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Immunohistochemical study of the brainstem cholinergic system in the alpaca
(Lama pacos) and colocalization with CGRP
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Several cholinergic regions have been detected in the brainstem of mammals. In general, these regions are con-
stant among different species, and the nuclear complement is maintained in animals belonging to the same
order. The cholinergic system of the brainstem has been partially described in Cetartiodactyla, except for the
medulla oblongata. In this work carried out in the alpaca, the description of the cholinergic regions in this order
is completed by the immunohistochemical detection of the enzyme choline acetyltransferase (ChAT). In addi-
tion, using double immunostaining techniques, the relationship between the cholinergic system and the distri-
bution of calcitonin gene-related peptide (CGRP) previously described is analysed. Although these two sub-
stances are found in several brainstem regions, the coexistence in the same cell bodies was observed only in the
laterodorsal tegmental nucleus, the nucleus ambiguus and the reticular formation. These results suggest that the
interaction between ChAT and CGRP may be important in the regulation of voluntary movements, the control
of rapid eye movement sleep and states of wakefulness as well as in reward mechanisms. Comparing the pre-
sent results with others previously obtained by our group regarding the catecholaminergic system in the alpaca
brainstem, it seems that CGRP may be more functionally related to the latter system than to the cholinergic sys-
tem.
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Introduction

The alpaca (Lama pacos) is a member of the family Camelidae
and belongs to the order Cetartiodactyla. This order includes
cetaceans (whales and dolphins) as well as artiodactyls (eventoed
ungulates), such as the giraffe and the sheep.!* The knowledge of
the physiology of alpaca is important since it is part of an impor-
tant sector of the economy of different countries in South America
due to the excellent quality of its wool.®” The importance of this
animal for the production sector has led studies of this species to
focus on more practical aspects for its maintenance and reproduc-
tion, such as ovulation cycles or hormonal mechanisms.” Although
these studies are important on an economic perspective, the knowl-
edge of the characteristics of these animals is interesting in itself.
Alpacas have unique morphological (long neck with seven cervical
vertebrae like other camelids®) and physiological characteristics
since they are capable of living both at sea level and at 5,000
meters above sea level.”” This phenotype suggests the existence of
fascinating adaptation mechanisms, mainly related to cardiovascu-
lar control, which must be regulated and controlled by the central
nervous system. Other species included in Cetartiodactyla order
also exhibit specific brain specializations in order to surviving
within their respective environments.!-

In this regard, several studies have been carried out on the
alpaca brain reporting the distribution of neuroactive substances in
the diencephalon®!?and the brainstem.®!! In the latter region, the
distribution of leucine-enkephalin,® calcitonin gene-related peptide
(CGRP)” and the colocalization of CGRP with tyrosine hydroxy-
lase (TH) have been described.!" The presence of the above-men-
tioned neuropeptides is widespread in the alpaca brainstem, and
the distribution of TH (the limiting enzyme of catecholaminergic
synthesis) showed that the nuclear parcellation of the cate-
cholaminergic groups in the alpaca brainstem is coincident with
the results described in other members of the same order. Previous
studies have reported that species included in the same order
exhibit the same nuclear complement in the neuromodulatory sys-
tems, supporting Manger’s hypothesis.!? This affirmation has also
been reported in the giraffe, a member of Artiodactyla order, where
the organization of cholinergic, putative catecholaminergic and
serotoninergic nuclei in the diencephalon, midbrain and pons has
been described.'>!* In addition, the organization of sleep-related
neural systems has been described in other Cetartiodactyla such as
Arabian oryx,! minke whale,? river hippopotamus,® harbour por-
poise,* and blue wildebeest.® Furthermore, the distribution of
cholinergic structures has been reported in the sheep basal fore-
brain,'> but the distribution of cholinergic structures in the medulla
oblongata of Artiodactyla remains unknown. In other mammalian
species, including man, several cholinergic regions have been
described in this part of the brainstem.'*!%37 For this purpose, one
of the goals of this study is to map the location of the cholinergic
structures in the alpaca medulla oblongata as well as in the other
regions of the brainstem, and compare the results with that
obtained in other mammals, including man.

