REFERENGES AND NOTES 7. 111241\2/1( ll\;lgggs, Z. Larin, T. Maniatis, Science 230,
1. A. Kappas, S. Sassa, K. E. Anderson, The Metabolic 8. M. Pirastu et al., N. Engl. . Med. 309, 284 (1983);
Basis of Inherited Disease, J. B. Stanbury, J. B. V.J. Kidd et al., Nature (London) 304, 230 (1983).
Wyngaarden, D. S. Fredrickson, J. L. Goldstein, M. 9. E. Winter, F. Yamamoto, C. Almogucra, M. Peru-
S. Brown, Eds. (McGraw-Hill, New York, 1983), p. cho, Proc. Natl. Acad. Sci. U.S.A. 82, 7575 (1985).

1301. 10. U. Gubler and B. J. Hoffman, Gene 25, 263 (1983).
2. G. H. Elder et al., Lancet 1981-1, 916 (1981). 11. J. Kyte and R. F. Doolittle, J. Mol. Biol. 157, 105
3. H. de Verneuil ez al., Am. ]. Hum. Genet. 36, 613 (1982).

(1984). 12. P. A. Krieg and D. A. Melton, Nudeic Acids Res. 12,
4. P. Lazaro et al., Br. ]. Dermatol. 110, 613 (1984). 7057 (1954).
5. H.de Verneuil ez al.,]. Clin. Invest. 77, 431 (1986). 13. H. R. Pelham and R.]. Jackson, Exr. ]. Biochem. 67,
6. P. H. Roméo et al., J. Biol. Chem. 261, 9825 247 (1976).

(1986). 14. U. K. Laemmli, Nature (London) 227, 680 (1970).

15. We thank P. H. Roméo and M. Goossens (IN-
SERM U.91, Créteil, France) for donating pUD3
cDNA, J. Y. Picard and A. Kahn (INSERM U.129,
Paris, France) for help with DNA sizing, H. Nicolas
(INSERM U.73, Paris, France) for technical assist-
ance in cell cultures, and C. Guyomard for assistance
in the preparation of the manuscript. Supported in

art by t CRE 83.10.12 from the Institut

ational de la Santé et de la Recherche Médicale, b
Caisse Nationale de ’Assurance Maladie des Travail-
leurs Salariés, and by Université Paris 7 (Faculté de
Médecine X. Bichat).

7 July 1986; accepted 15 September 1986

The Brain Nucleus Locus Coeruleus: Restricted
Afferent Control of a Broad Efferent Network

GARY ASTON-JONES, MATTHEW ENNIS, VINCENT A. PIERIBONE,
W. THOMPSON NICKELL, MICHAEL T. SHIPLEY

Dense, focal injections of wheat germ agglutinin conjugated—horseradish peroxidase in
the locus coeruleus of rats labeled afferent neurons in unexpectedly few brain regions.
Major inputs emanate from only two nuclei—the paragigantocellularis and the
prepositus hypoglossi, both in the rostral medulla. The dorsal cap of the paraventricu-
lar hypothalamic nucleus and the spinal intermediate gray are possible minor afferents
to locus coeruleus. Other areas reported to project to locus coeruleus (for example,
amygdala, nucleus tractus solitarius, and spinal dorsal horn) did not exhibit consistent
retrograde labeling. Anterograde tracing and electrophysiologic experiments con-
firmed the absence of input to locus coeruleus from these areas, which instead
terminate in targets adjacent to locus coeruleus. These findings redefine the anatomic
organization of the locus coeruleus, and have implications for hypotheses concerning
the functions of this noradrenergic brain nucleus.

HE LOCUS COERULEUs (LC) HAs

attracted intense interest in the last

two decades, largely because of its
pervasive noradrenergic fiber projections
throughout the central nervous system
(CNS). A considerable body of evidence
implicates this nucleus in global brain func-
tions such as emotion and vigilance, as well
as in the etiology of mental disorders such as
depression and dementia of the Alzheimer
type (I, 2). At the cellular level, perhaps
more is known about the anatomical projec-
tions and postsynaptic effects of the LC than
any other system in brain (3). Recent studies
have also revealed a homogenous set of
discharge properties for these cells and
shown that specific behavioral and sensory
events evoke concerted activity of LC neu-
rons (4, 5; reviewed in 6).

