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Abstract

Employing immunohistochemical procedures with antibodies raised against

tyrosine hydroxylase (TH) and choline acetyltransferase we identified and

mapped the locus coeruleus complex (LoC) and the pontine laterodorsal teg-

mental (LDT) and pedunculopontine tegmental (PPN) cholinergic nuclei in

the brains of a Congo gray parrot, a timneh gray parrot, and a pied crow. The

LoC and LDT/PPN are centrally involved in the regulation and generation of

different sleep states, and as all birds studied to date show both REM and non-

REM sleep states, like mammals, we investigated whether these noradrenergic

and cholinergic nuclei in the avian pons shared anatomical features with those

in the mammalian pons. The LoC was parcellated into 3 distinct nuclei,

including the locus coeruleus (A6), subcoeruleus (A7), and the fifth arcuate

nucleus (A5), while distinct LDT and PPN nuclei were revealed. Several simi-

larities that allow the assumption of homology of these nuclei between birds

and mammals were revealed, including their location relative to each other

and other structures within the pontine region, as well as a specific degree of

topographical overlap of the noradrenergic and cholinergic neurons. Despite

this, some differences were noted that may be of interest in understanding the

differences in sleep between birds and mammals. Further anatomical and

physiological studies are needed to determine whether these pontine nuclei in

birds play the same role as in mammals, as while the homology is apparent,

the functional analogy needs to be revealed.

Abbreviations: 4n, trochlear nerve; 5n, trigeminal nerve; 6n, abducens nerve; 7n, facial nerve; A10, ventral tegmental area; A11, caudal diencephalic
group; A5, fifth arcuate nucleus; A6, locus coeruleus; A7, subcoeruleus; A8, retrorubral nucleus; Cb, cerebellum; CP, cerebellar peduncle; CTz, corpus
trapezoideum (Papez) (trapezoid body); DLL, nucleus dorsolateralis anterior, pars lateralis; FLM, fasciculus longitudinalis medialis (medial
longitudinal fasciculus); GiCRt, gigantocellular reticular nucleus; IV, nucleus nervi trochlearis (trochlear nucleus); LC, nucleus linearis caudalis
(caudal linear nucleus); LDT, laterodorsal tegmental nucleus; LLD, nucleus lemnisci lateralis, pars dorsalis (nucleus of the lateral lemniscus, dorsal
part); LoC, locus coeruleus complex; PCRt, parvicellular reticular nucleus; PM, nucleus pontis medialis (medial pontine nucleus); PPN,
pedunculopontine tegmental nucleus; PrV, nucleus sensorius principalis nervi trigemini (principal trigeminal sensory nucleus); SLu, nucleus
semilunaris; TO, optic tectum; VIId, nucleus motorius dorsalis nervi facialis (facial motor nucleus, dorsal part); VIIv, nucleus motorius ventralis nervi
facialis (facial motor nucleus, ventral part); Vmd, nucleus motorius dorsalis nervi trigemini (trigeminal motor nucleus, dorsal part); Vmv, nucleus
motorius ventralis nervi trigemini (trigeminal motor nucleus, ventral part).
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1 | INTRODUCTION

A striking neurophysiological similarity of birds and mam-
mals is the presence of both rapid eye movement (REM)
and slow wave or non-REM (NREM) sleep states
(e.g., Lesku & Rattenborg, 2014; Rattenborg & Martinez-
Gonzalez, 2015). Equivalent sleep states have not been
unambiguously observed in other vertebrates, although
the possible presence of these two sleep states in nonavian
reptiles has been reported (Shein-Idelson et al., 2016). At
present, it is unclear whether these two sleep states were
inherited from a shared ancestor, where these sleep states
were clearly expressed, or whether they evolved indepen-
dently and convergently in the avian and mammalian line-
ages (Rattenborg & Martinez-Gonzalez, 2015).

Birds and mammals show high-amplitude slow waves
during NREM that propagate as traveling waves through
the pallium, with increased global and local slow-wave
activity following sleep deprivation and local stimulation,
respectively, indicating homeostatic regulation of slow-wave
activity (Rattenborg & Martinez-Gonzalez, 2015). REM
sleep in both birds and mammals is characterized by a
desynchronized electroencephalogram (EEG), reduced mus-
cle tone, an absence of behavioral thermoregulation, REMs,
and occasional muscular twitches (Rattenborg & Martinez-
Gonzalez, 2015). REM sleep homeostasis (e.g., Tobler &
Borbély, 1988) and the development of this sleep state
(e.g., Scriba et al., 2013) are also comparable in birds and
mammals.

Despite these similarities, there are also distinct dif-
ferences. NREM thalamocortical spindles observed in
mammals are not present in birds, and during REM the
hippocampal theta rhythm characteristic of REM in
mammals is not observed in birds (Rattenborg
et al., 2011; Tobler & Borbély, 1988; van der Meij
et al., 2019). To the best of our knowledge, ponto-
geniculo-occipital (PGO) waves have not been reported
in birds. REM sleep bouts in birds, even those that sleep
on the ground, are generally shorter than 10 sec, as
opposed to the several minutes a mammal spends in a
bout of REM (Lesku & Rattenborg, 2014). It appears that
the higher core body temperature of birds might be a
causal factor in the relatively low overall amount of
avian REM sleep compared to mammals (Siegel, 2022).
Another difference is that in birds the pupils are maxi-
mally dilated during NREM and constrict during REM,
while in mammals the pupils are maximally constricted

during NREM and can dilate during REM (Ungurean &
Rattenborg, 2022).

