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Abstract

Our understanding of human brain function can be greatly aided by studying analogous brain structures in other organisms.
One brain structure with neurochemical and anatomical homology throughout vertebrate species is the locus coeruleus (LC), a
small collection of norepinephrine (NE)-containing neurons in the brainstem that project throughout the central nervous sys-
tem. The LC is involved in nearly every aspect of brain function, including arousal and learning, which has been extensively
examined in rats and nonhuman primates using single-unit recordings. Recent work has expanded into putative LC single-unit
electrophysiological recordings in a nonmodel species, the zebra finch. Given the importance of correctly identifying analo-
gous structures as research efforts expand to other vertebrates, we suggest adoption of consensus anatomical and electro-
physiological guidelines for identifying LC neurons across species when evaluating brainstem single-unit spiking or calcium
imaging. Such consensus criteria will allow for confident cross-species understanding of the roles of the LC in brain function
and behavior.

anatomy; brainstem; calcium imaging; locus coeruleus; single-unit recording

The LC projects to the spinal cord, brainstem, midbrain, cere-
bellum, and most areas of the forebrain, lending credence to
the idea of a global connectome that is homologous across
species (3-5). However, the question of whether the LC-NE

INTRODUCTION

Our understanding of human brain function has been
greatly enhanced through insights gained from the brains of

organisms with analogous structures. One brain structure
with neurochemical and neuroanatomical homology through-
out vertebrate species is the nucleus locus coeruleus (LC). The
LC contains ~14 neurons in the zebrafish and ~70,000 in the
human brain and provides the forebrain’s primary source of
norepinephrine (NE) (1, 2). The diminutive size of the LC
belies its involvement in nearly every aspect of brain function.
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system serves a generalizable role across all species remains
unanswered.

One of the most studied functions of the LC-NE system is
its contribution to learning and memory, which has been
extensively examined in rats and nonhuman primates using
single-unit recordings before, during, and after learning (6—
8). Bird song learning is another model for studying the

L))

Check for
Updates

www.jn.org

Downloaded from jOMRAEHRY 46 85703 SUNRA| RY 180950, 805.023) on August 2, 2024.


https://orcid.org/0000000250343816
https://orcid.org/0000-0003-0345-0456
https://orcid.org/0000-0003-3388-2858
https://orcid.org/0000-0002-0998-9770
mailto:nelson.totah@helsinki.fi
https://crossmark.crossref.org/dialog/?doi=10.1152/jn.00193.2023&domain=pdf&date_stamp=2024-6-6
http://creativecommons.org/licenses/by/4.0/deed.en_US
http://www.jn.org
https://doi.org/10.1152/jn.00193.2023

Q)) GUIDELINES TO IDENTIFY THE LOCUS COERULEUS

involvement of the LC-NE system in learning. Avian neuronal
circuits involved in learning bird song are well-defined and
several lines of evidence implicate NE in bird song acquisition
(4). What has been lacking, however, are recordings of activity
in the avian LC during learning or behavior of any sort.

Recently, Katic et al. (9) performed, to our knowledge, the
first putative LC single-unit electrophysiological recordings
in the avian songbird, the zebra finch. Their work shows that
song learning in a social context (via live singing of conspe-
cifics), as opposed to artificial song playback, specifically
activates avian hindbrain neurons that may be LC-NE neu-
rons (9). However, the putative LC-NE neurons recorded in
the zebra finch did not match the classical definition of LC-
NE neurons derived from rats and nonhuman primates (i.e.,
a 2-3 ms duration of the entire waveform, mean spontane-
ous firing rate of ~1 Hz, and a biphasic response to a brief
sensory stimulus). This could imply that either the cells
recorded in the avian brainstem were not LC-NE neurons, or
that the avian LC may be physiologically different from
mammalian LC. Thus, this study highlights a challenging co-
nundrum in our field, which is the lack of knowledge about
the cell type(s), local neurotransmitters, and physiology of
LC neurons in most species relative to the few commonly
studied mammalian species. Until we discover what features
of the LC are shared across species, some caution is war-
ranted when interpreting purported LC neuronal activity in
species emerging as new models for studying the LC.

Here, we seek to provide some guidelines that would allow
researchers working with different species—from the classi-
cal (i.e., mice and rats) to the exotic (i.e., fish, finches, and
beyond)—to target the LC with confidence and make a direct
link between their recordings of single-neuron activity and
an understanding of the role of the LC in behavior and brain
function across species.

The Four Key Electrophysiological Criteria for
Identifying LC-NE Neurons Were Derived from Rodents,
Cats, and Nonhuman Primates

The mammalian LC has been intensively investigated
over the past 50 years, but in a limited number of species
(primarily rodents, cats, and nonhuman primates). The
physiological attributes of putative LC neurons in other spe-
cies should be considered and contrasted against what we
know from the heritage of LC recordings in the more com-
mon laboratory mammalian species. In rats and nonhuman
primates, the LC is identifiable as a structure containing
almost entirely NE neurons that are densely packed into a
small volume (10, 11). Aston-Jones and Bloom (12, 13) and
Foote et al. (14) provided the first functional descriptions of
the properties of these NE cells in behaving rats and nonhu-
man primates (12, 14). Cells with those properties were subse-
quently found in other species (e.g., cat, rabbit, and guinea
pig) and are presumed to be LC-NE neurons in those species,
but with the important difference that they are interdigitated
with non-NE neurons in the LC of those species. In mice,
rats, and nonhuman primates, LC-NE neuron activity is
characterized by four distinguishing features. First, the dura-
tion of the extracellular action potential is relatively long (2
to 3 ms for the duration of the entire waveform), especially
compared with other nonaminergic and noncholinergic fore-
brain neurons. Second, the spontaneous firing rate of LC-NE
neurons is, on average across the recorded population,
around 1 Hz in anesthetized, sleeping, waking, and cognitive
task-engaged preparations (12, 14-18). The population mean
firing rate is not higher than 2 Hz. However, the range of fir-
ing rates of individually recorded neurons can vary from 0.5
to 5 Hz in the anesthetized and the cognitive task-engaged
preparations (19, 20). Still, there have been reports of
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individual LC neurons discharging up to ~15 Hz in awake
rats under stress conditions in a foot shock fear conditioning
paradigm (8). An ~15 Hz firing rate matches the maximal
capacity for reliable conduction of action potentials by nor-
adrenergic fibers, which are exclusively thin and unmyeli-
nated (21). In specific, transient, state-dependent conditions,
the mean spontaneous firing rate of the population can vary:
from total quiescence during rapid eye movement (REM) sleep
(12) and transient silences during non-REM sleep (12, 22) and
urethane anesthesia (23), or elevated to 2 to 3 Hz under condi-
tions of stress (24, 25). Third, LC-NE neurons respond to brief,
salient stimuli with a characteristic stimulus-evoked excita-
tion followed by feedback inhibition that produces a biphasic
response (26). In anesthetized preparations, noxious stimuli
such as a 5 mA foot shock in rats (23) will evoke a biphasic
stimulus response in the LC predominantly contralateral to
the stimulus; in awake preparations, non-noxious stimuli (e.g.,
visual, auditory, etc.) can be used to evoke this response (13,
14, 26). Figure 1A shows the highpass filtered signal recorded
simultaneously across 23 electrodes (25 um spacing) in a linear
arrangement from dorsal to ventral and spanning most of the
dorsoventral extent of the rat LC. The biphasic response can
be observed across all electrodes as a large-scale neuronal

A

Figure 2. The depth of the locus coeruleus
(LC) and its close proximity to multiple brain-
stem nuclei pose a challenge to accurately
targeting the LC, which necessitates the use
of electrophysiological features that distin-
guish LC neurons. A: a 100-um electrode
(gray) is shown rostral to the LC (green) and
surrounding structures. Axis values are dis-
tance in mm from Bregma in the rat brain. B:
a wire frame rendering of the LC (green)
exposes the regions closely surrounding the
LC. C: a ventral view of the brainstem show-
ing convergence of multiple non-noradren-
ergic brainstem nuclei at the rostral end of
the LC. The laterodorsal tegmental nucleus g hC
(LDTg, purple), Barrington’s nucleus (Bar, MeV
cyan), and the mesencephalic trigeminal nu- LC
cleus (MeV, blue) squeeze the rostral LC,

whereas the noradrenergic cells of the sub- B
coeruleus (SubC, orange) sit ventral to the

rostral LC. Immediately medial to the LC are

diffuse non-noradrenergic cells of the pon-

tine Central Gray. In all panels, the three-
dimensional (3-D) images were rendered

from the two-dimensional (2-D) coronal sec-

tions in Paxinos & Waston’s Rat Brain Atlas

using the 3-D Brain Atlas Reconstructor

service (37, 38).

