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Abstract
The locus coeruleus (LC) is a dense cluster of neurons that projects axons throughout the neuroaxis
and is located in the rostral pontine tegmentum extending from the level of the inferior colliculus to
the motor nucleus of the trigeminal nerve. LC neurons are lost in the course of several
neurodegenerative disorders, including Alzheimer's and Parkinson's diseases. In this study, we used
Nissl staining and tyrosine hydroxylase (TH) immunoreactivity to compare the human LC with that
of closely related primate species, including great and lesser apes, and macaque monkeys. TH
catalyzes the initial and rate-limiting step in catecholamine biosynthesis. The number of TH-
immunoreactive (TH-ir) neurons was estimated in each species using stereologic methods. In the LC
of humans, the mean total number of TH-ir neurons was significantly higher compared to the other
primates. Because the total number of TH-ir neurons in the LC was highly correlated with the species
mean volume of the medulla oblongata, cerebellum, and neocortical gray matter, we conclude that
much of the observed phylogenetic variation can be explained by anatomical scaling. Notably, the
total number of LC neurons in humans was most closely predicted by the nonhuman allometric
scaling relationship relative to medulla size, whereas the number of LC neurons in humans was
considerably lower than predicted according to neocortex and cerebellum volume.
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INTRODUCTION
The locus coeruleus (LC) is a densely packed cluster of norepinephrine (NE) producing cells
located in the upper part of the pons near the floor of the fourth ventricle. In spite of its limited
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size, the LC is the largest accumulation of NE-containing neurons in the mammalian brain.
The LC supplies NE to the entire central nervous system (CNS) via extensive efferent
projections grouped into two major ascending fiber systems, the dorsal noradrenergic bundle
and the rostral limb of the dorsal periventricular pathway. Through these projections, the LC
innervates limbic regions such as the hippocampus, as well as the whole neocortex (Klimek et
al., 1999).

While the noradrenergic system was initially proposed to be involved in learning and memory
(Crow et al., 1968, 1973; Kety et al., 1970), several theories concerning the functional role of
this system have been formulated more recently, proposing links to vigilance, attention, and
memory processes, as well as development of higher-order models concerning prediction
errors, decision making, and unexpected uncertainty (Aston-Jones et al., 1991; Servan-
Schreiber et al., 1990; Sara and Segal, 1991; Sara et al., 1994; Clayton et al., 2004).

Studies in monkeys and rats have demonstrated that LC neurons are activated within behavioral
contexts that require a cognitive shift, that is, an interruption of ongoing behavior and
adaptation. This kind of LC activation occurs whenever there is a change in environmental
imperative, such as the appearance of a novel, unexpected event, or a change in stimulus-
reinforcement contingency within a formal learning situation. Within trials, LC neurons are
driven by stimuli that require a rapid behavioral adjustment such as a preparatory signal or an
unexpected reward (Bouret and Sara, 2005).

Central NE, derived from the LC in particular, is hypothesized to play an important role in
attention, arousal, and behavioral activation (Aston-Jones et al., 1991; Aston-Jones et al.,
2000; Charney et al., 1990; Foote et al., 1983; Puumala et al., 1997; Siegel and Rogawski,
1988). Furthermore, upregulation of the activity of tyrosine hydroxylase (TH), the rate-limiting
enzyme in the synthesis of catecholamines, has been suggested to lead to changes in
noradrenergic transmission that contribute to behavioral, cognitive, emotional, and
physiological manifestations of depression and anxiety (Persson et al., 1997; Sands et al.,
2000).

TH is the first and rate-limiting enzyme in dopamine synthesis. It converts tyrosine to L-DOPA
and is present in most catecholamine synthesizing neurons (Smeets and Gonzalez, 2000). For
this reason it is considered a general marker of catecholaminergic neurons, including
noradrenergic neurons of the LC.

Because the catecholaminergic innervation originating from the LC is involved in the
regulation of attention, working memory, and higher cognitive functions, we sought to
determine whether the human brain contains a disproportionately large number of TH-
immunoreactive (TH-ir) neurons within the LC compared to other primate species. To examine
this possibility, we obtained stereologic estimates of the total number of TH-ir neurons in the
LC from humans, chimpanzees, gorillas, gibbons, and macaque monkeys. Our study
demonstrates the existence of quantitative differences in LC neurons among these species,
which may have played a role in behavioral changes during primate evolution.