In mammals, the locus coeruleus complex (LoC, nor-
adrenergic) and cholinergic pontine nuclei (the laterodor-
sal, LDT, and pedunculopontine tegmental nuclei, PPN)
play a central role in the features of the global brain and
body states observed through the sleep–wake cycle
(e.g., Jones, 1991; Pace-Schott & Hobson, 2002;
Siegel, 2004). While inactivity of LoC neurons is necessary
for REM sleep to occur (Jones, 1991) and leads to REM
sleep atonia (e.g., Lai et al., 2001), recent studies have
implicated the varied activity patterns of LoC neurons dur-
ing different sleep states in a broader functional context
(Osorio-Forero et al., 2022). The pontine cholinergic neu-
rons of the LDT and PPN are involved in the production
of the desynchronized EEG of wake and REM and the
generation of PGO waves during REM (Jones, 1991;
Steriade et al., 1990). The generation of REM sleep is
dependent on cholinergic activation and noradrenergic
suppression, that may be enhanced by the overlapping dis-
tribution of these neurons (Jones, 1991; Manger
et al., 2002). To the authors' knowledge, studies of the
activity patterns of LoC, LDT and PPN neurons during the
sleep–wake cycle have not been investigated in birds.

Despite this, LoC, LDT, and PPN are present in the
avian brain (Reiner et al., 1994). The LoC has been
described in parakeet (Shiosaka et al., 1981), pigeon
(Kitt & Brauth, 1986), zebra finch (Botjer, 1992; Mello
et al., 1998), quail (Bailhache & Balthazart, 1993),
chicken (Kamkrathok & Chaiseha, 2022; Montagnese &
Csillag, 1996; Moons et al., 1995), budgerigar (Roberts
et al., 2001), canary (Appeltants et al., 2001), and house
crow (Sen et al., 2019). The LDT and PPN have been
described in the pigeon (Medina & Reiner, 1994) and
young chickens (Gonz�alez-Cabrera et al., 2015). Despite
the availability of these descriptions, the anatomical rela-
tionship between the noradrenergic and cholinergic pon-
tine nuclei, and how this compares to what is observed in
mammals (Jones, 1991; Manger et al., 2002), has not been
explored. The relationships between these neuronal types
may be important to sleep state transition in birds, as it is
in mammals (Jones, 1991), and is thus of interest to our
growing understanding of avian sleep and the similarities
in avian and mammalian sleep. To this end, we exam-
ined, using immunohistochemical techniques, the distri-
bution, nuclear parcellation, and potential topographic
mingling of the noradrenergic and cholinergic pontine
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neurons in two species of gray parrot and a one species
of crow.

2 | MATERIALS AND METHODS

2.1 | Specimens

Brains were obtained from adult males from one
Congo gray parrot (Psittacus erithacus), one Timneh
gray parrot (Psittacus timneh), and one pied crow
(Corvus albus) for use in the current study. The live
birds were sourced from accredited facilities in
South Africa. All birds showed no behavioral problems
or stereotypies indicative of any neurological impair-
ments. The birds used in this study were treated
according to the guidelines of the University of Witwa-
tersrand Animal Ethics Committee (Clearance number
2013/05/02B), which correspond with those of the NIH
for care and use of animals in scientific experimenta-
tion. Five minutes prior to being euthanized, the birds
were given an intramuscular dose of heparin
(2500 units in 0.5 mL) to prevent blood clotting. The
birds were then injected with an intraperitoneal dose
of Euthapent (1 mL/kg). Following euthanasia, these
birds were transcardially perfusion-fixed, initially with
a rinse of 0.9% saline solution at a temperature of 4�C
followed by 4% paraformaldehyde in 0.1 M phosphate
buffer (PB) at 4�C. The brains, which showed no overt
signs of neuropathology, were removed from the skull,
weighed, and post-fixed in 4% paraformaldehyde in
0.1 M PB (24 h at 4�C) and allowed to equilibrate in
30% sucrose in 0.1 M PB before being stored in an
antifreeze solution at �20�C until use (Manger
et al., 2009).

2.2 | Sectioning and
immunohistochemical staining

Blocks containing the brainstem were dissected from
these brains, allowed to equilibrate in 30% sucrose in
0.1 M PB and then frozen in crushed dry ice. The frozen
brain blocks were mounted to an aluminium stage and
coronal sections of 50 μm thickness were cut using a slid-
ing microtome. Brain blocks were sectioned in a coronal
plane into 1 in 10 series of which four series were used in
the current study. The remaining 6 series were placed in
antifreeze solution and stored at �20�C for later use. The
series of sections used in this study were stained for Nissl,
myelin, and immunostained for tyrosine hydroxylase
(TH) and choline acetyltransferae (see below). Sections
used for Nissl staining were mounted on 0.5% gelatine

coated glass slides, cleared in a solution of 1:1 chloroform
and 100% alcohol overnight, after which the sections
were stained with 1% cresyl violet. The series of sections
used for myelin staining were refrigerated (4�C) for
2 weeks in 5% formalin then mounted on 1.0% gelatine
coated slides and stained with a modified silver stain
(Gallyas, 1979). The Nissl and myelin-stained sections
were used to define the architecture of the pons and sur-
rounding structures.