Moreover, using double immunohistochemical methods, mor-
phological relationships between CGRP and TH have been out-
lined in the alpaca brainstem that may be important in regions
involved in cardiovascular control.” The previous studies on the
distributions of neuropeptides in the alpaca brainstem suggest that
the location of CGRP-containing structures’ may be alike to that of
cholinergic profiles described in other mammals.3® For instance,
several cranial motor nuclei such as trochlear, motor trigeminal or
facial displayed CGRP-immunoreactive neurons,’ and it has been
reported that these motor nuclei and nerves are cholinergic.?
CGRP and acetylcholine are involved in functions such as motor
control or nociception, suggesting that their anatomical localiza-
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tions may be similar. It has been reported that CGRP mRNA was
detected in brainstem motoneurons in rat and guinea pig.'® In rats,
the presence of CGRP in cholinergic structures of the brainstem
such as the trigeminal complex has been previously reported,’” and
coexistence of these two neuroactive substances has also been
found in motoneurons of several cranial nuclei in cats.’® Thus,
another aim of this study is to analyse the possible morphological
relationships between the two neuroactive substances in the alpaca
brainstem, by double immunohistochemical staining to detect
CGRP and the enzyme choline acetyltransferase (ChAT), a marker
for the cholinergic system. In addition, the distribution in the
alpaca brainstem of the two neuromodulatory systems, cholinergic
and putative catecholaminergic, will be compared. Thus, the map-
ping of the cholinergic system will be described for the first time
in the alpaca brainstem as well as the neuroanatomical relationship
between this system and CGRP. In the future, this study will serve
to better understand the functional involvement of neuroactive
substances in the altitude adaptation of alpacas and in their social
and reproductive behaviour. In addition, this study can serve as a
basis to develop future new works focused on the distribution and
functions of classical neurotransmitters and neuropeptides in the
alpaca central nervous system.

Material and Methods

Animals

As indicated in previous studies,”? adult male alpacas (Lama
pacos) (n = 5; 70-80 kg; 5-8 years) maintained from birth to the
perfusion at 0 m on the sea level were used. Procedures and proto-
cols were carried out under the guidelines of the legal and ethics
recommendations of the Spanish legislation.” Alpacas had free
access to water and food and were kept under standard conditions
(temperature, light).”

Tissue processing

Alpacas were intravenously anaesthetized with xylazine (4
mg/kg) and ketamine (10 mg/kg) and perfused, through the carotid
artery, with 3 L of NaCl (0.9%) and 5 L of paraformaldehyde (4%)
in phosphate-buffered saline (PBS, 0.15 M, pH 7.2).” Brainstems
were post-fixed overnight in the latter solution, cryoprotected with
sucrose and frontal sections (50-um) were obtained using a cryo-
stat. Sections were kept at 4° C in PBS.”