In contrast to this knowledge of the
physiology, pharmacology, and efferent
anatomy of the LC system, little is known
about the neural inputs that regulate activity
in this nucleus. Specification of the afferents
that control LC discharge is critical to un-
derstanding the neural circuitry in which
this system functions and, therefore, to gen-
erating hypotheses concerning its role in
brain and behavioral processes.

In previous attempts to define inputs to
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rodent LC, injections of horseradish peroxi-
dase (HRP) were used to label afferent
neurons by retrograde transport. In the few
studies of this type (7), many CNS struc-
tures were found to contain retrogradely

Fig. 1. LC injection site. Bright-field photomicro-
graph of a coronal section through LC of an
experimental rat brain. WGA-HRP was ionto-
phoresed into LC and tissue processed with TMB
after a 24-hour survival period (9, 11). Note the
dense deposit of tracer (black area) confined to
the LC. Medial (fourth ventricle) is to the right
and dorsal is at the top.

labeled cells, but no functional pattern of
afferent innervation emerged. Since these
initial neuroanatomic studies were conduct-
ed, retrograde tracing techniques have im-
proved substantially. In particular, recent
methods employing the tracer wheat germ
agglutinin—conjugated HRP (WGA-HRP),
combined with the histochemical substrate
tetramethylbenzidine (TMB), are many
times more sensitive than techniques utiliz-
ing nonconjugated HRP as the tracer and
diaminobenzidine as the substrate (as in the
above studies) (8). Thus, we reexamined
inputs to LC, taking advantage of the more
sensitive techniques presently available; we
anticipated that additional afferents to LC
might be found. However, we found that
the LC is innervated by only a few brain
regions, with the bulk of afferents arising
from two rostral medullary nuclei. These
results substantially redefine the circuit rela-
tionships of this pervasive noradrenergic
brain system and, therefore, have a direct
bearing on hypotheses of LC function.

Dense, focal injections of WGA-HRP
were made by iontophoresis from glass mi-
cropipettes (9) in adult, male Sprague-Daw-
ley rats. Single cell recordings through the
injection pipette were used to accurately
place injections [for example, LC neurons
were recognized by their distinctive wave-
form and responsiveness to sensory stimuli
(3, 10)]. Eighteen to thirty-six hours after
injection, brains were prepared for HRP
histochemistry with TMB as the substrate
(11).

Our conclusions are based on an analysis
of injection sites centered unilaterally in the
LC (33 cases) (Fig. 1). Neurons were con-
sidered retrogradely labeled if at least ten
TMB reaction granules were visible within
the Nissl-stained cell. Injections confined to
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the LC labeled numerous neurons consist-
ently and strongly in only two areas—the
nucleus prepositus hypoglossi (PrH) and
the nucleus paragigantocellularis (PGi),
both in the medulla. Labeled neurons in the
PrH, located in rostral dorsomedial medulla,
are densely aggregated along the dorsolater-
al border of the medial longitudinal fasiculus
(mlf) where it meets the fourth ventricle;
some cells were seen also scattered along the
lateral aspects of, and occasionally within,
the mlf (Fig. 2, A and B). Retrograde
labeling in PrH is bilateral, but slightly
greater contralaterally. The second major
source of afferents to LC, and the most
prominent (in terms of number of labeled
neurons), is PGi as defined by Andrezik ez
al. (12), located in rostral ventrolateral me-
dulla. Retrogradely labeled PGi neurons are
centered slightly caudal to labeled PrH cells
and are predominantly, though not exclu-
sively, ipsilateral to the injection site. La-
beled cells are scattered between the rostral
lateral reticular nucleus and the caudal facial
nucleus and between the inferior olive and
the spinal trigeminal nucleus (Fig. 2, C and
D). Some labeled neurons are present just
dorsal to the lateral aspect of the inferior
olive, and others reside medial to the facial
nucleus, near its caudal limit.