The series of sections used for TH and choline acet-
yltransferase (ChAT) immunohistochemistry were ini-
tially treated for 30 min with an endogenous
peroxidase inhibitor (49.2% methanol: 49.2% 0.1 M PB:
1.6% of 30% H2O2), followed by three 10 min rinses in
0.1 M PB. Sections were then pre-incubated for 2 h, at
room temperature, in blocking buffer (containing 3%
normal goat serum, NGS, for TH immunostaining, or
3% normal rabbit serum, NRS, for ChAT immunostain-
ing, plus 2% bovine serum albumin, BSA, and 0.25%
Triton X-100 in 0.1 M PB). Thereafter sections were
incubated in the primary antibody solution, made up
of the appropriate dilution of the primary antibody (see
below) in blocking buffer for 48 h at 4�C under gentle
agitation. The primary antibody incubation was fol-
lowed by three 10-min rinses in 0.1 M PB and the sec-
tions were then incubated in a secondary antibody
solution (containing a 1:1000 dilution of biotinylated
anti-rabbit IgG, BA 1000, Vector Labs, for TH immu-
nostaining, or biotinylated anti-goat IgG, BA 5000,
Vector Labs, for ChAT immunostaining, in a solution
made up of 3% NGS/NRS and 2% BSA in 0.1 M PB) for
2 h at room temperature. This was followed by three
10-min rinses in 0.1 M PB, after which sections were
incubated for 1 h in an avidin biotin solution (at a dilu-
tion of 1:125, Vector Labs), followed by three 10-min
rinses in 0.1 M PB. Sections were then placed in a solu-
tion containing 0.05% diaminobenzidine (DAB) in
0.1 M PB for 5 min, followed by the addition of 3 μL of
30% H2O2 per 1 mL of solution. Chromatic precipita-
tion was visually monitored under a low power stereo-
microscope. Staining continued until the background
stain was at a level that would allow for accurate archi-
tectonic delimitation without obscuring the immuno-
positive structures. Development was arrested by
placing sections in 0.1 M PB, followed by two more
rinses in this solution. Sections were then mounted on
0.5% gelatine coated glass slides, dried overnight, dehy-
drated in a graded series of alcohols, cleared in xylene
and coverslipped with Depex. To test for nonspecific
staining of the immunohistochemical protocol, in
selected sections the primary antibody or the secondary
antibody were omitted, which resulted in no staining
of the tissue.
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2.3 | Antibody characterization and
specificity

2.3.1 | Tyrosine hydroxylase

To reveal the catecholaminergic neurons, that produce
dopamine, noradrenaline or adrenalin, we used the
AB151 anti-TH rabbit polyclonal antibody from Merck-
Millipore (AB151, Merck-Millipore; RRID AB_10000323)
at a dilution of 1:3000. As TH is the rate-limiting enzyme
in the production of catecholamines, this antibody reli-
ably identifies catecholaminergic neurons across a broad
range of vertebrate species (e.g. Piskuric et al., 2011).

2.3.2 | Choline acetyltransferase

To reveal neurons that produce acetylcholine as a
neurotransmitter, we used the AB144P anti-choline acet-
yltransferase goat polyclonal antibody from Merck-
Millipore (AB144P, Merck-Millipore; RRID AB_2079751)
at a dilution of 1:3000. This antibody reliably identifies
cholinergic neurons in all regions of the brain across a
range of vertebrate species (e.g. Kaiser et al., 2011; Laux
et al., 2012).

2.4 | Anatomical reconstruction,
microphotography, and nomenclature

A low power stereomicroscope was used to examine the
Nissl and myelin-stained sections and camera lucida
drawings outlining architectural borders were made. The
associated TH and ChAT sections were matched to these
drawings and the immunopositive neurons were marked.
The drawings were then scanned and redrawn using the
Canvas Draw X Draw drawing program (Canvas GFX,
Inc., FL, USA). Digital photomicrographs were captured
using an Axiocam 208 color camera mounted to a Zeiss
Axioskop microscope (with Zeiss A-Plan 5X/012,
Zeiss Plan-NeoFluar 10X/0.30, and Zeiss Plan-NeoFluar
40X/0.75 objectives). No pixilation adjustments, or
manipulation of the captured images were undertaken,
except for the adjustment of contrast, brightness, and
levels using Adobe Photoshop. The neuroanatomical
demarcations and nomenclature used in the current
study was derived from Medina and Reiner (1994), Rei-
ner et al. (2004), Izawa and Watanabe (2007), Brauth
et al. (2011), Kersten et al. (2022) for the architectural
delineations. The nomenclature applied to the pontine
noradrenergic and cholinergic nuclei were derived from
Dahlström and Fuxe (1964), Shiosaka et al. (1981), Kitt
and Brauth (1986), Woolf (1991), Botjer (1992), Bailhache

and Balthazart (1993), Moons et al. (1995), Montagnese
and Csillag (1996), Mello et al. (1998), Roberts et al.
(2001), Appeltants et al. (2001), Sen et al. (2019), Manger
and Eschencko (2021), Kamkrathok and Chaiseha
(2022), and Malungo et al. (2023).