LDTg
Bar
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population spiking event (20). This finding matches earlier
work showing a stimulus-evoked deflection of the field poten-
tial (13). The field potential is the temporal and spatial average
field produced by the superposition of transmembrane cur-
rents near the electrode (27). The field potential deflection
observed by Aston-Jones and Bloom (12, 13) is likely generated
by synchronous spiking of many (but not necessarily all) LC
neurons (20), which would require the temporally synchro-
nous onset of transmembrane currents across many neurons
that are closely packed in space. Finally, the LC activity in
these relatively well-studied mammals is also temporarily
silenced by the o-2 adrenergic receptor agonist clonidine. An
example of this robust silencing effect of clonidine is shown in
Fig. 1B. The spiking activity (same electrodes as Fig. 14) is
diminished over time and appears as a run-down in popula-
tion spiking. In urethane-anesthetized rats, a 50 ug/kg ip dose
of clonidine will inhibit LC neurons completely such that even
low amplitude multiunit LC activity cannot be detected (20).
Indirect measures of LC activity (e.g., the amount of norepi-
nephrine released by the LC in proportion to its neuronal ac-
tivity level) suggest that 50 pg/kg ip clonidine inhibits the LC
in awake rats, but 10 pg/kg ip does not (28, 29). In the rhesus
monkey, a dose of 20 ug/kg clonidine intramuscularly nearly
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completely suppresses LC activity (30, 31). All of these features
(i.e., 2 to 3 ms waveform duration, ~1 Hz firing rate, biphasic
stimulus-evoked response, and clonidine-evoked inhibition)
should be considered across mammalian species to distin-
guish LC-NE neuron activity from cellular activity in adjacent
brainstem nuclei, many of which have higher firing rates (e.g.,
30-100 Hz) and lack the stimulus-evoked biphasic responses
(32-36). In addition to these features of LC neuronal activity,
histological verification of the electrode tract and recording
site is a necessity because the LC is in close proximity to other
cell groups (Fig. 2).

Advances, and Caveats, in Recording LC-NE Activity in
Nonmammals

In nonmammals (e.g., teleost, reptilian, and avian spe-
cies), the physiological characteristics of LC cells are largely
unknown, often because recordings have seldom been
attempted. There appear to be only a handful of LC neuron
recordings in reptiles, two in vitro recordings for which
responses to sensory stimuli were not assessed (39, 40), and
one in vivo recording that was recorded in the brainstem
and may or may not have included neurons in the LC (41). A

9.96 mm

10.02 mm

C Swanson Paxinos & Watson

Figure 3. The borders of the locus coeruleus (LC) central core and the rostral and caudal horns are cytoarchitectonically defined using a Nissl| stain. A:
the dense packing of LC neurons is shown from most rostral (top left) to most caudal (bottom right) in Nissl-stained frontal sections from the rat brain.
The image is shown in grayscale. The numbers indicate rostrocaudal distance from Bregma. Single arrows in green indicate the LC horns, double arrows
in green indicate the LC central core, and blue arrows indicate mesencephalic trigeminal nucleus (MeV). B: a reproduction of Loughlin’s depiction of the
LC from a lateral view showing the central core and horns (67). C: two atlases of the rat brain differ in their depiction of the rostral and caudal aspects of
the LC. Paxinos and Watson’s atlas shows a caudal horn but no rostral horn, whereas Swanson’s atlas shows a rostral horn but no caudal horn. The
three-dimensional (3-D) renderings were constructed from coronal sections of each atlas for comparison using the neuroVIISAS platform (68, 69).
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recent whole cell in vivo recording of LC-NE neuronal action
potentials in the teleost, zebrafish, revealed that spontane-
ous firing rates were similar to LC-NE neuron recordings in
mammals (42). However, testing for a biphasic response to
salient stimuli or clonidine-evoked inhibition was not per-
formed. The first in vivo action potential recordings putatively
from the LC of an awake, behaving avian species, the zebra
finch, reported single-unit recordings that did not match the
criteria for identifying LC-NE neurons in rodents, cats, and
nonhuman primates. The study reports a “fast spiking” group
of seven single units with 30-100 Hz firing rate and a “regular
spiking” group of nine single units with an ~5 Hz mean firing
rate (9). Neither group of single units exhibited a biphasic
response to the stimulus and the waveform durations (peak to
valley latency) were maximally ~500 ps. In rats, two types of
regular spiking single units have been reported, both of which
have a slow (population mean ~1 Hz) firing rate under ure-
thane anesthesia and a biphasic response to noxious foot shock
stimuli (5.0 mA, 0.5 ms duration to the contralateral paw). One
group of rat LC neurons has narrow action potentials (mean =
460 us trough-to-afterhyperpolarization latency), but most
units (85% of 234 units) have wide action potentials (mean =
1,080 ps trough-to-afterhyperpolarization latency) (20). Similar
findings have been recently reported for optogenetically tagged
dopamine B-hydroxylase (DBH)-positive LC neurons in mice
although specific waveform durations were not reported (43)

A

Figure 4. The subcoeruleus (SubC) is ven-
tral to the rostral aspect of the locus coeru-
leus (LC) core and extends far rostral into
coronal sections containing the inferior col-
liculus (IC). A: the three-dimensional (3-D)
rendering shows the SubC region (orange)
ventral to the LC core (green). The render-
ing was constructed from coronal sections
in Paxinos and Watson’s rat brain atlas (70),
with permission from Elsevier. B: a coronal
section from the rat brain at the level of the
rostral horn. Norepinephrine (NE) neurons
appear as brown using a diaminobenzidine
(DAB) and horse radish peroxidase reaction
to visualize a tyrosine hydroxylase anti-
body. The rostral horn of the LC core is indi-
cated by green double arrowheads. The
SubC is indicated by brown single arrow-
heads. Note that SubC neurons are larger
and arranged more diffusely compared B
with the LC core. This coronal section is
from approximately —9.5 mm to —9.4 mm
in the rostrocaudal plane, as shown in A.
Note that the 3-D rendering in A does not
appear to be a “horn” because that aspect
of the LC is not contained within Paxinos
and Watson'’s rat brain atlas. C: the 3-D ren-
dering shows the SubC extending rostrally
into sections also containing the caudal
aspects of the IC (gray), whereas LC neu-
rons are not present in coronal sections
containing the IC. Thus, the IC can be used »
in sagittal and coronal sections to deter-

mine whether NE neurons ventral to the

4th ventricle are LC core or SubC.
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(Note that the classical definition of LC-NE neurons used the
entire duration of the waveform, yielding values of 2-3 ms,
whereas recent work has used the peak-trough latency). Using
these rodent benchmarks, it would seem that the higher dis-
charge rates, lack of biphasic response to stimuli, and short
waveforms reported in the zebra finch are similar to cellular
profiles found in adjacent brainstem nuclei of rodents (32, 34,
36). This could imply that either the cells recorded in the avian
brainstem were not LC-NE neurons, or that the avian LC may
be physiologically different from mammalian LC. Both possi-
bilities could be explored with further study.

Rapid advances in calcium imaging are also increasing the
use of larval zebrafish to study LC-NE activity. The transpar-
ency of the larval zebrafish permits LC-NE neurons to be
directly visualized through a confocal microscope via geneti-
cally engineered fluorescent markers of LC-NE neurons. Most
zebrafish studies of LC-NE neurons used calcium (GCaMP)
imaging, which indirectly infers ongoing activity and there-
fore does not provide a firing rate for direct comparison to
action potential recordings in mammals. Moreover, GCaMP
registers activity over a window that is 10% or 10° longer than
an action potential (at least for the deployed methods such as
GCaMP6), which prevents measurement of the stimulus-
evoked biphasic response of LC neurons because the excita-
tory phase of the biphasic response (when it is convolved with
the GCaMP indicator) occludes the postexcitatory suppression
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of firing (44-46). However, because the cells are visualized
and the expression pattern can be genetically restricted to cat-
echolaminergic cells, GCaMP can be used to unequivocally
identify single LC-NE neurons and track the relationship of
LC-NE activity with slow fluctuations in arousal and presenta-
tion of salient stimuli, such as has been done in teleosts (47,
48). Similar GCaMP expression has been used successfully in
rodents to identify activity patterns in single LC-NE neurons
in vitro (49), in vivo (50), or to measure the bulk activity
of many LC-NE neurons in vivo using fiber photometry (45,
51). The use of retrograde expression of GCaMP may allow the
activity patterns of LC-NE modules with different axonal pro-
jection patterns to be compared (49). However, GCaMP
appears to be too slow to observe the spontaneous activation
of LC ensembles, which are transient and occur on a scale of
less than 100 ms in the rat (52). Because of the long temporal
integration by GCaMP and slow fluctuations in LC-NE firing
rate, caution is warranted when drawing conclusions about the
degree of synchronous activity across LC-NE neurons based on
GCaMP in mammalian and nonmammalian species alike.
Overall, it may not be appropriate to extrapolate from
rodent LC physiology to determine whether the LC is success-
fully recorded in other species, such as reptiles, avians, and
fish. Differences reported in activity between the avian LC and
the mammalian LC may be due to ethological, cytoarchitec-
tonic, or cell type differences between avian and rodent behav-
iors. For instance, differences exist in LC cytoarchitectonic
organization even among mammalian species. In rats, mice,
and primates (including humans), the majority of LC neurons
are densely packed into a so-called “core” (11, 53, 54). In con-
trast, the LC-NE neurons in many other mammals are scat-
tered diffusely throughout the dorsolateral pons (55), which
makes cross-species comparisons challenging. Moreover, in
the cat, diffusely distributed NE neurons are intermingled
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with GABAergic interneurons and even serotonergic neurons
(56-59). It is conceivable that other animals, such as birds,
share the feline LC organization: a diffuse and intermingled
arrangement of neurochemically diverse cells. Although prior
work has shown a LC core of densely packed noradrenergic
neurons in the zebra finch dorsal pons that resembles that of
many mammalian species (60), there is evidence for intermin-
gling of serotoninergic and cholinergic neurons in the avian
LC (61-63). Although the lack of a biphasic response to stimuli
by putative LC neurons in the zebra finch may indicate that
the avian LC is electrophysiologically distinct from the other
mammals that have been recorded, there is also evidence that
postexcitation autoinhibition in the avian LC may not be
entirely different from the rodent. For instance, recent work
has shown that zebra finch LC-NE neurons contain mRNA for
o2 noradrenergic receptors (3) suggesting that an autoinhibi-
tory feedback loop, which contributes to the inhibitory com-
ponent of the biphasic response to stimuli in rodents (26, 64,
65) may be active in the avian LC. Thus, avian LC neurons
may be capable of expressing a biphasic response—a possibil-
ity that should be further investigated. If o2 adrenergic recep-
tors are indeed universal in LC neurons across species,
recordings targeting the LC should seek to include tests of the
silencing effects of the o2 noradrenergic receptor agonist, clo-
nidine, to confirm that the neurons recorded are indeed LC-
NE neurons. In addition, histological confirmation of record-
ing site is critical given the LC may either be a compact core
or diffuse scattering of NE neurons in different species.