The dorsal cap of the paraventricular hy-
pothalamic nucleus (PVH) and the interme-

diate gray of the spinal cord (SpC) also
exhibited weak but consistent retrograde
labeling. For the dorsal cap cells, labeling
was bilateral but slightly greater ipsilaterally.
Neurons in more central portions of the
PVH were only labeled when injections
substantially exceeded the boundaries of LC
(see below). Labeled SpC neurons were
scattered in the intermediate gray of the
cord near the central canal, predominantly
contralaterally. Many of these cells were so
weakly labeled as to be on the threshold of
detection.

The ventral tegmental area (VTA), dorsal
and median raphe nuclei, and lateral as well
as rostral hypothalamus contained a few
weakly labeled cells in some animals, but
were unlabeled in many others.

Our results for retrograde labeling, there-
fore, indicate that the LC receives inputs
from only two major (PrH and PGi) and
possibly two minor (PVH and SpC)
sources. However, previous tracing studies
(7, 13) describe afferents to LC from many
areas that lack consistent retrograde labeling
in our material (for example, amygdala,
spinal dorsal horn, nucleus tractus solitarius,
and VTA). To investigate the cause of these
discrepancies, we performed several addi-
tional experiments.

First, to assess the possibility that our
small iontophoretic injections failed to label
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all afferents, we made injections in the occip-
ital cortex (border between areas 17 and 18)
using the same procedures as for our LC
injections. Retrogradely labeled cells were
found in all sites that are known to project
to rat occipital cortex (14). This result indi-
cates that our injection method labeled all
known afferents in another, well-character-
ized system.

Second, examination of cases with LC
injections that impinged on neighboring
parabrachial, vestibular, or central gray nu-
clei revealed substantial retrograde labeling
in areas previously reported to project to LC
but that remain unlabeled after restricted LC
injections (for example, amygdala, spinal
dorsal horn, nucleus tractus solitarius, and
insular cortex). Thus, with injections ex-
ceeding the boundaries of the LC, our re-
sults are similar to previous reports (7, 13).
This suggests that tracer uptake in areas
nearby but outside the LC may have sub-
stantially contributed to previously reported
labeling. This possibility is consistent with
our physiologic studies revealing robust an-
tidromic activation in PGi and PrH, but not
in rostral nucleus tractus solitarius (NTS)
and other areas of discrepancy, after focal
electrical stimulation of LC (15).

Third, large injections of WGA-HRP
were made into areas reported to project to
LC (7) and the resulting patterns of antero-

Fig. 2. Major retrogradely labeled
LC afferents, in PrH (A and B)
and in PGi (C and D). (A) Video
computer-aided plot  (Nikon/
Joyce-Loebl Magiscan) of retro-
gradely labeled neurons in a cor-
onal section through rostral me-
dulla after an injection of WGA-
HRP into LC. Low- (upper) and
high-power (lower) views of the
same section are given for orien-
tation. Amb, nucleus ambiguous;
mlf, medial longitudinal fasiculus;
MVe, medial vestibular nucleus;
PrH, prepositus hypoglossal nu-
clei; SpV, spinal trigeminal nucle-
us; SpVe, superior vestibular nu-
cleus. (B) High-power, dark-
field, polarized-light photomicro-
graph of retrogradely labeled
neurons in PrH. Same orienta-
tion as in (A). (C) Computer-
aided plot of retrogradely labeled
neurons in a coronal section
through PGi [slightly caudal to
section in (A)] after an injection
of WGA-HRP into LC ipsilater-
ally. Midline is at left. IO, inferior
olive; NTS, nucleus tractus soli-
tarius; PGi, paragigantocellularis
lateralis; other abbreviations are
as in (A). (D) High-power, dark-
field, polarized-light photomicro-
graph of retrogradely labeled neu-
rons in PGi. Same orientation as
in (C).
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Fig. 3. Anterogradely transported fiber labeling. (A) Dark-field, polarized-light photomicrograph of
coronal section showing dense innervation of LC (at arrow) by WGA-HRP-labeled fibers after an
injection into PrH. (B) Photomicrograph as in (A), except following injection of WGA-HRP into PGi.
Compare dense labeling within LC in (A) and (B) to contrasting labeling seen in (C). (C)
Photomicrograph as in (A), except after injection of WGA-HRP into the central nucleus of the
amygdala. Note dense innervation of parabrachial area (immediately lateral and dorsal to LC) by labeled
fibers, but lack of fiber labeling within LC (at arrow).