3 | RESULTS

Immunohistochemical staining for TH and choline
acetyltransferase revealed several catecholaminergic
and cholinergic cell groups, or nuclei, respectively,
within the pontine region of the brains of the two spe-
cies of gray parrot and the pied crow investigated in
the current study. While a significant number of cate-
cholaminergic and cholinergic nuclei were revealed,
our description here specifically focuses on the cate-
cholaminergic (presumably noradrenergic, Moons
et al., 1995) neurons forming the locus coeruleus com-
plex (LoC) and the cholinergic neurons comprising the
laterodorsal tegmental (LDT) and PPN nuclei, and the
degree of independence and overlap in the distribution
of neurons forming these nuclei (Figures 1–3). The
descriptions provided below apply to all three species
investigated except where noted. We employed a spe-
cifically “mammalocentric” approach to the descrip-
tion and nomenclature (see Section 2.4) applied to
these nuclei to further our aim of comparing the anat-
omy of these nuclei between birds and mammals and
their relationship to the similarities and differences in
avian and mammalian sleep phenomenology (see
Section 1). The pontine nuclei described herein are the
adult derivatives of a subset of neurons emerging from
the rhombomeres forming the isthmocerebellar or pre-
pontine (Is, r1, r2), and pontine (r3, r4) regions of the
developing brain (Watson et al., 2019).

3.1 | The locus coeruleus complex (LoC)

The LoCs in the birds investigated were comprised of
three distinct, presumably homologous, nuclei, the locus
coeruleus (A6), subcoeruleus (A7), and fifth arcuate
nucleus (A5) (Figures 1–3). The TH immunoreactive (TH
+) neurons found within the substantia grisea centralis,
or periventricular gray matter, were assigned to the A6
nucleus, as often done with mammals (Manger &
Eschencko, 2021). The A6 neurons were observed in the
ventral lateral aspect of the periventricular gray matter,
adjacent to the border of the gray matter with the adja-
cent pontine tegmentum (specifically the parvicellular
reticular nucleus) (Figures 1–6). The TH+ neurons of the
A6 formed a moderately dense cluster of strongly
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immunoreactive bipolar and multipolar neuronal types.
While not showing an invariant dendritic orientation, the
majority of the dendrites emanating from these A6

neurons evinced a roughly medio-lateral orientation run-
ning parallel to the gray matter/tegmentum border
(Figures 4a,b, 5a,b, 6a,b).

FIGURE 1 Serial drawings (a-d) of

coronal sections through one half of the

Congo gray parrot (Psittacus erithacus)

pons from the caudal most level of

midbrain through to the facial nerve

nucleus showing the distribution of TH

immunopositive neurons (left column) and

choline acetyltransferase immunopositive

neurons (right column). (a) is the most

rostral section, (d) is the most caudal. The

outlines of the architectonic regions were

drawn from Nissl and myelin-stained

sections. In the left column that represents

the distribution of TH immunopositive

neurons, those not forming part of the

locus coeruleus complex are marked with

black circles, while those forming specific

subdivisions are marked with red circles

(the A6, or locus coeruleus), orange circles

(A7, or the subcoeruleus), or green circles

(A5, or the fifth arcuate nucleus). In the

right column that represents the

distribution of ChAT immunopositive

neurons, the neurons of the LDT nucleus

are marked with blue circles, the neurons

of the PPN are marked with purple circles,

while other cholinergic neurons are

marked with black circles. Each circle

represents an individual neuron. The

drawings are approximately 500 μm apart,

and in each drawing dorsal is to the top

and medial to the left. See list for

abbreviations.
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TH+ neurons assigned to the A7 nucleus were all
located within the parvicellular reticular nucleus of the
pontine tegmentum (Figures 1–6). In the two gray parrot

species studied, the A7 was seen as distinct arc of neu-
rons sweeping from the dorsomedial to the ventromedial
aspect of the parvicellular reticular nucleus (Figures 1,

FIGURE 2 Serial drawings (a-d) of

coronal sections through one half of the

pied crow (Corvus albus) pons from the

caudal most level of midbrain through to

the facial nerve nucleus showing the

distribution of TH immunopositive

neurons (left column) and choline

acetyltransferase immunopositive neurons

(right column). (a) is the most rostral

section, (d) the most caudal. The outlines

of the architectonic regions were drawn

from Nissl and myelin-stained sections. In

the left column that represents the

distribution of TH immunopositive

neurons, those not forming part of the

locus coeruleus complex are marked with

black circles, while those forming specific

subdivisions are marked with red circles

(the A6, or locus coeruleus), orange circles

(A7, or the subcoeruleus), or green circles

(A5, or the fifth arcuate nucleus). In the

right column that represents the

distribution of ChAT immunopositive

neurons, the neurons of the LDT nucleus

are marked with blue circles, the neurons

of the PPN are marked with purple circles,

while other cholinergic neurons are

marked with black circles. Each circle

represents an individual neuron. The

drawings are approximately 500 μm apart,

and in each drawing dorsal is to the top

and medial to the left. See list for

abbreviations.
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FIGURE 3 Low magnification photomicrographs of myelin (a, d, g), TH (b, e, h), and choline acetyltransferase (c, f, i) staining in

coronal sections through the pontine region of the Congo gray parrot (Psittacus erithacus) (a–c), Timneh gray parrot (Psittacus timneh) (d–f),
and the pied crow (Corvus albus) (g–i). These images show the location of the catecholaminergic (b, e, h) and cholinergic (c, f, i) neurons

forming several distinct nuclei in this region of the brains of the birds studied including the A6, locus coeruleus; A7, subcoeruleus; A5, fifth

arcuate nucleus; LDT, laterodorsal tegmental, and PPN, pedunculopontine tegmental nuclei in relation to the myeloarchitecture (a, d, g).

