to distinguish ISI similarity quantified within the 207 

same unit from ISI similarity quantified across different units (Within vs. Across, 0.91 (0.79, 0.95) 208 

vs. 0.66 (0.34, 0.88), P = 0.018, Fig. 4i).  209 

 210 

 

Figure 5. Pupil-LC relationship across distinct LC neurons 

(a) Example simultaneously recorded LC spike train (ticks) and pupil diameter (z-scored).  

(b) The relationship between peak pupil diameter and LC cluster size for all 13 distinct units. 

Relationships with linear regression R2 > 0.6 in black (n = 12), < 0.6 in red (n = 1).  

(c) Histogram of the pupil-LC slopes with R2 > 0.6 in (b). 

(d) Demonstration of the definition of burstiness.  

(e) Histogram of burstiness for the 13 units in (b). 

(f) The relationship between pupil-LC slopes and burstiness for the units with R2 > 0.6 in (b). 

c.c.: Pearson correlation coefficient. 

(g) The relationship between burstiness and response latency to tagging.  

(h) The relationship between pupil-LC slopes and response latency to tagging.   

 211 
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With the ability to distinguish the recordings of the putatively distinct units from the putatively same 212 

units, we can now assess 1) whether LC physiological differences contribute to the variations in 213 

the pupil-LC relationship for distinct neurons, and 2) whether pupil-LC relationship exhibits 214 

session-to-session variations for the same neuron. To address the first question, we analyzed the 215 

relationship between pupil diameter and the putatively distinct LC units, using methods described 216 

in our recent study (Megemont et al., 2022). Briefly, we first grouped adjacent spikes into 217 

individual clusters based on each unit’s ISI distribution and associated cluster size (number of 218 

spikes) to the amplitude of pupil dilation. Using a dataset that was largely different from our 219 

previous work (Methods), we recapitulated similar variations in the pupil-LC relationship (Fig. 5a-220 

c). How we computed LC cluster reminisced the definition of burst firing in the literature (Fig. 5d, 221 

e, Methods, (Guido et al., 1992; Senzai et al., 2019)). However, these two measures can be 222 

dissociated from each other (see Discussion). With the attempt to further decorrelate the two 223 

measures, we used a fixed threshold of 0.1 s to define burst firing (burstiness). Consistent with 224 

the idea that pupil dilation better tracks phasic activity of LC neurons (e.g., (Aston-Jones and 225 

Cohen, 2005; Murphy et al., 2014; Reimer et al., 2016)), it is perhaps intuitive that the differences 226 

in burstiness of LC neurons correlated with the variations in the pupil-LC relationship, where more 227 

bursting neurons exhibited a stronger relationship with pupil dilation (Fig. 5f). Importantly, 228 

independent from clustering spikes, we found that response latency to tagging was positively 229 

correlated with both the degree of burstiness of LC neurons and their relationship with pupil 230 

diameter (Fig. 5g, h). Similar results held when we used a different method to define burstiness, 231 

or used other thresholds to quantify burst firing and pupil-LC relationship (Methods). Together, 232 

our data show that variations in response latency of LC neurons to optogenetic tagging was linked 233 

to their burst firing and distinct relationship with pupil diameter.  234 

 235 

Next, we tested whether the pupil-LC relationship was variable for the same LC neuron across 236 

sessions. Examples from two distinct units showed noticeable session-to-session differences in 237 

their relationship with pupil, such that on different sessions identical amplitude of pupil dilation 238 

was linked to different LC activity (Fig. 6a, b). Overall, we were able to obtain the tracking of 4 239 

distinct LC units across at least 3 sessions where monotonic pupil-LC relationships can be 240 

established (Methods). We compared the variation of pupil-LC slopes from each unit across 241 

sessions against the variation of pupil-LC slopes across distinct units (population). By resampling 242 

the population slopes to generate a reference distribution, we found that the variation of pupil-LC 243 

slopes within each individual unit was largely comparable to the population variation (Fig. 6c, d, 244 