grade labeling were assessed. Injections into
the central nucleus of the amygdala, previ-
ously reported to be the major afferent to
LC (7), revealed no afferent fiber labeling in
LC, but instead produced dense anterograde
and retrograde labeling in the nearby ven-
tromedial parabrachial nucleus (Fig. 3C).
Injections in the dorsal horn of the thoracic
spinal cord, rostral NTS, and VTA yielded
similar results—anterograde labeling was
absent in LC but present in neighboring
parabrachial and central gray nuclei. Sparse,
scattered fibers were observed in LC from
caudal NTS injections; however, since retro-
gradely labeled neurons are consistently ab-
sent in this area after our dense injections
confined to LC, we conclude that such fiber
labeling reflects transit axons projecting to
the adjacent, heavily labeled parabrachial
nucleus.

Finally, to confirm our own data from
retrograde transport studies, anterograde la-
beling was examined after WGA-HRP injec-
tions into PGi and PrH, the two major
afferents to LC identified in our retrograde
analysis. Anterograde labeling was dense in
LC after injection into either PGi or PrH
(Fig. 3, A and B).

These results are consistent with our re-
cent physiologic experiments revealing that
electrical stimulation of PGi at low intensi-
ties reliably yields short-latency robust exci-
tation in LC neurons (Fig. 4) (16). In
contrast, stimulation of the central nucleus
of the amygdala apparently yields no direct
synaptic response in LC but markedly ex-
cites nearby parabrachial neurons (I6).
Therefore, at least for this major input to
areas adjacent to the LC, possible innerva-
tion of distal, extranuclear LC dendrites (17)
does not appear to be a significant afferent
mechanism.
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Other possible sources of afferents to LC
are more difficult to examine with tracing
methods because of their proximity to the
LC. In particular, parabrachial and vestibu-
lar nuclei often contained labeled cells locat-
ed within the relatively faint “halo” of the
injection site centered in LC. We further
examined these structures in eight rats, us-
ing very small injections of WGA-HRP in
LC (<0.5 pA for 5 minutes) and short
survival times (2 to 8 hours). In three cases
there was no halo in regions adjacent to LC
and no retrograde labeling in parabrachial or
vestibular nuclei, even though positive neu-
rons were present in PGi. We therefore
suggest that these adjacent areas are not
afferent to LC; additional studies are needed
to confirm this possibility.

In summary, we find that remarkably few
CNS areas are directly afferent to LC in rat.
Only two nuclei, the PGi and the PrH,
consistently exhibit substantial retrograde
labeling, and we conclude that these cell
groups provide the major afferents to LC.
The dorsal cap of PVH and spinal interme-
diate gray also exhibit consistent retrograde
labeling after confined LC injections, but
with sparse, weakly labeled neurons. Be-
cause areas near LC injection sites (for ex-
ample, parabrachial nuclei) may receive in-
puts from these structures, conclusions con-
cerning these weakly labeled nuclei must
remain tentative until confirmed by antero-
grade transport studies. We therefore con-
sider these to be possible minor LC affer-
ents.

The PGi area is a crossroads for circuitry
pertaining to autonomic neuron integration
as well as polymodal environmental and
painful stimuli (12, 18). Each of these activi-
ties may influence LC through PGi projec-
tions; our results, in light of the heavy PGi

projection to the intermediolateral cell col-
umn of the spinal cord (19) and the observa-
tions by Svennson and colleagues that LC
discharge parallels sympathetic nerve activi-
ty (20), raise the possibility that a set of PGi
cells may coregulate LC and sympathetic
preganglionic neurons. In addition, we and
others (2-5) have found that LC neurons
exhibit pronounced excitation following
painful or polymodal nonnoxious stimuli (in
waking animals), suggesting that the LC is
strongly regulated by afferents that integrate
sensory information across modalities, such
as PGi. This latter possibility is con-
sistent with our recent finding that LC
is strongly activated by PGi stimulation
(16).