Methods and Materials
Specimens and tissue processing

We used serial sections from one side of the brain of humans (Homo sapiens; n = 4), common
chimpanzees (Pan troglodytes; n = 2), Western lowland gorillas (Gorilla gorilla; n = 2),
gibbons, including a Borneo gibbon (Hylobates muelleri; n = 1) and a white handed gibbon
(Hylobates lar; n = 1), and rhesus monkeys (Macaca mulatta; n = 2) (for details, see Table 1).
The non-human tissue came from captive zoo and research facility animals that were housed
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according to their respective institutional guidelines and had died from causes unrelated to the
current study. The brains were immersion-fixed at the time of necropsy in 10% buffered
formalin and the postmortem time never exceeded 14 hours. Prior to sectioning, the brainstem
was dissected, and tissue was postfixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS; pH 7.4) at 4°C for 24 hours and then incubated in 10%, 20%, and 30% sucrose in PBS
to avoid freezing artifacts. Each brainstem was processed for unilateral morphometric analysis.
The brainstem was sectioned coronally at 50 μm using a cryostat. Every tenth serial section
was collected for cresyl violet staining and the adjacent sections for immunohistochemistry.
A total of 8–10 equidistant sections that spanned the entire LC were obtained from each animal.

Immunohistochemistry
Every tenth section through the entire LC area was sampled into a 24-well plate for free-floating
immunocytochemistry to visualize TH-synthesizing neurons. Immunoreactive neurons were
stained using ABC method of Hsu et al. (1981). Briefly, Sections were quenched in 0.3%
hydrogen peroxide for 30 minutes at room temperature, washed in 0.3% Triton X-100/PBS
(3×10 minutes), and incubated in 5% normal goat serum (NGS) in PBS. Sections were then
incubated in polyclonal rabbit anti-TH primary antibody (1:1,000 dilution, Chemicon
International, Billerica, MA USA) at 4 °C overnight for 16–24 hours. Controls were made by
omitting the primary antibody, and did not exhibit any labeling (Table 2). The following day,
sections were rinsed in 0.3% Triton X-100/PBS (3×10 minutes) and exposed to biotinylated
goat anti-rabbit IgG antibody (1:400 Vector Laboratories, Burlingame, CA, USA) for 2 hours.
After rinsing in 0.3% Triton X-100/PBS, sections were incubated for 2 hours in avidin-biotin
complex (Vector Laboratories), rinsed in PBS and exposed to a 0.03% 3,3'-diaminobenzidine
(DAB) solution (Vector Laboratories) in 0.1 M phosphate buffer for 20 minutes. After a final
PBS rinse, sections were mounted onto gelatin-coated glass slides (Fisher Scientific,
Pittsburgh, PA, USA) and allowed to air-dry overnight. Slides were then counterstained with
methyl green (Vector Laboratories) or cresyl violet (Sigma-Aldrich, St. Louis, MO, USA) for
increased visualization of labeled neurons and fibers. They were then dehydrated through a
graded alcohol series, cleared in xylene, and cover-slipped with DPX mountant (Sigma-
Aldrich) for histology. Previous studies by Raghanti et al. (2008, 2009) show that the same
anti-TH antibody we used in our study has a distribution of TH immunostaining similar to the
one reported in our results. As shown by the work of Lewis et al. (1994) and Wolf et al.
(1991), the antibody used in the present study recognizes the same 60 kDa TH protein in human
and macaque monkey. Considering the phylogenetic relatedness of human and apes, the chance
that differences in labeling patterns would be found among hominoids is virtually nil.

Stereology
All LC subregions with TH-ir neurons were outlined using a 4× objective (Fig. 1) and neurons
in the one hemisphere of each species were counted using a 60× oilimmersion objective (1.4
numerical aperture; Nikon, Japan). The borders of the reference space for human were defined
according to the stereotaxic brain atlas of Mai et al. (2008), and the atlas of Jurgen et al. (2000)
was used to guide delineation in the other species. Because TH immunoreactivity was not
confined to specific or readily definable LC subnuclei, we quantified the entire LC region,
including the nucleus subcoeruleus (SubC) containing TH-ir neurons to avoid arbitrary
delineation. Care was taken to avoid inclusion of other populations of TH-ir neurons, including
the A5 and other groups that were readily distinguished from the LC and subcoeruleus on the
basis of location and morphology. Subsequently, the optical fractionator method (West et al.,
1991) was employed to estimate the total number of neurons in the LC at high magnification.
Prior to the start of the experiment, a pilot study determined the optimal sampling parameters
to place disector frames (60×60×17 μm) in a systematic-random manner so as to sample at
least 200 immunolabeled LC neurons over 8–10 systematic-random sections through the LC
in each brain (Long et al., 1999;Mouton, 1994). TH-ir neurons were identified by their brown-
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color staining within the disector frame. Counting frames and sampling grid sizes were
optimized to achieve a mean coefficient of error (CE) of 10% or less (Gundersen and Jensen,
1987). A guard distance of 2.0 μm was used during neuron counting to avoid introduction of
errors due to sectioning artifacts, including uneven section surfaces and lost caps (West et al.,
1991).