Methods). Burstiness across sessions cannot account for the variation in the pupil-LC slopes 245 
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within individual units, while behavioral states (hit rate, false alarm rate) correlated with the pupil-246 

LC slopes in 2 out of the 4 units (Fig. 6e-g). These results demonstrate that session-to-session 247 

fluctuations of the pupil-LC relationship for the putatively same unit are as variable as the neuron-248 

to-neuron fluctuations of this relationship. Together, our results uncovered a physiological 249 

correlate of the pupil-LC relationship, and revealed two levels of variability in this relationship, i.e., 250 

across different neurons and within the same neuron. 251 

 252 

 

Figure 6. Pupil-LC relationship within the same LC neurons  

(a-b) Example pupil-LC relationships for two distinct units tracked across days. (a): Pupil-LC slope 

on day 0: 0.21; day +2: 0.10. (b):  Pupil-LC slope on day 0: 0.12; day +1: 0.19; day +7: 0.31. 

(c) The variation of pupil-LC slopes within each individual unit was largely comparable to the 

variation of pupil-LC slopes across distinct units (population. Unit 1 vs. Population, P = 0.37; Unit 

2 vs. Population, P = 0.29; Unit 3 vs. Population, P = 0.07; Unit 4 vs. Population, P = 0.32).  

(d) Average waveforms of the 4 tracked units in (c). 

(e) Scatter plot of pupil-LC slope vs. burstiness across sessions for individual units (same color 

code as in c, d). Unit 1: c.c. = -0.35, P = 0.65; Unit 2: c.c. = 0.08, P = 0.88; Unit 3: c.c. = 0.65, P 

= 0.56; Unit 4: c.c. = 0.61, P = 0.39. 

(f) Scatter plot of pupil-LC slope vs. Hit rate across sessions for individual units. Unit 1: c.c. = -

0.69, P = 0.31; Unit 2: c.c. = 0.41, P = 0.42; Unit 3: c.c. = -0.97, P = 0.14; Unit 4: c.c. = -0.95, P = 

0.04.  

(g) Scatter plot of pupil-LC slope vs. False alarm rate across sessions for individual units. Unit 1: 

c.c. = -0.78, P = 0.29; Unit 2: c.c. = -0.82, P = 0.04; Unit 3: c.c. = -0.57, P = 0.63; Unit 4: c.c. = 

0.46, P = 0.54. c.c., Pearson correlation coefficient.  
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Discussion 254 

 255 

We provide a unique dataset to explore heterogeneity in the mouse LC. Our sample size may 256 

appear small compared to other studies that recorded from non-opto-tagged units. However, to 257 

our knowledge, the current study presents one of the largest in vivo datasets of opto-tagged units 258 

in the LC to study its physiological and functional heterogeneity.  259 

 260 

Our data showed that a fraction, but not all of the narrow units in the LC were fast spiking. A 261 

recent study reported the existence of ~15% narrow units in rats (Totah et al., 2018), where LC 262 

neurons were identified under anesthesia by ‘pharmacological tagging’, i.e., their spiking activity 263 

can be silenced by α2 receptor agonist. However, a mouse study implied that the narrow units 264 

could be GABAergic interneurons (Breton-Provencher and Sur, 2019). Based on our data, it is 265 

possible that the non-FS narrow units are NA+ (~10%, 2/18). At the same time, our data suggest 266 

that a sizable proportion of the narrow units identified under anesthesia are fast-spiking 267 

interneurons, as anesthesia could inhibit and suppress their fast-spiking feature (Patel et al., 1999; 268 