Resolving Quandaries concerning the Anatomical
Boundaries and Cell Types of the LC across Species

Even in species with a well-defined LC core, confirmation
of cells as LC neurons can be confounded by confusion over
the anatomical borders of the LC. The core of LC has a well-

Figure 5. Ventral aspect of the subcoeru-
leus (SubCV) neurons are diffusely distrib-
uted in the ventral pons. A: the three-
dimensional (3-D) rendering of coronal sec-
tions from Paxinos and Watson’s rat brain
atlas [Paxinos and Watson (70), with permis-
sion from Elsevier] shows the SubCV area
extending ventrally until the superior olive
(SO). The view is from the rostral aspect of
the brain, looking in the caudal direction
through the SubCV, followed by the sub-
coeruleus (SubC), and then the locus coeru-
leus (LC). The norepinephrine (NE) neurons
of the SubCV are arranged in an arc around
the trigeminal nerve, which appears as a
“hole” in the 3-D rendering. The arc is indi-
cated by the blue arrow. B: a coronal sec-
tion from the rat brain at the level of the
rostral horn of the LC core. NE neurons
appear brown using a diaminobenzidine
(DAB) and horse radish peroxidase reaction
to visualize a tyrosine hydroxylase antibody.
The arc of SubCV neurons around the tri-
geminal nerve is indicated by the blue
arrow. Note that the SubCV neurons are
sparse and scattered in a highly diffuse
arrangement.
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characterized cytoarchitecture (11, 53, 54, 66). Its cytoarchi-
tectonic features include a dense packing of cell bodies in
the gray matter surrounding the fourth ventricle (the so-
called periventricular gray) and a lens-shaped grouping of
cells elongated in the dorsoventral axis (when viewed in the
coronal plane). At the rostral and caudal ends of the nucleus,
the LC core contracts to form tubular extensions of com-
pacted cells extending from both rostral and caudal ends of
the nucleus into the periventricular gray. Thus, within the
brainstem, the most rostral and caudal aspects of the LC
appear circular rather than oval-shaped in the coronal plane
(11, 67). These rostral and caudal narrowings of the core can
be termed the rostral and caudal horns of the LC core (Fig. 3,
A and B). It is critical to note that only the caudal horn of the
LC core is depicted in Paxinos and Watson’s Rat Brain Atlas
(70), whereas only the rostral horn of the LC core is depicted
in Swanson’s Rat Brain Atlas (71) (Fig. 3C). This discrepancy
is due to the fact that, in both atlases, the coronal sections

Figure 6. The figure shows serial coronal
sections of the rat (male) brainstem in 50-
um thickness. All sections are the same
scale (see 100 um scale bar). Upward
is dorsal and leftward is lateral. The sec-
tions alternate Nissl (violet) and tyrosine
hydroxylase (TH) immunostain (dark
brown). This figure contains the most cau-
dal sections, relative to Figs. 7, 8, and 9.
The top left section is the most caudal
section and is labeled 0. Subsequent se-
rial sections are labeled in 50-um incre-
ments from the first section and continue
rostral (through Figs. 7, 8, and 9). In the
first few caudal sections, where locus
coeruleus (LC)-norepinephrine (NE) neu-
rons are sparse, a single green arrowhead
marks TH-positive neurons. In the next
few sections, areas of increased density
of TH-positive neurons are shown with
double arrowheads. In subsequent sec-
tions, the TH-positive neurons are densely
stained and are therefore left unmarked.
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were too thick to accurately parse the rostro-caudal struc-
tural changes of the LC. By chance, the sectioning for one
atlas captured the rostral horn, whereas the sections for the
other atlas happened to capture the caudal horn. Neither
atlas captures the LC in its entirety. Based upon existing
studies, the forebrain projection targets of the rostral and
caudal horns of the LC core differ from one another and
from the central LC core (72). The physiology of LC horn
neurons has, to our knowledge, not been characterized
and compared with the central portion of the LC core in
any species. A final aspect of the LC core cytoarchitecture
is that, when viewed in the sagittal plane, many of the neu-
rons are “lens shaped...with the perpendicular long axes
oriented anteroposteriorly...” (11). In rodents, three norad-
renergic cell morphologies have been observed: multipo-
lar, fusiform (lens shaped), and round (67, 73-75). To date,
there has been no physiological differentiation of these
cell types.
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A group of NE neurons immediately adjacent to the LC
core, and potentially confused with LC core neurons, is
the subcoeruleus (SubC). Subcoeruleus (SubC) neurons
are scattered and lie ventral to the LC core. In the rostro-
caudal plane, the most caudal SubC neurons appear at the
rostral aspects of the central portion of the LC core (Fig. 4,
A and B). Advancing rostrally, the SubC continues ventral
to the rostral horn of the LC and reaches as far rostral as
the inferior colliculus (IC), which is well beyond the
cytoarchitectonic boundary of the LC (Fig. 4C). In mice,
tyrosine hydroxylase-positive neurons appear 160 pm ros-
tral to the LC core (76). In coronal sections of rat brain
that are stained for tyrosine hydroxylase (TH) or dopa-
mine B-hydroxylase (DBH), there is a 200-400 pm region
between the LC rostral horn and the SubC that is largely
devoid of NE-producing neurons (see structural gap in
Fig. 4B). This region of non-NE producing cells makes the
NE-containing neurons of the rostral horn LC clearly dis-
tinguishable from the SubC. Note that this space is
not apparent in the three-dimensional (3-D) rendering in

J Neurophysiol + doi:10.1152/jn.00193.2023 - www.jn.org

Fig. 4 because the horn does not appear as narrow in the
dorsoventral axis of Paxinos and Waston’s atlas, as shown
in Fig. 3C. Additional TH-positive neurons are distributed
in the deeply ventral pons, in an arc around the trigemi-
nal nucleus, until just dorsal to the superior olive (Fig. 5).
The trigeminal nucleus appears as a “hole” in 3-D render-
ing shown in Fig. 5A. These more ventral NE neurons are
termed the ventral aspect of the subcoeruleus (SubCV).
The SubCV has also been termed the A7 adrenergic cell
group (77). Figures 6, 7, 8, and 9 illustrate the juxtaposi-
tion of the LC, SubC, and SubCV. These figures show se-
rial, 50-um thick coronal sections (alternating Nissl and
TH immunostaining) of the rat (male) brainstem from the
most caudal LC-NE neurons (Fig. 6) until rostral levels
beyond the LC (Figs. 8 and 9).

Given the proximity of the LC, SubC, and the most dorsal
neurons of the SubCV, it is apparent that extracellular
recordings from opto-tagged NE neurons in the dorsal pons,
and even directly visualized NE neurons in GCaMP record-
ings, can mix populations of NE neurons in the SubC/SubCv

950'

Figure 7. The figure shows serial coronal
sections of the rat (male) brainstem in 50-
pum thickness continuing from Fig. 6. All
sections are the same scale (see 100 um
scale bar). Upward is dorsal and rightward
is lateral. The sections alternate Nissl (vio-
let) and tyrosine hydroxylase (TH) immuno-
stain (dark brown). The top left section is
labeled in um from the most caudal section
in the top left corner of Fig. 6. Subsequent
serial sections are labeled in 50-um incre-
ments and continue rostral (through Figs. 8
and 9).
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with those of the rostral aspect of the LC core (including
both the central core and its rostral horn). For instance,
some of the more rostral NE neurons shown in a recent LC
study might be SubC neurons (78). Consistent with the LC
defined across six 100-um coronal sections in the Allen
mouse brain atlas, it is apparent from Fig. 1, A and C in Ref.
78 that the mouse LC core (labeled —300 pm to +200 um) is
a compact structure surrounded by GAD + interneurons
that have little-to-no intermingling within the LC core. Note
that other work in mice has also shown little-to-no intermin-
gling (79). However, in the more rostral slices (labeled + 300
and +400) from the study by Breton-Provencher and Sur
(78), the NE-positive neurons are ventrally displaced, con-
sistent with a location in the SubC. At this rostral level, there
is more intermingling of GABA interneurons with the NE-
positive neurons. This is consistent with rat brain anatomy,
which has shown GABA interneurons in this region rostro-
ventral to the LC (80, 81). These GABA interneurons may
constitute a caudal extension of the laterodorsal tegmental
nucleus (LDTg) intermingling with the SubC.