Immunohistochemistry

In this study, we used the same frontal sections in which
CGRP-immunoreactivity was previously mapped applying the 3-
3’ diaminobenzidine (DAB) developing procedure.” Thus, on these
same frontal sections containing immunoreactivity for CGRP, a
modified version of the protocol previously published (double-
labelling immunostaining) for the detection of ChAT was per-
formed.?* Thus, free-floating frontal sections showing immunore-
activity for CGRP’ were treated with H,0, (30%), NaOH (1%) and
NHj; (20%) to inactivate endogenous peroxidases.” Then, sections
were washed in PBS (6 x 10 min) and pre-incubated in PBS con-
taining Triton X-100 (0.3%) and normal horse serum (1%) (the lat-
ter solution was used for the dilution of antibodies and strepta-
vidin). Sections were incubated overnight at 4°C with primary
polyclonal antibody against ChAT (Millipore, ref. AB144 P) raised
in goat and diluted 1:75; then washed in PBS (3 x 10 min) and
incubated in biotinylated donkey anti-goat antibody (Jackson
Laboratories) (room temperature, 90 min, 1/2,000). Later, sections
were washed in PBS (3 x 10 min) and incubated in streptavidin
coupled to peroxidase (Jackson Laboratories) (room temperature,
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90 min, 1/2,000). Subsequently, sections were washed in PBS (3 x
10 min), Tris-HCI buffer (TB, 0.05 M; pH 7.6) and the product of
the immunohistochemical reaction was revealed with 4-chloro-1-
napthol. This chromogen shows a blue precipitate which is easily
distinguishable from the brown product due to the DAB used pre-
viously for the CGRP detection. Because the chloronaphtol reac-
tion does not allow dehydration, sections were mounted on gela-
tine-coated slides and coverslipped with PBS/glycerol (1/3). To
check the specificity of the ChAT immunohistochemical proce-
dure, histological controls were performed by: 1) omission of the
antibody in the first incubation bath and 2) replacing the secondary
biotinylated antibody by PBS. In both cases, no immunoreactivity
was observed. As previously described the specificity of the CGRP
antiserum was also ckecked:” 1) CGRP antiserum was preabsorbed
with synthetic CGRP; 2) the first antibody was omitted in the first
incubation bath; 3) the secondary biotinylated antibody was
replaced by PBS; and 4) the CGRP antiserum was preabsorbed
with an excess of related peptides (neuropeptide Y, vasoactive
intestinal polypeptide, substance P, calcitonin, amylin). The histo-
logical controls demonstrated the specificity of the immunoreac-
tivity for CGRP.” The distribution of the catecholaminergic and
cholinergic systems in the alpaca brainstem was compared accord-
ing to a previous published work focused on the mapping of TH.?

Mapping

As the main reference, the mapping of de Souza et al.%” was
followed for nomenclature and the location of the cholinergic
groups in the alpaca brainstem, but in addition the distribution of
these cell groups in other mammalian species was also consulted.!
38.14,17.21.23-28,30.32,36,374041 The computerized digital mapping system
Accustage MDPlot v5.2 (MD3-Digitizer, Accustage, Minnesota
Datametrics, USA) was used to study the distribution of the
immunoreactive neurons. Photographs were obtained with a digital
camera attached to a Nikon Eclipse 801 microscope and using the
Adobe Photograph 6.0 Software only the contrast and brightness of
the images were adjusted.

Results

The distribution of the CGRP- and ChAT-immunoreactive
structures has been mapped according to the anatomical descrip-
tion carried out by de Souza et al.%” Mapping of the structures con-
taining CGRP (fibres and cell bodies) has previously been per-
formed in the alpaca brainstem.” Thus, the present work will be
focused on the cholinergic profiles and on the coexistence of ChAT
and CGRP in nerve cells. The brown precipitate corresponding to
CGRP and the blue staining for ChAT are easily distinguishable. In
addition, CGRP-immunoreactive fibres showed a varicose appear-
ance and CGRP-positive cell bodies contained secretion granules
typically peptidergic, whereas profiles containing the enzyme dis-
played a more homogeneous precipitate and no varicose labelling.

Since the description of pontomesencephalic cholinergic
nuclei has been extensively described in other species included in
the Cetartiodactyla order,'>'* this study will report mainly the
cholinergic profiles observed in the medulla oblongata of the
alpaca. Figure 1 shows the distribution patterns of ChAT and
CGRP in the alpaca brainstem. In general, a caudo-rostral increase
in the immunolabeling for ChAT was detected throughout the
alpaca brainstem (Figure 1). In the most caudal levels of the
medulla oblongata (Figure 1 H,I), scarce neurons and fibres con-
taining CGRP (Figure 2A) were observed mixed with ChAT-posi-
tive profiles in the nucleus ambiguus (Figure 2 B,C), nucleus of the
hypoglossal nerve (XII), and the reticular formation. In the lateral
reticular nucleus, isolated labelled neurons and a low density of
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fibres containing ChAT was observed. More rostrally, ChAT-
immunoreactive cell bodies and fibres were detected in the dorsal
motor nucleus of the vagus (Figure 1 F,G) as well as in the cranial
nerves and nuclei facial, abducens, and motor trigeminal (Figures
1 D,E and Figure 2 D,E). Although the reticular formation dis-
played neurons containing ChAT and CGRP (Figure 1 and Figure
2F), only isolated double labelled cell bodies CGRP-ChAT were
detected in the reticular formation as well as in the nucleus
ambiguus (Figure 2 A,B,C,F).