Zhao et al., 2021).  269 

 270 

Intracellular studies have reported AHP amplitude differences on the order of several millivolts 271 

among different LC populations (e.g., (Chandler et al., 2014; Wagner-Altendorf et al., 2019)). This 272 

may account for the different spike waveforms within the wide units, but it is unlikely to explain 273 

the absence of the extracellularly measured slow AHP component in the narrow units. We 274 

speculate that the narrow units may have lower expression of the small-conductance, Ca2+-275 

activated K+ (SK) channels, which are known to mediate the prolonged AHP in neurons including 276 

the LC (Louise Faber and Sah, 2003; Adelman et al., 2012; Matschke et al., 2018). We did not 277 

have access to identifying the location of the recorded units, but in rats narrow units were found 278 

to be distributed toward the ventral LC (Totah et al., 2018), which may preferentially innervate the 279 

spinal cord (Li et al., 2016; Hirschberg et al., 2017).  280 

 281 

We found a considerable proportion of putative LC NA+ neurons with long response latency to 282 

optogenetic activation despite of anesthetized or awake state (~40%, 8/19). We drove the 283 

expression of ChR2 monoallelically by crossing two mouse lines (DBH-Cre;Ai32). Thus, response 284 

latency differences should not be due to variations in ChR2 expression across DBH+ neurons. 285 

Although we cannot rule out the possibility that long response latency on the order of several tens 286 

of milliseconds could be a result of indirect activation (McCall et al., 2015), it has been reported 287 
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that a sizable fraction (~30%, 2/6) of ChR2-expressing LC NA+ neurons in vitro can only be 288 

activated to emit spikes with prolonged illumination (> 100 ms, (Hickey et al., 2014)). An in vivo 289 

study also identified a fraction (~40%) of LC neurons that can only be excited by long pulses (4/9 290 

neurons required >200 ms pulses, (Li et al., 2016)). These lines of evidence lead to the possibility 291 

of heterogeneous excitability among LC neurons. Since NA inhibits LC activity (Cedarbaum and 292 

Aghajanian, 1976; Aghajanian et al., 1977; Egan et al., 1983; Foote et al., 1983), it is plausible 293 

that the long latency units are inhibited by nearby opto-activated LC neurons. Specifically, a recent 294 

modeling study predicts that spatially adjacent LC neurons can mutually inhibit each other via NA 295 

acting on α2 receptors (Baral et al., 2022). We noticed that if two LC units were recorded by one 296 

tetrode channel (unit pairs), these units were more likely to have a long response latency. Our 297 

tetrode wires have nominal impedance of 200-500kΩ, thus should be sensitive to spiking signal 298 

within ~100 µm radius (c.f. (Barthó et al., 2004; Jun et al., 2017)). The discovery of long latency 299 

unit pairs supports this prediction (Baral et al., 2022), suggesting that long response latency to 300 

optogenetic activation reflects enhanced mutual inhibition and reduced excitability in a set of LC 301 

neurons. If true, the activity of these neurons would be more likely to be anticorrelated. However, 302 

our data are insufficient to test such hypothesis (3 out of 8 unit pairs were confirmed to underwent 303 

tagging in the awake state, and none was recorded during behavior). Future studies (both in vitro 304 

and in vivo) are needed to test these conjectures. 305 

 306 

Although both LC cluster and burstiness were defined in similar ways, burstiness took longer 307 

baseline activity into account for normalization. As a result, a given cluster size could correspond 308 

to different levels of burstiness. On the other hand, response latency to tagging was completely 309 

independent from the methodology of clustering LC spikes but was found to be correlated with 310 

burstiness and pupil-LC relationship. Therefore, our results suggest that the excitability of LC 311 

neurons underlies their firing patterns and the relationship with pupil diameter.  312 

 313 

We revealed two levels of variability in the pupil-LC relationship, i.e., across different neurons and 314 

within the same neuron, substantiating and extending previous conclusions that pupil diameter is 315 

not an accurate readout of LC activity. What underlies the session-to-session fluctuations of the 316 

pupil-LC relationship within individual LC neurons? Technical limitations in the current study may 317 

have restricted the statistical power to fully address this important question, as it is rare that the 318 

putatively same neuron can be recorded over multiple days for reliably assessing its relationship 319 

with pupil. However, based on the literature, we speculate that the pupil-LC relationship is 320 

modulated by various external and internal factors, including LC physiological heterogeneity, 321 
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behavioral states and input from other brain regions (Joshi et al., 2016; Cazettes et al., 2020; 322 