Recordings that group NE neurons of the SubC/SubCV
and LC together are problematic because little is known

Figure 8. The figure shows sections that
are rostral to the locus coeruleus (LC) cen-
tral core. The final section of the LC rostral
horn is shown in the section marked 1250.
Subsequent sections are beyond the
boundary of the LC. Note that these sections
still, however, contain tyrosine hydroxylase
(TH)-positive neurons, such as subcoeruleus
(SubC)-norepinephrine (NE) neurons. The
immunostained (dark brown) neurons are in
the dorsal brainstem (SubC). The images are
serial coronal sections of the rat (male) brain-
stem in 50-um thickness continuing from
Figs. 6 and 7. All sections are the same scale
(see 100 pum scale bar). Upward is dorsal
and rightward is lateral. The sections alter-
nate Nissl (violet) and TH immunostain (dark
brown). The top left section is labeled in um
from the most caudal section in the upper
left corner of Fig. 6. Subsequent serial sec-
tions are labeled in 50-um increments and
continue rostral (through Fig. 9).
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about the functional, behaviorally relevant physiological
responses, and the anatomical connections of SubC/
SubCV neurons in even the most commonly used species
(mice, rats, and nonhuman primates), as well as in non-
mammalian species. However, histological examination of
the location of the recording electrode or plane of imaging
can determine whether an NE neuron should be included
in the LC or SubC/SubCV because of cytoarchitectonic dif-
ferences between these structures in rats and mice, other
mammals, and in avians (11, 55, 60, 66, 76, 82, 83). First,
compared with LC neurons, SubC/SubCV neurons are
noticeably larger. Their location is bisected by the fifth
mesencephalic tract placing them in the parvicellular
reticular nucleus instead of the periventricular gray,
where the LC core is located (55). Second, SubC neurons
are more scattered than LC core neurons and SubCV neu-
rons are even more diffusely distributed. In sagittal or
coronal sections, ventrally displaced NE-positive cells
observed at the level of the inferior colliculus are part of
the SubC/SubCV (Fig. 4C). A cautionary note: using the IC
as a marker for SubC/SubCV NE neurons requires that the
tissue cutting plane is level.
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NE neurons in the rostral horn of the LC core, as well as
those in the SubC intermingle with GABA interneurons, glu-
tamate neurons, and cholinergic neurons contained in the
caudal ending of the laterodorsal tegmental nucleus (LDTg)
(84, 85). Therefore, GABAergic, glutmatergic, and cholinergic
neurons can be improperly included in recordings of the ros-
tral horn of the LC core (Fig. 10). It is particularly important
to note that GABA interneurons are not present within the
LC core of rats and mice (33, 79, 80, 86). A population of fast-
spiking GABA interneurons does lie ~300-500 um beyond
the ventromedial border of LC core in rats (80) and ~200-
400 um beyond the border of the LC core in mice (79) in an
area termed the rostroventral pericoerulear region (81) (At
present, this anatomical region has not been included in
Paxinos and Watson’s or Swanson’s rat brain atlases). These
interneurons project nearly exclusively in the region imme-
diately surrounding the LC core, where dendrites of LC-NE
cells project and ramify (79, 81). Thus, the notion of an inhib-
itory GABAergic “shell” projecting solely to the LC core may
be appropriate and anatomically similar to the relationship
between the thalamic reticular nucleus and the core tha-
lamic nuclei. However, such interneurons are not part of the

J Neurophysiol + doi:10.1152/jn.00193.2023 - www.jn.org
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LC core. Given that GABA interneurons are scattered
throughout the brainstem, identifying the peri-LC inhibitory
shell neurons requires viral tracing (79).

In sum, in the mouse and rat brain, SubC NE cells are scat-
tered (not tightly packed as in the LC core) and are located
well beyond the cytoarchitectonic boundaries of the LC core
where they intermingle with GABA interneurons. Are SubC
neurons merely displaced from the LC core as a result of de-
velopmental pressures? Should the definition of the LC be
extended—beyond the core—to include the scattered SubC-
NE neurons and the intermingled GABA interneurons?
Should peri-LC GABAergic neurons be delineated as an LC
“shell” region? Answers to these questions currently elude
the field because the functional, behaviorally relevant physi-
ological response, and the anatomical connections of SubC
NE and peri-LC GABA neurons are relatively unexplored in
mice, rats, and nonhuman primates and not characterized in
other species. It is worth noting that the dorsal SubC neurons
share a developmental origin with the LC core, but SubCV
neurons do not (87). However, defining the LC to include
SubC neurons may encroach upon the LDTg leading to inclu-
sion of other cell types, such as GABA interneurons, which

Figure 9. The figure shows sections that
are rostral to the locus coeruleus (LC) ros-
tral horn (see Fig. 8. section marked 1250).
Therefore, these sections run 250 pum to
600 pm rostral to the most rostral bound-
ary of the LC. However, these sections still
contain tyrosine hydroxylase (TH)-positive
neurons, such as subcoeruleus (SubC)-nor-
epinephrine (NE) neurons. Note that the
section at 1650 contains an artifact,
which is cerebellum tissue laying over
the brainstem. The immunostained (dark
brown) neurons are in the dorsal brain-
stem (SubC). The images are serial coro-
nal sections of the rat (male) brainstem
in 50-um thickness continuing from Figs.
6, 7, and 8. All sections are the same
scale (see 100 um scale bar). Upward is
dorsal and rightward is lateral. The sec-
tions alternate Nissl (violet) and TH im-
munostain (dark brown). The top left
section is labeled in um from the most
caudal section in the upper left corner of
Fig. 6. Subsequent serial sections are la-
beled in 50-um increments and continue
rostral (through to the bottom right of
Fig. 9).
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Figure 10. The intermingling of the rostral locus coeruleus (LC) core, sub-
coeruleus (SubC), and laterodorsal tegmental nucleus (LDTg) presents
potential for misclassifying GABAergic, glutamatergic, and cholinergic
neurons as LC core neurons. A: the three-dimensional (3-D) rendering
shows a lateral view of the LDTg (purple), SubC (orange), and LC (green).
The SubC and LC are shown as wireframe renderings to highlight the
overlap of the LTDg with norepinephrine (NE) neurons of the SubC and
LC. In a sagittal section, the GABA, glutamate, and acetylcholine produc-
ing neurons of the LDTg can appear intermixed with NE neurons of the LC
core. B: the 3-D rendering shows a dorsal view, looking ventrally into the
pons. This view illustrates the close proximity of rostral LC core (green)
and LDTg (purple). The LDTg and LC core are presented as wireframe ren-
derings to emphasize that inserting a multi-electrode array near the rostral
LC core with a slight angle can easily penetrate the LDTg, LC core, and
SubC (orange) in a single-recording tract, or simultaneously record from
LDTg on dorsal aspects of the array and SubC on ventral aspects of the
array while missing the LC core altogether. This complication can be
avoided when recording tracts are confined to the more caudal, central
portion of the LC core (e.g., —9.7 to —10.1 mm on the rostrocaudal axis). In
both panels, the 3-D renderings were constructed using coronal sections
from Paxinos & Watson’s rat brain atlas [Paxinos and Watson (70), with per-
mission from Elsevier].

are not part of the cytoarchitectonically defined LC core. In
the absence of experiments characterizing the features of
SubC neurons and peri-LC neurons, we suggest that NE and
GABA neurons outside of the cytoarchitectonically defined
LC core in rats and mice be labeled as SubC neurons and ros-
troventral peri-LC neurons, respectively, rather than as “LC-
NE” or “LC-GABA” neurons. Since it is possible to include LC
core-adjacent NE and GABA-expressing neurons in record-
ings of the LC core, we provide consensus guidelines to help
define whether extracellularly recorded neurons are within
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the core of the nucleus. These guidelines apply to species
such as mice and rats or any other species with a core
group of NE-producing LC neurons that can be defined
using cytoarchitectonics (55). Although these guidelines
are benchmarked to mice, rats, and nonhuman primates,
they can be applied to other species by modifying them to
account for what is known about the physiology of LC-NE
neurons and the cytoarchitecture of the LC in that species.
When less is known, performing all of the tests in these
guidelines will inform the field about key similarities
across species, and drive investigation of any differences
that emerge. Especially when less is known, it is prudent
to exercise caution regarding cellular identity based solely
upon extracellular recordings instead of through multiple
means.

Definitive identification of LC neurons in extracellular
recordings has always been technically demanding. The
challenge increases as discoveries are made that broaden
the spectrum of electrophysiological, genetic, neuro-
chemical, and projection target diversity in LC neurons,
both within and across species (5). Our continued pro-
gress in understanding LC function across species will be
hastened by thorough characterization of recorded neu-
rons. Here, we highlighted the use of multiple methods in
combination to ensure that recorded neurons are LC-NE
core neurons, which include four key physiological crite-
ria, the use of linear probes that take into account the
anatomy of the LC core, and histology with appropriate
section thickness and immunohistochemistry to enable
detailed reporting of electrode location with respect
to consensus anatomical boundaries of the LC core.
Although greater confidence in the identity of recorded
neurons may also be achieved using GCaMP imaging of
NE-containing neurons, the potential for confounding LC
core and SubC NE neurons remains, in the absence of
detailed histological verification. In addition, the bipha-
sic response of LC core neurons and LC neuronal ensem-
ble activity patterns will be inaccessible with the GCaMP
indicators that have been used in the LC. However,
observing the biphasic response of LC neurons may be
permissible with newer versions of GcaMP as long as the
baseline fluorescence is high enough to observe inhibi-
tion of neurons with an ~1-Hz spike rate (88). Additional
features of LC neurons that will provide new insights
into LC-NE function across species are the receptor com-
plement of individual cells, cotransmitter expression,
and the developmental origins of various cell types.
Overall, the expectation is that comparative neurobiology
approaches, in combination with multiple methods for
recording LC neurons, will greatly advance our under-
standing of the LC from finches to fish and beyond.