As it has been observed in the giraffe,!* cranial nerve motor
nuclei located in the alpaca medulla oblongata and pons displayed
cholinergic cell bodies and fibers, and the cranial nerves them-
selves showed ChAT-immunoreactivity (Figure 2 D,E). These
nuclei also contained cell bodies with CGRP, but no double
labelled neurons were detected except for the nucleus ambiguus.

The pontine and mesencephalic reticular formation displayed
neurons and fibers containing ChAT, mixed with CGRP-positive
fibres. The location of the cholinergic cell groups in the pons and
mesencephalon is similar to that described previously in the
giraffe!* as well as in other members of Cetartiodactyla order.!- In
the lateral pontine tegmentum, ventral to the anterior aspect of the
inferior colliculus, ChAT-immunoreactive cell bodies and fibres
were detected in the parabigeminal nucleus (Figure 1B). This is
homologous to the Ch8 cell group in the human brainstem.?” Cell
bodies and fibres containing CGRP were also found in this nucle-
us. In the ventrolateral portion of the periaqueductal and periven-
tricular grey matter and caudal to the oculomotor nucleus, the lat-
erodorsal tegmental nucleus (the Ch6 cholinergic cell group) dis-
played CGRP-positive cell bodies (Figure 1B and Figure 3A).
Cholinergic neurons and fibres of the laterodorsal tegmental nucle-
us were detected in close proximity to CGRP-immunoreactive cell
bodies and fibers, and double labelled structures were observed in
this nucleus (Figure 1B and Figure 3 B,C). Similar to the giraffe'4
and other Cetartiodactyla such as the hippopotamus and the blue
wildebeest,*- the cholinergic cell bodies observed in the laterodor-
sal tegmental nucleus were slightly larger than the neurons of the
pedunculopontine tegmental nucleus. In this nucleus, located with-
in the dorsal aspect of the pontine tegmentum immediately inferior
to the superior cerebellar peduncle and homologous to the Ch5
cholinergic cell group, numerous cell bodies and fibres positive for
ChAT were detected (Figure 1B), mixed with CGRP-immunoreac-
tive fibres (Figure 3D). Cholinergic neurons, extremely immunos-
tained, were found in the pedunculopontine tegmental nucleus
from the level of the oculomotor nucleus to the anterior limit of the
trigeminal motor nucleus, mixed with neurons containing CGRP,
which are very sparse in this area.

Cranial nerves and nuclei located in this part of the brainstem
displayed abundant ChAT immunoreaction (Figure 1 A,B), but
scarce CGRP-positive neurons. In the trochlear (Figure 1B) and
oculomotor (Figure 1A) nuclei, cholinergic cell bodies showed the
typical morphology of motoneurons. As in the giraffe,'* the
Edinger-Wesphal nucleus of the alpaca showed a staining for
ChAT-immunoreactive neurons (Figure 1A).

Discussion

In this study the mapping of the cholinergic system has been
described in the alpaca brainstem, thus completing the distribution
pattern of the cholinergic system of Cetartiodactyla; in addition,
the neuroanatomical relationship between this system and CGRP is
also reported. This study will serve to develop future works
focused on the distribution and functions of classical neurotrans-
mitters and neuropeptides in the alpaca central nervous system.
Moreover, this and previous®*!%!! studies will contribute to better
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understand the functional involvement of neuroactive substances
in the altitude adaptation of alpacas and in their social and repro-
ductive behaviour.