Photmicrographs presented in Figure 1 were collected using a Nikon i80 microscope fitted
with a 4× objective (N.A. =1.4, Nikon Japan). Images were photographed at a resolution of
300 ppi using a digital camera and StereoInvestigator software (MBF Bioscience, Williston,
VT). Photomicrographs were cropped and grayscale levels were optimized using Adobe
Photoshop CS3 software. Photomicrographs were then imported into Adobe Illustrator CS3
software for labeling and layout of the image panels.

Statistics
We calculated the correlation and allometric scaling of species mean TH-ir LC neuron number
with data on other neuroanatomical components available from the literature. We chose to
analyze the scaling of LC neuron number against the medulla oblongata because it is the brain
subdivision of the neuroaxis most proximate to the LC. Additionally, we also included the
neocortical gray matter and cerebellum in analyses because they each represent a major target
of LC neuron projections. Species mean medulla volume was taken from Sherwood et al.
(2005), cerebellum volume came from MacLeod et al. (2003), and neocortical gray matter
volume came from Rilling and Insel (1999). Medulla volumes reported in Sherwood et al.
(2005) were consistent with the anatomical boundaries described in Stephan et al. (1981,
1991). In brief, the caudal boundary of the medulla was identified as the first appearance of
the gracile nucleus. Because it is difficult to make a reliable distinction between the reticular
formation of the medulla, pons and midbrain, the entire tegmentum extending rostrally to the
level of the interpeduncular nucleus was included. The middle cerebellar penduncle and the
pontine nuclei were excluded as they were considered to be part of the cerebellum in the original
measurements of the Stephan collection (Stephan et al., 1981). Thus, although the LC is located
in the located in the tegmentum of the rostral pons, according to these criteria it is included in
the structure designated “medulla”.

For LC neuron number in Hylobates species, we calculated the genus average because volumes
for other neuroanatomical components were only available in the literature for H. lar. The cube
root of volumetric data was calculated to analyze scaling between variables in the same
dimensional space. Logarithm (base 10)-transformed species means were used in allometric
scaling analyses. After these transformations to the data, a slope of best-fit equal to 1 indicates
isometry, or equally proportional changes in the dependent variable, LC neuron number, with
the independent variable. To determine the exponent of scaling relationships, we used reduced
major axis (RMA) line-fitting to bivariate data because it accounts for error in both independent
and dependent variables (Sokal and Rohlf, 1995). All RMA routines and tests were calculated
using (S) MATR software version 2.0 (Warton et al., 2006).

In addition to estimating scaling exponents, we also examined whether human LC neuron
numbers represent significant deviations from allometric expectations based on the other
primates. We calculated least-squares (LS) prediction equations and 95% prediction intervals
for humans based on non-human data.

Phylogenetic independent contrasts were also calculated from the data to examine scaling
relationships and predictions while controlling for the effects of phylogenetic relatedness in
the dataset (Crow and Felsenstein, 1985). Standardized independent contrasts were calculated
using the PDAP:PDTREE module (Garland and Ives, 2000) of Mesquite software version 1.12
(Maddison and Maddison, 2005) from log-transformed data based on a phylogeny of primates
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in Goodman et al. (2005). Branch lengths were transformed according to Pagel's method
(1992), which assigns all branch lengths to 1 with the constraint that tips are contemporaneous.
To generate phylogenetically informed predictions based on independent contrasts, humans
were pruned from the tree, then an independent contrasts regression line was computed and
mapped back into the original “tip” species space (Garland and Ives, 2000) (Fig. 2). After
logarithmic detransformation of predictions, the percentage difference between observed and
predicted values was calculated as the ratio of (observed-predicted)/observed. Statistical
significance was set at P = 0.05.

Results
There was significant phylogenetic variation in the total number of TH-ir neurons among
species (P < 0.05, Kruskal-Wallis ANOVA), as well as significant phylogenetic variation in
total neuron numbers (χ2 = 10.46, P < 0.03). Pairwise comparisons using Mann-Whitney tests
revealed a significant difference between humans and the rest of the non-human primate sample
(Z = −2.72, P = 0.007), as well as a difference between humans and great apes (Z = −2.31, P
= 0.03). LC neuron numbers in the great apes (i.e., chimpanzees and gorillas) was also
significantly larger than in gibbons and rhesus monkeys (grouped together; Z = −2.31, P =
0.03; Fig. 3, Table 3).