The physiology and anatomy of the PrH
have led many investigators to conclude that
this nucleus is involved in the control of
gaze (21). However, it is only recently that
PrH has received close experimental investi-
gation, and such a characterization may be
incomplete. As McCrea et al. (22) point out,
“When one considers the diversity of affer-
ents as well as efferents from the prepositus,
it is apparent that this nucleus is more than a
simple site for oculomotor or precerebellar
activity.” Possible nonoculomotor functions
of the PrH may be performed by adrenergic
neurons located in this region (23), which
may innervate LC. Additional studies are
under way to determine the circuitry and
physiologic functions of the subsets of PGi
and PrH neurons that are afferent to LC
to better characterize the functional in-
fluences of these projections on the LC
system.

Our study indicates that a large number of
structures previously reported to provide
substantial input to LC (7, 13) remain unla-
beled following restricted WGA-HRP injec-
tions in LC. Additional experiments re-
vealed that at least four of these areas (that
have been regarded as strong afferents to
LC) do not support anterograde transport
into LC, but instead yield robust fiber label-
ing in areas neighboring LC. These results
are consistent with other recent studies that
demonstrate that the parabrachial area,
which is adjacent to LC, is strongly inner-
vated by many of the discrepant nuclei,
including the insular cortex, central nucleus
of the amygdala, spinal dorsal horn, VTA,
and NTS (24). Thus, it may be that many
structures containing retrogradely labeled
cells in previous studies are attributable to
spread of injected tracer, and consequent
uptake by terminals in areas adjacent to LC.
This conclusion is supported by results of
our recent physiologic experiments, de-
scribed above. In retrospect, it is not surpris-
ing that previous HRP studies attributed
numerous afferents to LC inasmuch as the
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Fig. 4. Time histogram of discharge from an LC
neuron before and after stimulus, accumulated
during 50 trials of PGi stimulation (0.5 stimuli
per second, 400 wA intensity, presented at ar-
row). Note short-latency (10-msec onset), robust
excitation. Inhibition after the activation may be

due to intracoerulear feedback mechanisms (3,
28).

extensive inputs to the adjacent parabrachial
area were not known at that time.

Several studies have found that a number
of different neurotransmitter systems appear
to innervate LC (3), and this has generally
fostered the notion that LC receives affer-
ents from a large number of sources. It is
noteworthy, however, that the few nuclei
afferent to LC identified in our study con-
tain neurons that stain for markers of most
of these same neurotransmitters. For exam-
ple, neurons in the PGi and PrH areas have
been reported to stain positively for markers
of serotonin, enkephalins, substance P, ace-
tylcholine, neurotensin, corticotropin-re-
leasing factor, and somatostatin (25), and
Hokfelt e al. and others (23) have provided
evidence for major adrenergic cell groups
within both the PrH and PGi. Studies are in
progress to determine the neurotransmitters
used by the presently identified afferents to
LC as it is possible that multiple transmitter
systems impinge on LC from only a few
nuclei.

There are several implications of this
study for LC function. (i) Because so few
cell groups project directly to LC, the di-
verse sensory and behavioral events that
influence LC discharge probably act on this
nucleus by common pathways. (ii) Because
signals reaching the LC are thus likely to be
highly preprocessed, and LC neurons exhib-
it uniform, concerted activity (2-5, 20), it is
unlikely that this nucleus is engaged in
complex processing of several types of infor-
mation. Rather, the LC may weigh activity
in inputs from two major sources, and wide-
ly distribute a uniform message over its
divergent efferents (5, 26). (iii) By far, the
preponderance of afferent control over the
LC emanates from the medulla; there is
virtually no forebrain control of this nucle-
us, which itself pervasively innervates most
of the forebrain. Therefore, processes associ-
ated primarily with forebrain areas (such as,
memory, emotion, learning, or fear and
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anxiety) (27) probably do not require the
LC for their primary functioning, although
such functions may be gated or modulated
as part of a more global function of LC [for
example, in behavioral orientation and the
level of vigilance (5, 26)]. Thus, the pro-
posed role of LC in such forebrain processes
may require reexamination. (iv) Our results
emphasize the need to learn more about the
anatomy and physiology of PGi and PrH.
The integrative functions of these two med-
ullary nuclei hold the key to understanding
the functional role of LC in brain and
behavioral processes. '
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