CONSENSUS GUIDELINES FOR LC
EXTRACELLULAR RECORDINGS ACROSS
SPECIES

Guideline 1: Test and Report Four Key Physiological
Criteria for Identifying LC Cells

These are 1) 2-3 ms duration of the entire waveform, 2)
mean spontaneous firing rate of the recorded population is
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~1 Hz and no higher than 2 Hz (except in specific states in
which the population mean may be as high as 3 Hz), 3) a
biphasic response to a brief sensory stimulus (of appropriate
modality given the state of the organism), and 4) clonidine-
induced inhibition of single unit and multiunit activity.
Note that the highpass filter cutoff affects waveform dura-
tion, so comparisons of waveform can only be made across
studies using the same highpass filter and identical measure
of waveform duration (e.g., entire waveform or a peak-trough
latency). Depending on these factors, the LC neuronal wave-
form may be less than 2-3 ms.

Guideline 2: Advance the Electrode through the
Dorsoventral Axis of the Brainstem While Monitoring
Activity to Assess Whether the Electrode Is in the
Intended Target (Central Portion of the LC Core or in the
Rostral or Caudal Horn)

The depth span over which signs of LC-NE neuronal activity
are observed provides evidence for determining electrode
placement in the central core or one of the horns. When lower-
ing an electrode ventrally from the most dorsal point at which
the electrode first detects LC activity, if the stimulus-evoked
biphasic response disappears after 200 um (in rat), then the re-
cording is in either the rostral or caudal horn portion of the LC
core. Note that this method cannot distinguish the rostral
horn from the caudal horn. When recording in the LC core (in
rats), at 500 pm depth from the most dorsal aspect, the elec-
trode should move out of the LC and the biphasic response
should disappear. These track distances for rats are based on
Nissl-stained coronal sections. They must be adapted for use
in other species based on the brain atlas of those species.

Guideline 3: Use Precise Histological Identification of
Recording Electrode Placement

Reporting histology with consistent anatomical terminol-
ogy across studies is critical for identifying features of LC
neuronal activity across species and distinguishing potential
differences between species.

Guideline 4: Use Maximally 50-um Coronal Section
Thickness in Rats (or 25 pm in Mice) and Include,
Alongside DBH Immunohistochemistry, Choline
Acetyltransferase Immunohistochemistry Marking
Cholinergic Neurons to Assess Whether the Recorded
NE Neurons Are Encroaching on the LDTg

We recommend these section sizes to sample frequently
enough to track the transition between the horn portions
and central portion of the LC core. We encourage researchers
working in any species to obtain coronal sections at the level
of the IC (rostral to the LC core) and report whether the elec-
trode was recording from SubC-NE neurons, which continue
rostral to the LC, until the level of the IC.

ACKNOWLEDGMENTS

The authors are grateful to Dr. Ricardo Neves and Dr. Oxana
Eschenko for sharing the serial-stained Nissl section from the rat
brain shown in Fig. 3. We thank Prof. Piotr Majka and Prof. Oliver
Schmitt for assistance in 3-D reconstructions of the rat brain
atlases. Finally, we thank Prof. George Paxinos and Dr. Steve
Kassem for discussions on rat brainstem anatomy.

J Neurophysiol « doi:10.1152/jn.00193.2023 - www.jn.org

GRANTS

This work was supported by the Research Council of Finland
PROFI6 funding program (UHBRAIN project), start-up funding
from the Helsinki Institute of Life Science at the University of
Helsinki, and by National Institutes of Health BRAIN Initiative
Grant 1R34NS123876.

DISCLOSURES

A.E.P. has grant funding from Eli Lilly and has provided consul-
tancy to Eli Lilly and Lateral Pharma for projects unrelated to this
topic. None of the other authors has any conflicts of interest, fi-
nancial or otherwise, to disclose.

AUTHOR CONTRIBUTIONS

N.K.T. conceived and designed research; A.V. analyzed data;
AV. and N.K.T. prepared figures; N.K.T. drafted manuscript; A.V.,
G.A-J, AEP, GRP, BW, and NK.T. edited and revised manu-
script; AV, G.A-J,, AE.P., GRP., BW., and N.K.T. approved final ver-
sion of manuscript.

REFERENCES

1. Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC,
Rosenthal A. Development of noradrenergic neurons in the zebra-
fish hindbrain requires BMP, FGF8, and the homeodomain protein
soulless/Phox2a. Neuron 24: 555-566, 1999. do0i:10.1016/s0896-
6273(00)81112-5.

2. Totah NKB, Logothetis NK, Eschenko O. Noradrenergic ensemble-
based modulation of cognition over multiple timescales. Brain Res
1709: 50-66, 2018. doi:10.1016/j.brainres.2018.12.031.

3. Alvarado JS, Hatfield J, Mooney R. Divergent projections from
locus coeruleus to the cortico-basal ganglia system and ventral teg-
mental area of the zebra finch. J Comp Neurol 531: 921-934, 2022.
doi:10.1002/cne.25474.

4. Castelino CB, Schmidt MF. What birdsong can teach us about the
central noradrenergic system. J Chem Neuroanat 39: 96-111, 2010.
doi:10.1016/j.jchemneu.2009.08.003.

5. Chandler DJ, Jensen P, McCall JG, Pickering AE, Schwarz LA,
Totah NK. Redefining noradrenergic neuromodulation of behavior:
impacts of a modular locus coeruleus architecture. J Neurosci 39:
8239-8249, 2019. doi:10.1523/JNEUROSCI.1164-19.2019.

6. Aston-Jones G, Rajkowski J, Kubiak P. Conditioned responses of
monkey locus coeruleus neurons anticipate acquisition of discrimi-
native behavior in a vigilance task. Neuroscience 80: 697-715, 1997.
doi:10.1016/s0306-4522(97)00060-2.

7. Sara SJ, Segal M. Plasticity of sensory responses of locus coeruleus
neurons in the behaving rat: implications for cognition. Prog Brain
Res 88: 571-585, 1991. doi:10.1016/s0079-6123(08)63835-2.

8. Uematsu A, Tan BZ, Ycu EA, Cuevas JS, Koivumaa J, Junyent F,
Kremer EJ, Witten IB, Deisseroth K, Johansen JP. Modular organi-
zation of the brainstem noradrenaline system coordinates opposing
learning states. Nat Neurosci 20: 1602-1611, 2017. doi:10.1038/
nn.4642.

9. Katic J, Morohashi Y, Yazaki-Sugiyama Y. Neural circuit for social
authentication in song learning. Nat Commun 13: 4442, 2022.
doi:10.1038/541467-022-32207-1.

10. Corteen NL, Cole TM, Sarna A, Sieghart W, Swinny JD. Localization
of GABA-A receptor o subunits on neurochemically distinct cell
types in the rat locus coeruleus. Eur J Neurosci 34: 250-262, 2011.
doi:10.1111/j.1460-9568.2011.07740.x.

1. Swanson LW. The locus coeruleus: a cytoarchitectonic, Golgi and
immunohistochemical study in the albino rat. Brain Res 110: 39-56,
1976. doi:10.1016/0006-8993(76)90207-9.

12. Aston-Jones G, Bloom F. Activity of norepinephrine-containing
locus coeruleus neurons in behaving rats anticipates fluctuations in
the sleep-waking cycle. J Neurosci 1: 876—886, 1981. doi:10.1523/
JNEUROSCI.01-08-00876.1981.

13. Aston-Jones G, Bloom FE. Norepinephrine-containing locus coeru-
leus neurons in behaving rats exhibit pronounced responses to non-

237

Downloaded from journals.physiology.org/journal/jn (150.250.005.023) on August 2, 2024.


https://doi.org/10.1016/s0896-6273(00)81112-5
https://doi.org/10.1016/s0896-6273(00)81112-5
https://doi.org/10.1016/j.brainres.2018.12.031
https://doi.org/10.1002/cne.25474
https://doi.org/10.1016/j.jchemneu.2009.08.003
https://doi.org/10.1523/JNEUROSCI.1164-19.2019
https://doi.org/10.1016/s0306-4522(97)00060-2
https://doi.org/10.1016/s0079-6123(08)63835-2
https://doi.org/10.1038/nn.4642
https://doi.org/10.1038/nn.4642
https://doi.org/10.1038/s41467-022-32207-1
https://doi.org/10.1111/j.1460-9568.2011.07740.x
https://doi.org/10.1016/0006-8993(76)90207-9
https://doi.org/10.1523/JNEUROSCI.01-08-00876.1981
https://doi.org/10.1523/JNEUROSCI.01-08-00876.1981
http://www.jn.org

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

238

Q)) GUIDELINES TO IDENTIFY THE LOCUS COERULEUS

noxious environmental stimuli. J Neurosci 1: 887-900, 1981. doi:10.
1523/JNEUROSCI.01-08-00887.1981.