The number of TH-ir neurons in the LC was closely correlated with the volume of the medulla
(Spearman's rho rs = 0.9, P = 0.04), cerebellum (rs = 1.0, P < 0.01), and neocortical gray matter
(rs = 1.0, P < 0.01). Furthermore, LC neuron number scaled against each brain subdivision
with a significant positive allometric exponent as revealed by analysis of both species mean
data and phylogenetic independent contrasts (Fig. 3), indicating that TH-ir neurons in the LC
increases in number at a rate that is disproportionately greater than the rate of increase in the
volume of these brain components. It is notable that the scaling exponent for LC TH-ir neuron
number was substantially higher when regressed against medulla as compared with the
cerebellum or neocortical gray matter. Thus, the number of TH-ir neurons in the LC increases
at a rate that is more similar to the brain subdivisions that it innervates (neocortex and
cerebellum) than the one in which it is located (brainstem).

We calculated LS regression equations from non-human data to examine whether human LC
TH-ir neuron numbers can be predicted by the size of other brain components. We found that
human LC TH-ir neuron numbers were only 3% higher than predicted based on medulla volume
(log observed LC TH-ir neuron number = 4.68; predicted = 4.66; lower 95% PI = 4.49; upper
95% PI = 4.85). Strikingly, however, human LC TH-ir neuron numbers were substantially
lower than expected based on cerebellum volume (35% less; log observed LC TH-ir neuron
number = 4.68; predicted = 4.81; lower 95% PI = 4.52; upper 95% PI = 4.95), and neocortical
gray matter volume (126% less; log observed LC TH-ir neuron number = 4.68; predicted =
5.03; lower 95% PI = 4.31; upper 95% PI = 5.25) (Fig. 3). Because of the limited interspecific
sample sizes, the 95% prediction intervals for all non-human regressions were wide and
contained the observed human datapoint in each case. Human predictions calculated with
phylogenetic independent contrasts yielded results that were consistent with the species mean
data (Table 3).

Discussion
The LC is the major source of brain NE. It projects throughout most of the CNS, including the
neocortex, hippocampus, thalamus, midbrain, brainstem, cerebellum, and spinal cord (Foote
et al., 1983). Moreover, pharmacological and electrophysiological experiments have suggested
that the LC plays a crucial role in the control of behavioral states, including vigilance and
attention, and a critical but permissive role in the generation of paradoxical sleep (Aston-Jones

Sharma et al. Page 5

J Comp Neurol. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



et al., 1981a, b; McCarley et al., 1975). The neurons of the LC exhibit a regular tonic discharge
during waking. During slow-wave sleep, they show decreased activity, and they almost stop
firing during paradoxical sleep (Aston-Jones et al., 1981a). The mechanisms underlying these
patterns of activity remain to be determined, although several hypotheses have been brought
forward (Luppi et al., 1995). Despite considerable examination of the LC noradrenergic system
and substantial progress in our understanding of the neurobiology of this system, the ultimate
impact of LC neurotransmission on behavioral processes has, for the most part, remained
unresolved. Notably, however, brain areas in primates that are associated with attention
processing (e.g., parietal cortex, pulvinar nucleus, and superior colliculus) have particularly
dense LC projections and noradrenergic receptors (Morrison and Foote, 1986).

Design-based unbiased stereology has been used in the LC, to refute earlier studies of age-
related changes in neuronal density using assumption-based methods (Mouton et al., 1994;
Ohm et al., 1997). Noradrenergic cell bodies in the LC and SubC area are easily recognized in
all mammalian species studied thus far, although the number of cells varies from about 1,600
(unilaterally) in rat (Aston-Jones et al., 1995) to about 60,000 in human (Baker et al., 1999).
In our study, we found in the LC of humans that the mean total number of TH-ir neurons was
47,493 ± 1,465. The occurrence of TH-ir neurons in the other LC subdivisions varies
substantially among species (Kitahama et al., 1994; Tafti et al. 1997; Manger et al., 2003). In
rats, rabbits, and primates including humans, the Kölliker-Fuse and parabrachial nuclei are
almost devoid of NE-synthesizing neurons, but they occur in large numbers in the
corresponding nuclei of dogs, sheep, and particularly in cats. The location of TH-ir neurons in
the LC of all primate species in the present study was very consistent (Fig. 1).