Scale bar in c = 1 mm and applies to a–c. Scale bar in f = 1 mm and applies to d–f. Scale bar in i = 1 mm and applies to g–i. GCt, substantia
grisea centralis; OM, occipito-mesencephalic tract.
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3b,e, 4c, 5c). In the pied crow, while present, the A7 arc
was not as distinct as observed in the gray parrots, per-
haps due to the sectioning interval not revealing this neu-
ronal arc as clearly as in the parrots, with a seemingly
greater proportion of the neurons forming the A7 found
ventrally within the parvicellular reticular nucleus
(Figures 2, 3, 6c). In all species the strongly immunoreac-
tive A7 neurons evinced both multipolar and bipolar
types, with the latter being the majority (Figures 4c,d,
5c,d, 6c,d). The dendrites emanating from these neurons
were primarily oriented in a mediodorsal to ventrolateral
plane, aligned with the arc-like distribution of neurons
forming this nucleus (Figures 4c,d, 5c,d, 6c,d).

The A5 nucleus was located ventral and ventrocau-
dal to the ventral border of the A7 nucleus in the ven-
trolateral aspect of the parvicellular reticular nucleus
near the ventral surface of the brain (Figures 1–3). The
strongly immunoreactive A5 neurons were a mix of
multipolar and bipolar types, and unlike the adjacent

A7 neurons, the dendrites emanating from the A5
neurons did not show a preferential orientation
(Figures 4e,f, 5e,f, 6e,f).

3.2 | The cholinergic LDT and PPN
nuclei

Immunostaining for choline acetyltransferase revealed
neurons (ChAT+) that could be assigned to two distinct
nuclei within the pontine region of the brains of the birds
studied, the LDT and PPN nuclei (Figures 1–3, 7–9). The
ChAT+ neurons assigned to the LDT were all located
within the lateral aspect of the substantia grisea centralis,
or periventricular gray matter, forming a distinct medio-
laterally oriented column of neurons. These neurons
occupied the middle of the periventricular gray matter,
with the occasional neuron being observed immediately
adjacent to the floor of the fourth ventricle, and some

FIGURE 4 Moderate (a, c,

e) and higher (b, d, e)

magnification photomicrographs

of TH immunoreactive neurons

in the Congo gray parrot

(Psittacus erithacus) pons. These

images show the morphology of

the neurons that form the A6

(locus coeruleus) (a, b), A7

(subcoeruleus) (c, d), and A5

(fifth arcuate nucleus) (e, f)

nuclei comprising the locus

coeruleus complex in this

species of parrot. In all images

dorsal is to the top and medial to

the left. Scale bar in e = 250 μm
and applies to a, c, e. Scale bar

in f = 50 μm and applies to b, d,

f. 4V, fourth ventricle.
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scattered neurons being observed ventrally with the peri-
ventricular gray matter close to its border with the pon-
tine tegmentum (Figures 1–3, 7a, 8a, 9a). The ChAT+
neurons assigned to the LDT were primarily multipolar,
with the dendrites oriented in a roughly medio-lateral
plane (Figures 7a,b, 8a,b, 9a,b).

The moderate density of ChAT+ neurons assigned to
the PPN nucleus were restricted in their distribution
to the dorsal third of the parvicellular reticular nucleus of
the pontine tegmentum (Figures 1–3, 7–9). The PPN neu-
rons in the rostral aspect of the nucleus were found close
to the medial border of the parvicellular reticular
nucleus. In sections taken progressively caudal, the PPN
neurons were observed further lateral and abutting the
cerebellar peduncle at their most caudal extent (Figures 1
and 2). Similar to the ChAT+ neurons of the LDT, the
PPN neurons were mostly multipolar, although a sub-
stantive proportion of these neurons were also bipolar
(Figures 7c,d, 8c,d, 9c,d).

3.3 | The complementary and
overlapping distributions of LoC, LDT, and
PPN nuclei

Due to the interactive nature of the effect of the norad-
renergic and cholinergic neurons and the generation of
REM sleep in mammals (Jones, 1991) and the comple-
mentary and overlapping distribution of these neurons in
mammals (e.g., Jones, 1991; Malungo et al., 2023; Manger
et al., 2002), we closely examined the distribution of these
neurons in the birds investigated in the current study.
Within the periventricular gray matter, the A6 and LDT
neurons show a primarily complementary distribution
(Figures 1, 2, 10), with the A6 neurons located at the bor-
der of the periventricular gray matter and the pontine
tegmentum, while the neurons of the LDT were located
dorsal to the A6 neurons; however, a small proportion of
both neuronal types were intermingled (Figure 10). This
intermingling of neuronal types was slightly more

FIGURE 5 Moderate (a, c,

e) and higher (b, d, e)

magnification photomicrographs

of TH immunoreactive neurons

in the Timneh gray parrot

(Psittacus timneh) pons. These

images show the morphology of

the neurons that form the A6

(locus coeruleus) (a, b), A7

(subcoeruleus) (c, d), and A5

(fifth arcuate nucleus) (e, f)

nuclei comprising the locus

coeruleus complex in this

species of parrot. In all images

dorsal is to the top and medial

to the left. Scale bar in

e = 250 μm and applies to a, c,

e. Scale bar in f = 50 μm and

applies to b, d, f. 4V, fourth

ventricle.