Foote SL, Aston-Jones G, Bloom FE. Impulse activity of locus coeru-
leus neurons in awake rats and monkeys is a function of sensory
stimulation and arousal. Proc Natl Acad Sci USA 77: 3033-3037,
1980. doi:10.1073/pnas.77.5.3033.

Bouret S, Sara SJ. Reward expectation, orientation of attention and
locus coeruleus-medial frontal cortex interplay during learning. Eur J
Neurosci 20: 791-802, 2004. doi:10.1111/].1460-9568.2004.03526..x.
Eschenko O, Magri C, Panzeri S, Sara SJ. Noradrenergic neurons of
the locus coeruleus are phase locked to cortical up-down states dur-
ing sleep. Cereb Cortex 22: 426-435, 2011. doi:10.1093/cercor/
bhr121.

Eschenko O, Sara SJ. Learning-dependent, transient increase of ac-
tivity in noradrenergic neurons of locus coeruleus during slow wave
sleep in the rat: brain stem—cortex interplay for memory consolida-
tion? Cereb Cortex 18: 2596-2603, 2008. doi:10.1093/cercor/
bhn020.

Vankov A, Hervé-Minvielle A, Sara SJ. Response to novelty and its
rapid habituation in locus coeruleus neurons of the freely exploring
rat. Eur J Neurosci 7: 1180-1187, 1995. doi:10.1111/j.1460-9568.1995.
tb01108.x.

Aston-Jones G, Rajkowski J, Kubiak P, Alexinsky T. Locus coeru-
leus neurons in monkey are selectively activated by attended cues
in a vigilance task. J Neurosci 14: 4467-4480, 1994. doi:10.1523/
JNEUROSCI.14-07-04467.1994.

Totah NK, Neves RM, Panzeri S, Logothetis NK, Eschenko O. The
locus coeruleus is a complex and differentiated neuromodulatory
system. Neuron 99: 1055-1068.e6, 2018. doi:10.1016/j.neuron.2018.
07.037.

Aston-Jones G, Segal M, Bloom FE. Brain aminergic axons exhibit
marked variability in conduction velocity. Brain Res 195: 215-222,
1980. doi:10.1016/0006-8993(80)90880-x.

Swift KM, Gross BA, Frazer MA, Bauer DS, Clark KJD, Vazey EM,
Aston-Jones G, Li Y, Pickering AE, Sara SJ, Poe GR. Abnormal
locus coeruleus sleep activity alters sleep signatures of memory
consolidation and impairs place cell stability and spatial memory.
Curr Biol 28: 3599-3609.e4, 2018. doi:10.1016/j.cub.2018.09.054.
Neves RM, Keulen S, van Yang M, Logothetis NK, Eschenko O.
Locus coeruleus phasic discharge is essential for stimulus-induced
gamma oscillations in the prefrontal cortex. J Neurophysiol 119:
904-920, 2018. doi:10.1152/jn.00552.2017.

Abercrombie E, Jacobs B. Single-unit response of noradrenergic
neurons in the locus coeruleus of freely moving cats. |. Acutely pre-
sented stressful and nonstressful stimuli. J Neurosci 7: 2837-2843,
1987. doi:10.1523/JNEUROSCI.07-09-02837.1987.

Curtis AL, Leiser SC, Snyder K, Valentino RJ. Predator stress engages
corticotropin-releasing factor and opioid systems to alter the operating
mode of locus coeruleus norepinephrine neurons. Neuropharmacology
62: 17371745, 2012. doi:10.1016/j.neuropharm.2011.11.020.

Cedarbaum JM, Aghajanian GK. Activation of locus coeruleus neu-
rons by peripheral stimuli: Modulation by a collateral inhibitory
mechanism. Life Sci 23:1383-1392, 1978. doi:10.1016/0024-3205(78)
90398-3.

Buzsdki G, Anastassiou CA, Koch C. The origin of extracellular
fields and currents—EEG, ECoG, LFP and spikes. Nat Rev Neurosci
13: 407-420, 2012. doi:10.1038/nrn3241.

Gonon F, Buda M, de Simoni G, Pujol J-F. Catecholamine metabo-
lism in the rat locus coeruleus as studied by in vivo differential pulse
voltammetry. Il. Pharmacological and behavioral study. Brain Res
273:207-216,1983. doi:10.1016/0006-8993(83)90845-4.

Quintin L, Buda M, Hilaire G, Bardelay C, Ghignone M, Pujol J-F.
Catecholamine metabolism in the rat locus coeruleus as studied by
in vivo differential pulse voltammetry. lll. Evidence for the existence
of an a2-adrenergic tonic inhibition in behaving rats. Brain Res 375:
235-245,1986. doi:10.1016/0006-8993(86)90743-2.

Bouret S, Richmond BJ. Relation of locus coeruleus neurons in
monkeys to pavlovian and operant behaviors. J Neurophysiol 101:
898-911, 2009. doi:10.1152/jn.91048.2008.

Bouret S, Richmond BJ. Sensitivity of locus ceruleus neurons to
reward value for goal-directed actions. J Neurosci 35: 4005-4014,
2015. doi:10.1523/JNEUROSCI.4553-14.2015.

Coizet V, Dommett EJ, Klop EM, Redgrave P, Overton PG. The
parabrachial nucleus is a critical link in the transmission of short

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

latency nociceptive information to midbrain dopaminergic neu-
rons. Neuroscience 168: 263—-272, 2010. doi:10.1016/j.neuroscience.
2010.03.049.

Jin X, Li S, Bondy B, Zhong W, Oginsky MF, Wu Y, Johnson CM,
Zhang S, Cui N, Jiang C. Identification of a group of GABAergic neu-
rons in the dorsomedial area of the locus coeruleus. PloS One 11:
0146470, 2016. doi:10.1371/journal.pone.0146470.

Koyama Y, Jodo E, Kayama Y. Sensory responsiveness of “Broad-
spike” neurons in the laterodorsal tegmental nucleus, locus coeru-
leus and dorsal raphe of awake rats: Implications for cholinergic and
monoaminergic neuron-specific responses. Neuroscience 63: 1021—
1031, 1994. doi:10.1016/0306-4522(94)90569-x.

Manohar A, Curtis AL, Zderic SA, Valentino RJ. Brainstem network
dynamics underlying the encoding of bladder information. eLlife 6:
1377, 2017. doi:10.7554/eLife.29917.

Rouzade-Dominguez M-L, Pernar L, Beck S, Valentino RJ. Convergent
responses of Barrington’s nucleus neurons to pelvic visceral stimuli in
the rat: a juxtacellular labelling study. Eur J of Neurosci 18: 3325-3334,
2003. doi:10.1111/j.1460-9568.2003.03072 X.

Majka P, Kowalski JM, Chlodzinska N, Wéjcik DK. 3D brain atlas
reconstructor service—online repository of three-dimensional models
of brain structures. Neuroinformatics 11: 507-518, 2013. doi:10.1007/
$12021-013-9199-9.

Majka P, Kublik E, Furga G, Wéjcik DK. Common atlas format and
3D brain atlas reconstructor: infrastructure for constructing 3D brain
atlases. Neuroinformatics 10: 181-197, 2012. doi:10.1007/s12021-011-
9138-6.

Santin JM, Watters KC, Putnam RW, Hartzler LK. Temperature
influences neuronal activity and CO2/pH sensitivity of locus coeru-
leus neurons in the bullfrog, Lithobates catesbeianus. Am J Physiol
Regul Integr Comp Physiol 305: R1451-R1464, 2013.

Zena LA, Fonseca EM, Santin JM, Porto L, Gargaglioni LH, Bicego
KC, Hartzler LK. Effect of temperature on chemosensitive locus
coeruleus neurons of savannah monitor lizards, Varanus exanthe-
maticus. J Exp Biol 219: 2856—2864, 2016. doi:10.1242/jeb.138800.
Eiland MM, Lyamin Ol, Siegel JM. State-related discharge of neu-
rons in the brainstem of freely moving box turtles, Terrapene caro-
lina major. Arch Ital Biol 139: 23-36, 2001.

Du W, Zhang R, Li J, Zhang B, Peng X, Cao S, Yuan J, Yuan C, Yu
T, Du J. The locus coeruleus modulates intravenous general anes-
thesia of zebrafish via a cooperative mechanism. Cell Rep 24: 3146—
3155.e3, 2018. doi:10.1016/j.celrep.2018.08.046.

Su Z, Cohen JY. Two types of locus coeruleus norepinephrine neu-
rons drive reinforcement learning (Preprint). bioRxiv, 2022. doi:10.1101/
2022.12.08.519670

Moriya S, Yamashita A, Nishi R, lkoma Y, Yamanaka A, Kuwaki T.
Acute nociceptive stimuli rapidly induce the activity of serotonin and
noradrenalin neurons in the brain stem of awake mice. Ibro Rep 7: 1—
9, 2019. doi:10.1016/j.ibror.2019.05.005.

Sciolino NR, Hsiang M, Mazzone CM, Wilson LR, Plummer NW,
Amin J, Smith KG, McGee CA, Fry SA, Yang CX, Powell JM,
Bruchas MR, Kravitz AV, Cushman JD, Krashes MJ, Cui G, Jensen
P. Natural locus coeruleus dynamics during feeding. Sci Adv 8:
eabn9134, 2022. doi:10.1126/sciadv.abn9134.