In the present study, TH-ir neurons were significantly more numerous in humans compared to
other primates. However, we also found that total TH-ir neuron number in the LC was highly
correlated with the size of the medulla, cerebellum, and neocortical gray matter. The scaling
exponent of LC TH-ir neuron number versus medulla volume (β = 3.00) indicates that LC
neurons increase in number more rapidly than does the size of the medulla. The scaling of LC
neuron number against cerebellum (β = 1.77) and neocortical volume (β = 1.84), although still
positively allometric, was close to equal proportionality. These findings suggest that the
addition of LC neurons across phylogeny is driven more by changes in the size of target
structures rather than by changes in the size of a proximate portion of the neuroaxis in which
the LC is located.

To examine the hypothesis that relatively increased numbers of LC TH-ir neurons might
underlie some of the behavioral and cognitive specializations of humans, we examined whether
humans possess relatively more LC TH-ir neurons that would be expected for a primate of their
medulla, cerebellum, and neocortical gray matter size. However, when the non-human data
were used to predict LC TH-ir neuron number based on medulla volume in humans, we did
not find a significant departure from allometric expectations. Quite remarkably, when human
LC TH-ir neuron numbers were predicted by non-human scaling trends for cerebellum and
neocortex volume, it appeared that humans have significantly fewer LC TH-ir neurons than
expected. Thus, these important targets of LC innervation are actually supplied by relatively
fewer neurons in humans than in other closely related Old World primates. The widespread
projections from the LC provide most of the noradrenergic innervation of the CNS and the sole
noradrenergic innervation of several brain regions such as the neocortex, hippocampus, and
cerebellum (Aston-Jones et al., 1995). LC neurons give rise to axons with vigorous bifurcation
to cover the entire extent and layers of the neocortex. This would mean that cortical neurons
are under the influence of such small bilateral clusters of the LC in human. Because, as
demonstrated in the monkey (Maeda et al., 1995), noradrenergic axons from the LC are half
ascending and another half descending efferents, a single neuron of the LC appears to cover
many, if not all, neurons of the neocortex. Similarly, patterns of innervation of axons of LC of
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a relatively few neurons distribute classical neurotransmitters such as acetylcholine, serotonin,
dopamine, adrenaline, and histamine widely in various brain regions. LC neurons may act as
modulatory on various brain neurons to make a certain brain function harmoniously.

The comparative anatomy of LC redirects the functional challenge of understanding
neuromodulatory systems towards their target networks, particularly to the dynamics of their
interactions. Whereas there are many similarities in biology, evolutionary history, and behavior
among hominids, there are also many striking differences that still need to be explored.
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Figure 1.
Photomicrograph through the LC showing TH-ir neurons; (A) human (B), chimpanzee, (C)
gorilla, (D) gibbon, (E) rhesus Monkey. Bar = 200 μm, SCP (superior cerebellar peduncle),
MV (nucleus of the mesencephalic tract of trigeminal nerve), SubC (nucleus subcoeruleus).
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Figure 2.
LC neuron number versus medulla volume (A), cerebellum volume (B), and neocortex volume
(C). The solid lines represent the least-squares regression of nonhuman species mean data. The
dotted lines represent the least-squares regression of nonhuman phylogenetic independent
contrasts plotted in contemporary “tip” species data space.
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Figure 3.
Graph showing the estimated number of TH-ir neurons in the examined primate species. Data
show means and SD.
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Table 1

Statistical information about each specimen (age in years at death, sex), number of specimens, their respective
neuron counts.

Species Age Sex N LC Neuron Count
Estimated by Optical

Fractionator

Homo sapiens

87 Male

4

46,423

36 Male 45,567

53 Male 50,391

38 Male 48,991

Pan troglodytes 41 Female 2 33,333

35 Female 30,462

Gorilla gorilla 49 Male 2 34,106

39 Female 41,000

Hylobates spp. 8 Female 2 12,096

18 Male 12,014

Macaca mulatta 19 Male 2 10,568

19 Male 9,805
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Table 2

Details of the primary antibody used.

Antigen Immunogen Manufacturer, species
antibody was raised in, mono-
vs. polyclonal, catalog no.

Dilution used

Tyrosine Hydroxylase Denatured tyrosine hydroxylase
from rat pheochromocytoma
(denatured by sodium dodecyl
sulfate)

Chemicon International,
Billerica, MA USA; Rabbit
anti-tyrosine hydroxylase
affinity purified polyclonal
antiserum; Catalog no. AB152

1:1,000
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