MAZENGENYA and MANGER 2441



prominent for the LDT neurons, with a greater number
of these neurons being found within the A6 than A6 neu-
rons being found in the LDT (Figure 10).

While both the A7 and PPN were found only within
the parvicellular reticular nucleus, the amount of overlap
of the noradrenergic and cholinergic neurons forming
these nuclei was not as pronounced as observed for the
A6 and LDT (Figures 1 and 2). The overlap was primarily
found in the dorsal and rostral aspects of these nuclei,
whereas more caudally the two neuronal types exhibited
very little overlap (Figures 1 and 2). No overlap of norad-
renergic A5 neurons with cholinergic neurons of the PPN
was observed.

4 | DISCUSSION

The current study builds on current knowledge of the LoC
and LDT/PPN in the avian brain (Appeltants et al., 2001;

Bailhache & Balthazart, 1993; Botjer, 1992; Gonz�alez-
Cabrera et al., 2015; Kamkrathok & Chaiseha, 2022; Kitt &
Brauth, 1986; Medina & Reiner, 1994; Mello et al., 1998;
Montagnese & Csillag, 1996; Moons et al., 1995; Reiner
et al., 1994; Roberts et al., 2001; Sen et al., 2019; Shiosaka
et al., 1981) through the study of additional species with
significantly larger brains than those examined previously,
and by using serial sections to examine the distribution of
these neurons in relation to each other in the same indi-
vidual bird. This was done specifically due to the observa-
tion in mammals that the generation of REM sleep is
dependent on simultaneous cholinergic activation and
noradrenergic suppression (Jones, 1991) and that REM
sleep is a distinct avian sleep state (e.g., Lesku &
Rattenborg, 2014; Rattenborg & Martinez-Gonzalez, 2015).
Our results are compared to those reported in other birds
and to mammals, and how the hypothetical activity of
these neurons (based on mammalian studies) may be
involved in avian sleep states.

FIGURE 6 Moderate (a, c,

e) and higher (b, d, e)

magnification photomicrographs

of TH immunoreactive neurons

in the pied crow (Corvus albus)

pons. These images show the

morphology of the neurons that

form the A6 (locus coeruleus) (a,

b), A7 (subcoeruleus) (c, d), and

A5 (fifth arcuate nucleus) (e, f)

nuclei comprising the locus

coeruleus complex in this

species of crow. In all images

dorsal is to the top and medial to

the left. Scale bar in e = 250 μm
and applies to a, c, e. Scale bar

in f = 50 μm and applies to

b, d, f.
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4.1 | Comparison of current findings to
those previously reported for birds

Prior analyses of the avian brain with immunocytochemi-
cal markers that reveal the LoC and the LDT/PPN nuclei
have been conducted on species that belong to the orders

Psittaciformes (2 species), Columbiformes (1 species),
Passeriformes (3 species), and Galliformes (2 species),
with the birds previously investigated generally having
small brains (to the exception of the house crow, Sen
et al., 2019). The current study adds comprehensive map-
ping data of these important neuromodulatory pontine

FIGURE 7 Moderate (a, c)

and higher (b, d) magnification

photomicrographs of choline

acetyltransferase

immunoreactive neurons in the

Congo gray parrot (Psittacus

erithacus) pons. These images

show the morphology of the

neurons that form the LDT

nucleus (a, b), and the PPN

(pedunculopontine tegmental

nucleus) (c, d) nuclei comprising

the pontine cholinergic complex

in this species of parrot. In all

images dorsal is to the top and

medial to the left. Scale bar in

c = 250 μm and applies to a,

c. Scale bar in d = 50 μm and

applies to b, d. 4V, fourth

ventricle.

FIGURE 8 Moderate (a, c)

and higher (b, d) magnification

photomicrographs of choline

acetyltransferase

immunoreactive neurons in the

Timneh gray parrot (Psittacus

timneh) pons. These images

show the morphology of the

neurons that form the LDT

nucleus (a, b), and the PPN

(pedunculopontine tegmental

nucleus) (c, d) nuclei comprising

the pontine cholinergic complex

in this species of parrot. In all

images dorsal is to the top and

medial to the left. Scale bar in

c = 250 μm and applies to a,

c. Scale bar in d = 50 μm and

applies to b, d. 4V, fourth

ventricle.

MAZENGENYA and MANGER 2443



nuclei from three larger brained avian species, belonging
to the orders Psittaciformes (Congo and Timneh gray par-
rots) and Passeriformes (pied crow). The general pattern
of the neurons forming the LoC and LDT/PPN appears to
be similar across avian species, but there are subtle differ-
ences that may be functionally important.