Wilmot JH, Puhger K, Roshgadol J, Tian L, Wiltgen BJ. Phasic locus
coeruleus activity facilitates hippocampus-dependent trace fear mem-
ory formation (Preprint). bioRxiv, 2022. doi:10.1101/2022.10.17.512590
Lovett-Barron M, Andalman AS, Allen WE, Vesuna S, Kauvar |,
Burns VM, Deisseroth K. Ancestral circuits for the coordinated mod-
ulation of brain state. Cell 171: 1411-1423.e17, 2017. doi:10.1016/.
cell.2017.10.021.

Mu Y, Bennett DV, Rubinov M, Narayan S, Yang C-T, Tanimoto M,
Mensh BD, Looger LL, Ahrens MB. Glia accumulate evidence that
actions are futile and suppress unsuccessful behavior. Cell 178: 27—
43.e19, 2019. doi:10.1016/j.cell.2019.05.050.

Davy O, Perrins R, Lavigne M, Kremer E, Tsaneva-Atanasova K,
Ashby M, Pickering AE. Noradrenergic cross-modular reciprocal inhi-
bition within the locus coeruleus (Preprint). bioRxiv, 2022. doi:10.1101/
2022.09.07.506929

Breton-Provencher V, Drummond GT, Feng J, Li Y, Sur M.
Spatiotemporal dynamics of noradrenaline during learned behav-
iour. Nature 606: 732-738, 2022. doi:10.1038/541586-022-04782-2.
Osorio-Forero A, Foustoukos G, Cardis R, Cherrad N, Devenoges
C, Fernandez LMJ, Luthi A. Noradrenergic locus coeruleus activity

J Neurophysiol « doi:10.1152/jn.00193.2023 - www.jn.org
Downloaded from journals.physiology.org/journal/jn (150.250.005.023) on August 2, 2024.


https://doi.org/10.1523/JNEUROSCI.01-08-00887.1981
https://doi.org/10.1523/JNEUROSCI.01-08-00887.1981
https://doi.org/10.1073/pnas.77.5.3033
https://doi.org/10.1111/j.1460-9568.2004.03526.x
https://doi.org/10.1093/cercor/bhr121
https://doi.org/10.1093/cercor/bhr121
https://doi.org/10.1093/cercor/bhn020
https://doi.org/10.1093/cercor/bhn020
https://doi.org/10.1111/j.1460-9568.1995.tb01108.x
https://doi.org/10.1111/j.1460-9568.1995.tb01108.x
https://doi.org/10.1523/JNEUROSCI.14-07-04467.1994
https://doi.org/10.1523/JNEUROSCI.14-07-04467.1994
https://doi.org/10.1016/j.neuron.2018.07.037
https://doi.org/10.1016/j.neuron.2018.07.037
https://doi.org/10.1016/0006-8993(80)90880-x
https://doi.org/10.1016/j.cub.2018.09.054
https://doi.org/10.1152/jn.00552.2017
https://doi.org/10.1523/JNEUROSCI.07-09-02837.1987
https://doi.org/10.1016/j.neuropharm.2011.11.020
https://doi.org/10.1016/0024-3205(78)90398-3
https://doi.org/10.1016/0024-3205(78)90398-3
https://doi.org/10.1038/nrn3241
https://doi.org/10.1016/0006-8993(83)90845-4
https://doi.org/10.1016/0006-8993(86)90743-2
https://doi.org/10.1152/jn.91048.2008
https://doi.org/10.1523/JNEUROSCI.4553-14.2015
https://doi.org/10.1016/j.neuroscience.2010.03.049
https://doi.org/10.1016/j.neuroscience.2010.03.049
https://doi.org/10.1371/journal.pone.0146470
https://doi.org/10.1016/0306-4522(94)90569-x
https://doi.org/10.7554/eLife.29917
https://doi.org/10.1111/j.1460-9568.2003.03072.x
https://doi.org/10.1007/s12021-013-9199-9
https://doi.org/10.1007/s12021-013-9199-9
https://doi.org/10.1007/s12021-011-9138-6
https://doi.org/10.1007/s12021-011-9138-6
https://doi.org/10.1242/jeb.138800
https://doi.org/10.1016/j.celrep.2018.08.046
https://doi.org/10.1101/2022.12.08.519670
https://doi.org/10.1101/2022.12.08.519670
https://doi.org/10.1016/j.ibror.2019.05.005
https://doi.org/10.1126/sciadv.abn9134
https://doi.org/10.1101/2022.10.17.512590
https://doi.org/10.1016/j.cell.2017.10.021
https://doi.org/10.1016/j.cell.2017.10.021
https://doi.org/10.1016/j.cell.2019.05.050
https://doi.org/10.1101/2022.09.07.506929
https://doi.org/10.1101/2022.09.07.506929
https://doi.org/10.1038/s41586-022-04782-2
http://www.jn.org

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Q)) GUIDELINES TO IDENTIFY THE LOCUS COERULEUS

functionally partitions NREM sleep to gatekeep the NREM-REM
sleep cycle (Preprint). bioRxiv, 2023. doi:10.1101/2023.05.20.541586.
Noei S, Zouridis IS, Logothetis NK, Panzeri S, Totah NK. Distinct
ensembles in the noradrenergic locus coeruleus are associated with
diverse cortical states. Proc Nat/ Acad Sci USA 119: e2116507119,
2022. doi:10.1073/pnas.2116507119.

Baker KG, Tork I, Hornung J-P, Halasz P. The human locus coeru-
leus complex: an immunohistochemical and three dimensional
reconstruction study. Exp Brain Res 77: 257—-270, 1989 [Erratum in
Exp Brain Res 79: 664, 1990]. doi:10.1007/BF00274983.

Gilvesy A, Husen E, Magloczky Z, Mihaly O, Hortobagyi T,
Kanatani S, Heinsen H, Renier N, Hokfelt T, Mulder J, Uhlen M,
Kovacs GG, Adori C. Spatiotemporal characterization of cellular tau
pathology in the human locus coeruleus—pericoerulear complex by
three-dimensional imaging. Acta Neuropathol 144: 651-676, 2022.
doi:10.1007/s00401-022-02477-6.

Manger PR, Eschenko O. The mammalian locus coeruleus complex
—consistencies and variances in nuclear organization. Brain Sci 11:
1486, 2021. doi:10.3390/brainsci11111486.

Chu N-S, Bloom FE. The catecholamine-containing neurons in the
cat dorsolateral pontine tegmentum: Distribution of the cell bodies
and some axonal projections. Brain Res 66: 1-21, 1974. doi:10.1016/
0006-8993(74)90075-4.

Léger L, Hernandez-Nicaise ML. The cat locus coeruleus. Light and
electron microscopic study of the neuronal somata. Anat Embryol
(Berl) 159:181-198, 1980. doi:10.1007/BFO0304977.

Léger L, Wiklund L, Descarries L, Persson M. Description of an
indolaminergic cell component in the cat locus coeruleus: a fluores-
cence histochemical and radioautographic study. Brain Res 168: 43—
56, 1979. doi:10.1016/0006-8993(79)90127-6.

Maeda T, Pin C, Salvert D, Ligier M, Jouvet M. Les neurones con-
tenant des catécholamines du tegmentum pontique et leurs voies
de projection chez le chat. Brain Res 57: 119-152, 1973. doi:10.1016/
0006-8993(73)90572-6.

Mello CV, Pinaud R, Ribeiro S. Noradrenergic system of the zebra
finch brain: immunocytochemical study of dopamine-B-hydroxylase.
J Comp Neurol 400: 207-228, 1998. doi:10.1002/(SICI)1096-9861
(19981019)400:2<207::AID-CNE4>3.0.CO;2-D.

von Bartheld CS, Bothwell M. Development and distribution of nor-
adrenergic and cholinergic neurons and their trophic phenotypes in
the avian ceruleus complex and midbrain tegmentum. J Comp
Neurol 320: 479-500, 1992. doi:10.1002/cne.903200406.

Cozzi B, Viglietti-Panzica C, Aste N, Panzica GC. The serotoniner-
gic system in the brain of the Japanese quail. Cell Tissue Res 263:
271-284,1991. doi:10.1007/BF00318769.

Medina L, Reiner A. Distribution of choline acetyltransferase immu-
noreactivity in the pigeon brain. J Comp Neurol 342: 497-537, 1994.
doi:10.1002/cne.903420403.

Aghajanian GK, Cedarbaum JM, Wang RY. Evidence for norepi-
nephrine-mediated collateral inhibition of locus coeruleus neurons.
Brain Res 136: 570-577,1977. doi:10.1016/0006-8993(77)90083-x.
Aghajanian GK, VanderMaelen CP. a2-adrenoceptor-mediated hy-
perpolarization of locus coeruleus neurons: intracellular studies in
vivo. Science 215:1394-1396, 1982. doi:10.1126/science.6278591.
Grzanna R, Molliver ME. The locus coeruleus in the rat: an immuno-
histochemical delineation. Neuroscience 5: 21-40, 1980. doi:10.1016/
0306-4522(80)90068-8.

Loughlin SE, Foote SL, Grzanna R. Efferent projections of nucleus
locus coeruleus: Morphologic subpopulations have different efferent
targets. Neuroscience 18: 307-319, 1986. doi:10.1016/0306-4522(86)
90156-9.

Schmitt O, Eipert P. neuroVIISAS: approaching multiscale simulation
of the rat connectome. Neuroinformatics 10: 243-267, 2012.
doi:10.1007/512021-012-9141-6.