Megemont et al., 2022). Importantly, these factors may not be completely independent from one 323 

another, e.g., behavioral states may influence burst firing, and different behavioral states could 324 

engage different neural circuits.  325 
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Materials and Methods  356 

 357 

All procedures were performed in accordance with protocols approved by UC Riverside Animal 358 

Care and Use Committee (AUP 20190031). Mice were DBH-Cre (B6.FVB(Cg)-Tg(Dbh-cre) 359 

KH212Gsat/Mmucd, 036778-UCD, MMRRC); Ai32 (RCL-ChR2(H134R)/EYFP, 024109, JAX), 360 

singly housed in a vivarium with reverse light-dark cycle (9a-9p). Male and female mice of 8-12 361 

weeks were implanted with titanium head posts as described previously (Yang et al., 2016). 362 

Procedures for microdrive construction and LC recording have been described previously (Yang 363 

et al., 2021; Megemont et al., 2022). Briefly, custom microdrives with eight tetrodes and an optic 364 

fiber (0.39 NA, 200 um core) were built and implanted in the left LC to make extracellular 365 

recordings. At the conclusion of the experiments, brains were perfused with PBS followed by 4% 366 

PFA, post-fixed overnight, then cut into 100 μm coronal sections and stained with anti-Tyrosine 367 

Hydroxylase (TH) antibody (Thermo-Fisher OPA1-04050).  368 

 369 

Behavior task was controlled by BControl (C. Brody, Princeton University) or custom-based 370 

Arduino hardware and software as described previously (Yang et al., 2016, 2021; McBurney-Lin 371 

et al., 2020). Video of the left pupil (ipsilateral to LC recording and stimulation) was acquired at 372 

50 Hz using a PhotonFocus camera and StreamPix 5 software, or at 20 Hz using a Basler 373 

acA1300-200um camera and Pylon software. 450 nM blue diode lasers (UltraLasers, MDL-III-374 

450-200mW) controlled by WaveSurfer (https://www.janelia.org/open-science/wavesurfer) were 375 

used for optogenetic stimulation. Pupil diameter was extracted using DeepLabCut (Mathis et al., 376 

2018). Electrophysiology and pupil tracking were synchronized via a common TTL pulse train. 377 

The mating sleeve connecting two ferrules was covered with black tape to prevent light leak. An 378 

ambient blue LED was used to constrict the pupil and to mask any potential light leak. Optogenetic 379 

stimulation for tagging consisted of a train of 200 or 300-ms pulses delivered at 0.3-0.5 Hz and 380 

10 mW (RMS, measured at the tip of optical fiber). Tagging was performed during anesthesia (2% 381 

isoflurane) and sometimes during awake, non-task performing condition. Mice were trained to 382 

perform a go/no-go single-whisker detection task as described previously (McBurney-Lin et al., 383 

2020; Yang et al., 2021) or a variant of this task. Briefly, in the original task, licking to the deflection 384 

of the right C2 whisker (go trials) resulted in a water reward (Hit). Licking in the absence of whisker 385 

deflection (no-go trials) resulted in a timeout (False alarm). The main difference in the variant task 386 

is that on no-go trials, the contralateral whisker (left C2) was deflected, instead of no whisker 387 

deflection (similar to (Aruljothi et al., 2020)). All trial type classifications followed the original task. 388 

 389 
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Spike sorting was performed using MClust (Redish, 2014). 35 distinct single units (clustering 390 

quality measure, Lratio: 0.005 ± 0.002) from 26 recordings of 21 mice were included. 13 units with 391 

reversed polarity were excluded from the analyses concerning spike width. K-means clustering 392 

used trough to peak AHP and FWHM to classify waveforms in Fig. 1e, f. Spike waveform similarity 393 

was defined as the Pearson correlation coefficient between two waveforms (± 2 ms from trough). 394 