Despite being animals belonging to very different orders, there
is a common cholinergic staining pattern in the brainstem that is
conserved in giraffe, rat, mouse, guinea pig, cat, ferret, several
megachiropterans and microchiropterans, common marmoset,
squirrel monkey, macaque, baboons and humans!'3!416.17.19-37.40
which has been also observed in the alpaca brainstem. This com-
mon pattern includes the parabigeminal nucleus, the pedunculo-
pontine and laterodorsal tegmental nuclei, and the nuclei of the
motor cranial nerves III, IV, Vm, VI, VII, X, XII; as well as the
nucleus ambiguus. All these regions also contained ChAT mRNA
in the mouse brainstem,* as well as in humans.’! On the other
hand, other brainstem nuclei displayed ChAT immunostaining in
other mammals, but not in the alpaca. For instance, peri-locus
coeruleus cholinergic neurons were observed in the cat brainstem3
and the interpeduncular nucleus of the rat showed ChAT-
immunoreactive cell bodies.?!>*3¢ In the guinea pig?® and ferret,?
cholinergic cell bodies were detected in the superior colliculus or
the parabrachial nuclei, which were devoid of ChAT immunostain-
ing in the alpaca.

The distribution of the cholinergic profiles observed in the
mesencephalon and pons of alpaca is in agreement with that
reported in the giraffe, another member of the Artiodactyla order'
as well as in other Cetartiodactyla species,'>!'* supporting the
Manger’s hypothesis that changes in the complexity of neural sys-
tems do not occur during speciation within an order irrespective to
brain size, lifestyle and phenotype.'? Other works about the cholin-
ergic system of Artiodactyla described the structures located in the
basal forebrain!’ or the olfactory bulb,* but not the brainstem. The
present paper describes the location of the cholinergic structures in
the medulla oblongata, thus completing the mapping of the cholin-
ergic system in the brainstem of Artiodactyla. In this sense, the dis-
tribution of ChAT in the medulla oblongata of the alpaca is similar
to that found in other mammals, since the immunostaining was
detected in the nuclei of the cranial nerves X and XII as well as the
nucleus ambiguus, with both somatic and special visceral efferent
components, and the reticular formation.!3-16.17.19-37.40

In several regions of the alpaca brainstem, colocalization of
ChAT and CGRP has been detected: nucleus ambiguus, reticular
formation, facial nucleus, parabigeminal nucleus, pedunculopon-
tine tegmental nucleus, and laterodorsal tegmental nucleus.
However, coexistence of ChAT and CGRP in the same cell bodies
has been observed only in the nucleus ambiguus and more fre-
quently in the laterodorsal tegmental nucleus, and occasionally in
the reticular formation. This limited coexistence could be due to
methodological factors. It is important to note, as it has been pre-
viously described,*® that the product of the DAB reaction masks
catalytic sites and the antigen of the first sequence of immunore-
agents and hence the interaction with the reagents of the second
sequence is prevented. However, in agreement with our results,
other studies have also described a scarce coexistence of these two
substances ChAT and CGRP in the brainstem of mammals.
Coexistence has been reported in cells of the rat trigeminal gan-
glion, and it has been suggested that they might participate in noci-
ception.’” CGRP mRNA has been detected in spinal and brainstem
motoneurons of rat and guinea pig.'® In the cat brainstem, the
majority of motoneurons containing ChAT located in somatomotor
or branchiomotor cranial nuclei (VI, VII and XII nerves) as well as
those of nucleus ambiguus are also CGRP-positive, and cell bodies
containing CGRP observed in the ventromedial reticular forma-
tion, lateral cuneate nucleus, infratrigeminal nucleus and nucleus
of the solitary tract are ChAT-negative.*® Our results display a more
restricted pattern of coexistence of CGRP and ChAT, and suggest
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that the interaction of CGRP and ChAT in the same neurons may
be important in the projections from the laterodorsal tegmental
nucleus (the homologue of Ch6 cholinergic group in humans) to
subcortical structures such as the thalamus, the neostriatum or
other mesopontine areas,’® implicated in the control of rapid eye
movement (REM) sleep and states of wakefulness.?>?”4" Several
studies carried out in different species of Cetardiodactyla!'> and in
cats® to analyse the neural systems implicated in the sleep regula-