Schmitt O, Eipert P, RuR F, Beier J, Kadir K, Horn A. The brainstem
connectome database. Sci Data 9: 168, 2022. doi:10.1038/s41597-
022-01219-3.

Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates:
Compact (7th ed.). London: Academic Press, 2017, p. 227-285.

J Neurophysiol « doi:10.1152/jn.00193.2023 - www.jn.org

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Swanson LW. Brain maps 4.0—structure of the rat brain: an open
access atlas with global nervous system nomenclature ontology and
flatmaps. J Comp Neurol 526: 935-943, 2018. doi:10.1002/cne.24381.
Loughlin SE, Foote SL, Bloom FE. Efferent projections of nucleus
locus coeruleus: topographic organization of cells of origin demon-
strated by three-dimensional reconstruction. Neuroscience 18: 291-
306, 1986. doi:10.1016/0306-4522(86)90155-7.

Loughlin SE, Foote SL, Fallon JH. Locus coeruleus projections to
cortex: topography, morphology and collateralization. Brain Res Bull
9:287-294,1982. doi:10.1016/0361-9230(82)90142-3.

McKinney A, Hu M, Hoskins A, Mohammadyar A, Naeem N, Jing J,
Patel SS, Sheth BR, Jiang X. Cellular composition and circuit organi-
zation of the locus coeruleus of adult mice. eLife 12: e80100, 2023.
doi:10.7554/eLife.80100.

Shimizu N, Ohnishi S, Satoh K, Tohyama M. Cellular organization of
locus coeruleus in the rat as studied by golgi method. Arch Histol
Jpn 41:103-112, 1978. doi:10.1679/achc1950.41.103.

VanderHorst VGJM, Ulfhake B. The organization of the brainstem
and spinal cord of the mouse: relationships between monoaminer-
gic, cholinergic, and spinal projection systems. J Chem Neuroanat
31: 2-36, 2006. doi:10.1016/j.jchemneu.2005.08.003.

Dahistroem A, Fuxe K. Evidence for the existence of monoamine-
containing neurons in the central nervous system. |. Demonstration
of monoamines in the cell bodies of brain stem neurons. Acta
Physiol Scand Suppl 232:1-55, 1964.

Breton-Provencher V, Sur M. Active control of arousal by a locus
coeruleus GABAergic circuit. Nat Neurosci 22: 218-228, 2019.
doi:10.1038/541593-018-0305-z.

Luskin AT, Li L, Fu X, Barcomb K, Blackburn T, Li EM, Rana A, Simon
RC, Sun L, Murry AD, Golden SA, Stuber GD, Ford CP, Gu L, Bruchas
MR. A diverse network of pericoerulear neurons control arousal states
(Preprint). bioRxiv, 2022. doi:10.1101/2022.06.30.498327

Aston-Jones G, Zhu Y, Card JP. Numerous GABAergic afferents to
locus ceruleus in the pericerulear dendritic zone: possible inter-
neuronal pool. J Neurosci 24: 2313-2321, 2004. doi:10.1523/
JNEUROSCI.5339-03.2004.

Shipley MT, Fu L, Ennis M, Liu W, Aston-Jones G. Dendrites of
locus coeruleus neurons extend preferentially into two pericoerulear
zones. J Comp Neurol 365: 56-68, 1996. doi:10.1002/(SICI)1096-
9861(19960129)365:1<56::AID-CNE5>3.0.CO;2-I.

Appeltants D, Ball GF, Balthazart J. The distribution of tyrosine
hydroxylase in the canary brain: demonstration of a specific and sexu-
ally dimorphic catecholaminergic innervation of the telencephalic
song control nuclei. Cell Tissue Res 304: 237—-259, 2001. doi:10.1007/
s004410100360.

Swanson LW, Hartman BK. The central adrenergic system. An immu-
nofluorescence study of the location of cell bodies and their efferent
connections in the rat utilizing dopamine-f-hydroxylase as a marker. J
Comp Neurol 163: 467-505, 1975. doi:10.1002/cne.901630406.
Boucetta S, Jones BE. Activity profiles of cholinergic and inter-
mingled GABAergic and putative glutamatergic neurons in the pon-
tomesencephalic tegmentum of urethane-anesthetized rats. J
Neurosci 29: 4664-4674, 2009. doi:10.1523/JNEUROSCI.5502-
08.2009.

Wang H, Morales M. Pedunculopontine and laterodorsal tegmental
nuclei contain distinct populations of cholinergic, glutamatergic and
GABAergic neurons in the rat. Eur J Neurosci 29: 340-358, 2009.
doi:10.1111/j.1460-9568.2008.06 576 .x.

Kuo C, Hsieh J, Tsai H, Kuo Y, Yau H, Chen C, Chen R, Yang H, Min
M. Inhibitory interneurons regulate phasic activity of noradrenergic
neurons in the mouse locus coeruleus and functional implications. J
Physiol 598: 4003-4029, 2020. doi:10.1113/JP279557.

Robertson SD, Plummer NW, Marchena J, de Jensen P.
Developmental origins of central norepinephrine neuron diversity.
Nat Neurosci 16:1016—-1023, 2013. doi:10.1038/nn.3458.

Zhang Y, Rézsa M, Liang Y, Bushey D, Wei Z, Zheng J, Reep D,
Broussard GJ, Tsang A, Tsegaye G, Narayan S, Obara CJ, Lim J-X,
Patel R, Zhang R, Ahrens MB, Turner GC, Wang SS-H, Korff WL,
Schreiter ER, Svoboda K, Hasseman JP, Kolb I, Looger LL. Fast and
sensitive GCaMP calcium indicators for imaging neural populations.
Nature 615: 884—891, 2023. doi:10.1038/541586-023-05828-9.

239

Downloaded from journals.physiology.org/journal/jn (150.250.005.023) on August 2, 2024.


https://doi.org/10.1101/2023.05.20.541586
https://doi.org/10.1073/pnas.2116507119
https://doi.org/10.1007/BF00274983
https://doi.org/10.1007/s00401-022-02477-6
https://doi.org/10.3390/brainsci11111486
https://doi.org/10.1016/0006-8993(74)90075-4
https://doi.org/10.1016/0006-8993(74)90075-4
https://doi.org/10.1007/BF00304977
https://doi.org/10.1016/0006-8993(79)90127-6
https://doi.org/10.1016/0006-8993(73)90572-6
https://doi.org/10.1016/0006-8993(73)90572-6
https://doi.org/10.1002/(SICI)1096-9861(19981019)400:2%3C207::AID-CNE4%3E3.0.CO;2-D
https://doi.org/10.1002/(SICI)1096-9861(19981019)400:2%3C207::AID-CNE4%3E3.0.CO;2-D
https://doi.org/10.1002/cne.903200406
https://doi.org/10.1007/BF00318769
https://doi.org/10.1002/cne.903420403
https://doi.org/10.1016/0006-8993(77)90083-x
https://doi.org/10.1126/science.6278591
https://doi.org/10.1016/0306-4522(80)90068-8
https://doi.org/10.1016/0306-4522(80)90068-8
https://doi.org/10.1016/0306-4522(86)90156-9
https://doi.org/10.1016/0306-4522(86)90156-9
https://doi.org/10.1007/s12021-012-9141-6
https://doi.org/10.1038/s41597-022-01219-3
https://doi.org/10.1038/s41597-022-01219-3
https://doi.org/10.1002/cne.24381
https://doi.org/10.1016/0306-4522(86)90155-7
https://doi.org/10.1016/0361-9230(82)90142-3
https://doi.org/10.7554/eLife.80100
https://doi.org/10.1679/aohc1950.41.103
https://doi.org/10.1016/j.jchemneu.2005.08.003
https://doi.org/10.1038/s41593-018-0305-z
https://doi.org/10.1101/2022.06.30.498327
https://doi.org/10.1523/JNEUROSCI.5339-03.2004
https://doi.org/10.1523/JNEUROSCI.5339-03.2004
https://doi.org/10.1002/(SICI)1096-9861(19960129)365:1%3C56::AID-CNE5%3E3.0.CO;2-I
https://doi.org/10.1002/(SICI)1096-9861(19960129)365:1%3C56::AID-CNE5%3E3.0.CO;2-I
https://doi.org/10.1007/s004410100360
https://doi.org/10.1007/s004410100360
https://doi.org/10.1002/cne.901630406
https://doi.org/10.1523/JNEUROSCI.5502-08.2009
https://doi.org/10.1523/JNEUROSCI.5502-08.2009
https://doi.org/10.1111/j.1460-9568.2008.06576.x
https://doi.org/10.1113/JP279557
https://doi.org/10.1038/nn.3458
https://doi.org/10.1038/s41586-023-05828-9
http://www.jn.org

	In Search of the Locus Coeruleus: Guidelines for Identifying Anatomical Boundaries and Electrophysiological Properties of the Blue Spot in Mice, Fish, Finches, and Beyond
	Recommended Citation
	Authors

	bkmk_bookmark_1
	bkmk_bookmark_2
	bkmk_bookmark_3
	bkmk_bookmark_4
	bkmk_bookmark_5

	bkmk_bookmark_6
	bkmk_bookmark_7
	bkmk_bookmark_8
	bkmk_bookmark_9
	bkmk_bookmark_10

	bkmk_bookmark_AC
	bkmk_bookmark_11
	bkmk_bookmark_12
	bkmk_bookmark_13
	bkmk_bookmark_14