In terms of the LoC, in the current study we describe
the presence of A6 (locus coeruleus, within the periventri-
cular gray matter), A7 (subcoeruleus, within the pontine
tegmentum), and A5 (fifth arcuate nucleus, within the ven-
trolateral pontine tegmentum) nuclei. In the parakeet
(Shiosaka et al., 1981) and budgerigar (Roberts et al., 2001),
species belonging to the Psittaciformes, the subdivisions of
the LoC and the distribution of the neurons forming these
subdivisions appear to be very similar to that observed in
the two gray parrots examined in the current study. As
described above, the A7 of the pied crow does not form as
distinct a descending arc of neurons as found in the gray
parrots (and other Psittaciformes), but the appearance of
the A7 in the pied crow is very similar to that reported for
the house crow (both species being within the order Passer-
iformes, family Corvidae), although in the house crow the
A7 is referred to as the A6 (SCv), or subcoeruleus (Sen
et al., 2019), thus there is a difference in nomenclature
applied. This arrangement of the LoC into three distinct
subdivisions appears to be consistent across the bird species
studied to date, but there are minor variations (e.g., quail—
Bailhache & Balthazart, 1993; chicken—Moons et al., 1995;
Kamkrathok & Chaiseha, 2022; zebra finchMello

et al., 1998). In the two gray parrots and the pied crow
investigated in this study, we found no compelling evidence
of the presence of an A4 (dorsolateral division of locus coer-
uleus) nucleus of the LoC, the presence of which appears to
be variable across avian species (Smeets & Gonz�alez, 2000).

For LDT/PPN, the only study with which detailed
comparisons can be made is that done in the pigeon by
Medina and Reiner (1994), as the study of Gonz�alez-
Cabrera et al. (2015) did not map these nuclei, show no
images of the LDT, and only briefly indicate the location
of the PPN. Medina & Reiner et al. (1994) report that the
LDT is found in the periventricular gray matter, mainly
dorsal to the neurons of the LoC, but with a small extent
of overlap. Their description of the location of the PPN, in
the isthmic tegmentum, is less detailed, but the depiction
indicates that, like the LDT, the PPN in the pigeon and
the two gray parrots and pied crow studied herein is very
similar. Indeed, it appears that the manner in which the
neurons that form the LoC and LDT/PPN nuclei in the
pontine region of birds is quite similar across avian spe-
cies, reflecting what has recently been described regarding
the orexinergic system in birds (Mazengenya et al., 2024).

4.2 | Similarities of the LoC, LDT/PPN in
birds and mammals

While anatomical and neurochemical similarities of neu-
rons and nuclei do not necessarily mean functional

FIGURE 9 Moderate (a, c)

and higher (b, d) magnification

photomicrographs of choline

acetyltransferase

immunoreactive neurons in the

pied crow (Corvus albus) pons.

These images show the

morphology of the neurons that

form the LDT nucleus (a, b),

and the PPN (pedunculopontine

tegmental nucleus) (c, d) nuclei

comprising the pontine

cholinergic complex in this

species of crow. In all images

dorsal is to the top and medial

to the left. Scale bar in

c = 250 μm and applies to a,

c. Scale bar in d = 50 μm and

applies to b, d. 4V, fourth

ventricle.
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analogy, they are strongly predictive. As outlined earlier
(see Section 1), there are many physiological similarities
when comparing avian and mammalian sleep states.
These functional similarities then imply that the neural
substrates initiating and maintaining sleep states are
likely to be similar in species from each class.

Similarities in the anatomy and neurochemistry of
the neurons forming the LoC complex in birds and mam-
mals, based on the results of the current and previous
investigations in birds and mammals (e.g., Manger &
Eschencko, 2021) reveal the following similarities: (1) the
neurons of the LoC, based on the presence of dopamine-
ß-hydroxylase, share a noradrenergic neurochemistry
(e.g., Imam et al., 2018; Moons et al., 1995; Moore &
Gustafson, 1989); (2) all LoC neurons are found in the
periventricular gray matter and adjacent pontine tegmen-
tum; (3) LoC neurons are either multipolar or bipolar;
(4) the A6 (locus coeruleus) neurons are found in the
ventrolateral aspect of the periventricular gray matter;

(5) the A7 (subcoeruleus) neurons are found exclusively
within the parvicellular reticular nucleus, spanning
much of the dorsoventral extent of the pontine tegmen-
tum; and (6) the A5 (fifth arcuate nucleus) neurons are
found ventrolateral to the A7 neurons in the ventrolateral
aspect of the parvicellular reticular nucleus of the pon-
tine tegmentum.

The neurons forming the LDT and PPN also show
many similarities between birds (Medina & Reiner, 1994;
current study) and mammals (e.g., Dell et al., 2010). In
all avian and mammalian species studied to date: (1) all
LDT and PPN neurons are cholinergic; (2) the neurons
forming the LDT are found within the periventricular
gray matter, specifically in the lateral aspect; (3) the neu-
rons forming the PPN (also referred to as the PPT) are
found exclusively within the parvicellular reticular
nucleus of the pontine tegmentum; and (4) the neurons
are either multipolar or bipolar. The last similarity of
note is the combined adjacency and mingling of the

FIGURE 10 Low magnification photomicrographs of adjacent sections showing elements of the catecholaminergic (a, c, e) and

cholinergic (b, d, f) nuclei within the pons of the Congo gray parrot (Psittacus erithacus) (a, b), Timneh gray parrot (Psittacus timneh) (c, d),

and Pied crow (Corvus albus) (e, f). The neurons forming the catecholaminergic A6 (locus coeruleus) occupies the ventrolateral portion of

the periventricular gray matter, while the neurons forming the LDT nucleus are found dorsal to the A6, occupying the mid-portion of the

periventricular gray matter. Note that there is some mixture of these two cell types, especially LDT neurons spreading in a low density into

the A6 region. The neurons forming the A7 (subcoeruleus) and PPN (pedunculopontine tegmental nucleus) are all located in the adjacent

pontine tegmentum and show scattered overlap in distribution. In all images dorsal is to the top and medial to the left. Scale bar in

f = 500 μm and applies to all. 4V, fourth ventricle.
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neurons forming the A6 and LDT in the periventricular
gray matter, a feature noted in the birds in which both
neuronal types have been studied in the same individual
(current study) and in several mammalian species previ-
ously (e.g., Jones, 1991; Malungo et al., 2023; Manger
et al., 2002).