Figure 1. Mapping of the distribution of CGRP- and ChAT-
immunoreactive structures in the alpaca brainstem according to
the anatomical description carried out by de Souza ez 4l.,>” from
rostral (A) to caudal levels (I). For the detailed distribution of
structures containing CGRP see de Souza et al” Mapping of
CGRP is represented on the right side by squares and ChAT-pos-
itive structures are represented by dots on the left side, as well as
double-labelled cell bodies (red asterisks). Circles show only loca-
tion and are not reflective of actual numbers of positive neurons.
Immunoreactive fibers are represented by continuous short lines.
I11, nucleus of oculomotor nerve (III cranial nerve); IV, nucleus
of the trochlear nerve (IV cranial nerve); Vm, motor trigeminal
nerve; VI, abducens nerve (VI cranial nerve); VII, facial nerve
(VII cranial nerve); XII, nucleus of the hypoglossal nerve (XII
cranial nerve); 5SM, motor trigeminal nucleus; 7L, facial nucleus,
lateral division; 7M, facial nucleus, medial division; Amb, nucle-
us ambiguus; BC, brachium conjunctivam; BP, brachium pontis;
CAE, locus coeruleus; DMV, motor dorsal nucleus of the vagus
nerve; DRM, dorsal nucleus of the raphe; EW. nucleus of
Edinger-Westphal; FRet, reticular formation; IO, inferior olive;
IP, interpeduncular nucleus; LDT, laterodorsal tegmental nucle-
us; LRet, lateral reticular nucleus; MLB, medial longitudinal
bundle; PAG, periaqueductal gray; PBG, parabigeminal nucleus;
PPT, pedunculopontine tegmental nucleus; SC, superior collicu-

lus; SN, substantia nigra.
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tion reported that the cholinergic neurons of the laterodorsal
tegmental nucleus may play an important role in initiating fore-
brain/neural aspects of REM sleep.’ The laterodorsal tegmental
nucleus also modulates reward, since this nucleus preferentially
targets circuits associated with limbic functions.** The results
obtained in the present work suggest that the interaction of
CGRP/ChAT in neurons of the laterodorsal tegmental nucleus
might be also implicated in the regulation of these functions.

The morphological characteristics of the laterodorsal tegmen-
tal nucleus and the pedunculopontine nucleus have been extensive-
ly described in Cetartiodactyla.!>!* These two nuclei are key sleep-
wake cycle nuclei specific to Artiodactyls and modulate the initia-
tion of REM sleep but not REM sleep maintenance.! Although
their nuclear organization is consistent across the different species
of Cetartiodactyla, these cholinergic nuclei display variability of
their relative perikarya size that has not been reported in other
mammalian species.*> For example, it has been described that the
cholinergic cell bodies observed in the laterodorsal tegmental