ISI distribution was generated by logarithmic binning between 0.001 and 10 s. ISI distribution 395 

similarity was defined as the Pearson correlation coefficient between two distributions. 396 

Spontaneous firing rate in Fig. 2 and 3 were extracted from the tagging sessions as well, 397 

quantified as the average firing rate in a 1-s window before the onset of each stimulation pulse. 398 

For Fig. 4, 9 putatively different units from 6 mice were tracked for at least 2 sessions during 399 

behavior. Results in Fig. 4i held when using a spike waveform similarity threshold between 0.93 400 

and 0.96 to distinguish the putatively same units from different units. For Fig. 5b, 13 distinct units 401 

from 13 recordings of 9 mice were included. 5 recordings were with the original task (Megemont 402 

et al., 2022) and 8 recordings were with the variant task. To quantify the pupil-LC relationship, 403 

adjacent LC spikes were grouped into individual clusters based on each unit’s median inter-spike 404 

interval (Megemont et al., 2022). Pupil response associated with each spike cluster was quantified 405 

as the maximum pupil diameter in a 6-s window following the onset of the cluster (time of the first 406 

spike). 12 recordings were with linear regression of pupil-LC relationship R2>0.6 (black curves in 407 

Fig. 5b). Outlier test removed one recording from the analysis of pupil-LC slopes vs. burstiness in 408 

Fig. 5f.  409 

 410 

LC burst was defined the same way as spike cluster but with a fixed threshold of 0.1 s to group 411 

spikes. The burstiness of each burst was quantified as the number of spikes in the burst divided 412 

by the total number of spikes in a time window starting 0.5-s prior to the burst onset and ending 413 

at the end of the burst. Results in Fig. 5f-h were robust when LC cluster or burstiness was defined 414 

with other variable or fixed thresholds. For example, when the threshold for cluster was 0.2 s and 415 

the threshold for burstiness was 25% ISI, statistics in Fig. 5f-h would become c.c. = 0.89, P = 416 

5.6e-4; c.c. = 0.63, P = 0.039; c.c. = 0.73, P = 0.025, respectively. We further tested the 417 

robustness of these results by defining burstiness in a different way, following a recent work 418 

(Senzai et al., 2019). Specifically, burstiness was quantified as the ratio of the number of spikes 419 

in 1 ms – 20% ISI bins (we have tested between 10% and 30%) of the spike autocorrelogram and 420 

the number of spikes in 500 – 1000 ms bins, and the threshold for LC cluster was 0.2 s. Statistics 421 

in Fig. 5f-h would become c.c. = 0.88, P = 6.9e-4; c.c. = 0.70, P = 0.016; c.c. = 0.73, P = 0.025, 422 

respectively.  423 
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 424 

Out of the 9 tracked units in Fig. 4, 4 units were tracked for at least 3 sessions with pupil-LC 425 

relationship R2>0.6, and were included in Fig. 6c-g. To compare the variation of pupil-LC slopes 426 

across distinct LC units (population) with the variation of the same unit across sessions, 427 

population slopes were redrawn 1000 times to generate a null distribution of variance, and each 428 

time the number of samples drawn matched the number of sessions from each unit. The reported 429 

P values in Fig. 6c represented the proportion of iterations where the population variance across 430 

distinct units was smaller than the across-session variance within individual units. 431 

 432 

Data were reported as median (interquartile range, IQR) unless otherwise noted. We did not use 433 

statistical methods to predetermine sample sizes. Sample sizes are similar to those reported in 434 

the field. We assigned mice to experimental groups arbitrarily, without randomization or blinding. 435 

When sample size was >7, we used two-tailed sign rank test for paired comparisons and two-436 

tailed rank sum test for unpaired comparisons. When sample size was ≤ 7, we used two-tailed 437 

paired or unpaired t-test, respectively, unless otherwise noted.  438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 
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