4.3 | Differences in the LoC, LDT/PPN in
birds and mammals

The similarities between these neurochemical types, their
distribution and parcellation between birds and mam-
mals, while extensive, also reveal some specific differ-
ences. While a far greater number of mammalian species
have been studied compared to birds, there appears to be
greater diversity in the appearance of the LoC and
LDT/PPN in mammals than what has been observed in
birds to date. There is no clear evidence of an A4 in the
LoC of the birds studied to date, but the presence of this
nucleus in mammals is also variable across species
(Manger & Eschencko, 2021). In mammals the parcella-
tion, distribution and packing density of A6 neurons,
while mostly resembling what is seen in the birds studied
to date, also reveal variations in parcellation, distribution
and packing density in Murid rodents (but not other
rodent species), megachiropteran bats, primates, and
African elephants (Manger & Eschencko, 2021), while
the A6 neurons appear to be absent in pangolins (Imam
et al., 2018). In all mammals studied, the A7 (subcoeru-
leus) can be parcellated into a compact (high density of
neurons in the dorsal parvicellular reticular nucleus adja-
cent to the periventricular gray matter) and a diffuse
(lower density throughout the remainder of the parvicel-
lular reticular nucleus) subdivision. No clear evidence for
this compact and diffuse A7 parcellation has been
observed in the birds studied to date.

When comparing birds and mammals, there appears
to be a distinct difference in the distribution of the PPN
neurons throughout the parvicellular reticular nucleus.
As noted in the current study and by Medina and Reiner
(1994), the majority of the cholinergic neurons forming
the PPN of birds are found in the dorsal and lateral
aspects of the parvicellular reticular nucleus. In mam-
mals while cholinergic neurons are found in these
regions of the parvicellular reticular nucleus, they are
also found throughout the ventral and lateral aspects of
the parvicellular reticular nucleus (e.g., Dell et al., 2010;
Williams et al., 2021; Woolf, 1991). Thus, the distribu-
tional overlap between A7 and PPN neurons appears to
be more extensive in mammals than in birds. In two spe-
cies of mammals, the rock hyrax and river hippopotamus
additional variations in the LDT and PPN have been

noted. In the rock hyrax smaller cholinergic neurons are
found surrounding and intermingling with the more typi-
cally observed larger cholinergic neurons forming these
nuclei (Gravett et al., 2009). This variation in pontine
cholinergic neurons co-occurs with an unusual sleep
state in the rock hyrax (Gravett et al., 2012). In the river
hippopotamus, similar smaller cholinergic neurons are
found in the LDT (Dell et al., 2016), but it is not yet
known if any unusual sleep states are present in the hip-
popotamus. Such variations have not been noted in the
avian species studied to date.

4.4 | Pontine control of sleep in birds

When comparing the physiological features of sleep in
birds and mammals, several similarities and differences
are noted (see Section 1). It is known that the noradren-
ergic and cholinergic neurons of the pontine region are
centrally involved in the generation of sleep states in
mammals (e.g., Jones, 1991). The extensive similarities
in the anatomical distribution, neurochemistry, and par-
cellation of the LoC and LDT/PPN in birds and mam-
mals, as well as the orexinergic system (Mazengenya
et al., 2024), indicates that the generation of the similari-
ties in sleep physiology in the two vertebrate classes are
likely to have similar neuronal control systems. Evidence
supporting this concept has been provided for the seroto-
nergic system in birds (Fuchs et al., 2006). While, based
on our current knowledge, this is a reasonable conclu-
sion, we again emphasize that single unit recordings of
noradrenergic, pontine cholinergic, and orexinergic neu-
rons have not yet been undertaken in birds, an important
gap in our knowledge for understanding the generation
of seemingly similar sleep states in these two vertebrate
classes.

In addition to the similarities and the homology/
analogy of these pontine nuclei in birds and mammals,
the differences in sleep physiology and these nuclei is just
as important to understand. In this sense, detailing the
organization of these pontine (and indeed other sleep-
related neurons) in birds that reveal unusual sleep states
(such as ostriches, Lesku et al., 2011), and across a broader
range of avian species may reveal important variances that
not only help to understand avian sleep, but mammalian
sleep, and vertebrate sleep more broadly. We note here
that the neurochemistry of the LoC and LDT/PPN investi-
gated herein is quite limited, to a single neurotransmitter
type, although it is known that the LoC of chickens does
have additional neurochemical features (von Bartheld
et al., 1995). Recent molecular studies have revealed that
mouse LoC neurons can produce over 20 different types of
neuropeptide and express over 30 types of neuropeptide
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receptors (Caramia et al., 2023), indicating a far greater
functional capacity of these neurons than previously
known. It would be of interest to undertake similar studies
of avian (and indeed other vertebrates) LoC neurons to
reveal the similarities and variances in the potential to
generate different neuropeptides and express different
receptors. Such a study could indicate the degree to which
these homologous neurons are also analogous, especially
in terms of sleep as one of the biological imperatives of
vertebrate life.
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