Figure 2. Photomicrographs showing immunolabeling for CGRP
(brown precipitate) and ChAT (blue colour). White arrows point
to CGRP-containing neurons, and black arrows point to cholin-
ergic cell bodies. White arrowheads point to double-labelled neu-
rons. The boundaries of each nucleus are delineated by dashed
lines. A) CGRP-positive neurons in the nucleus ambiguus (Amb).
B) The same region in a brain section adjacent to A, showing
double labelling for ChAT and CGRP. C) High-power magnifica-
tion of the area squared in B. Scarce double-labelled cell bodies
(white arrowhead) were detected in the nucleus ambiguus. D)
Cholinergic immunostaining observed in the motor trigeminal
nucleus (5M) and nerve (Vm), intermingled with CGRP-positive
immunolabeling. E) High-power magnification of the area
squared in C. Numerous ChAT-immunoreactive cell bodies
(black arrows) and scarce neurons containing CGRP (white
arrow) can be detected in this nucleus. F) Cell bodies positive for
ChAT (black arrows) and CGRP (white arrows) observed in the
reticular formation (FRet). Scale bar: 100 pm.
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nucleus were slightly larger than the neurons of the pedunculopon-
tine tegmental nucleus in the giraffe,'* the hippopotamus and the
blue wildebeest,’* and this has been also detected in the alpaca.
The opposite has been observed in the minipig and the Arabian
oryx,! whereas in aquatic Cetartiodactyla the size of the choliner-
gic neurons detected in those nuclei was similar.>* These differ-
ences may be related to the different REM sleep initiation patterns
showed by these animals.’

Although the methodology performed in this work does not
reveal if mechanisms of co-transmission of the two substances
exist, the results obtained suggest that in the alpaca brainstem the
interaction between CGRP and ChAT in the same cell bodies
(coexistence in two brainstem nuclei) is limited compared to the
interaction between CGRP and the catecholaminergic system (par-
ticularly, noradrenaline), since seven of the 18 TH-immunoreac-
tive regions of the alpaca brainstem showed double-labelled cell

Figure 3. Pictures of different pontomesencephalic regions con-
taining ChAT (blue precipitate) and CGRP (brown). The bound-
aries of each nucleus are delineated by dashed lines. A) Cell bod-
ies containing CGRP in the laterodorsal tegmental nucleus
(LDT). B) Cell bodies containing CGRP (white arrows) detected
in the cholinergic LDT; numerous cholinergic cell bodies were
observed (black arrows), as well as some neurons containing
CGRP and ChAT (white arrowheads). C) High-power magnifica-
tion of the area squared in B. Cholinergic cell bodies are pointed
by black arrows and CGRP-positive neurons by white arrows;
double-labelled cell bodies (white arrowheads) were also detect-
ed. D) High density, heavily immunostained cholinergic neurons
observed in the pedunculopontine nucleus; scarce neurons con-
taining CGRP (white arrows) are observed in this region. E) Non-
cholinergic CGRP-immunoreactive neurons observed in the
locus coeruleus (LC). F) The same region displaying double
labelling CGRP/TH (see text); massive coexistence (white arrow-
heads) can be observed in neurons of the LC for these two sub-
stances compared to CGRP/ChAT (E); some single-immunola-
beled neurons are also detected (black arrow for TH; white arrow
for CGRP). Scale bar: 100 pm.
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bodies for CGRP and TH (compare Figure 3 panel E and panel F).
These regions are Al, C1, C2, A6d, A7sc, A7d and A9l, and such
interaction in these catecholaminergic areas might be important in
the regulation of cardiovascular functions.” However, it cannot be
ruled out that CGRP and ChAT may also interact by means of vol-
ume transmission mechanisms, as it has been suggested for neu-
rokinin and ChAT in the human brainstem.?® An overlap in the dis-
tribution of the catecholaminergic and cholinergic systems, but no
cell bodies immunostained for both TH and ChAT, has been
observed in the brainstem of the baboon,** ferret'® and cat.?> This
seems to be also the case in the alpaca brainstem and might con-
tribute to explain the low degree of coexistence of CGRP and
ChAT compared to CGRP and TH in this region.

In conclusion, the data provided in this work complement the
mapping of the cholinergic system in the brainstem of
Cetartiodactyla. The nuclear delineation is the same as that report-
ed in other members of this order and is also similar to that
described in other mammals. Despite the existence of morpholog-
ical relationships between CGRP and ChAT, double-labelled neu-
rons can be observed in a few regions. On the contrary, it seems
that CGRP would be more functionally related to the cate-
cholaminergic system than to the cholinergic system, since more
nuclei with double immunostaining for CGRP and TH have been
detected in the alpaca brainstem.
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