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Abstract--The aim of this study was to examine the afferents to the rat locus coeruleus by means of 
retrograde and anterograde tracing experiments using cholera-toxin B subunit and phaseolus leucoagglu- 
tinin. To obtain reliable injections of cholera-toxin B in the locus coeruleus, electrophysiological 
recordings were made through glass micropipettes containing the tracer and the noradrenergic neurons 
of the locus coeruleus were identified by their characteristic discharge properties. After iontophoretic 
injections of cholera-toxin B into the nuclear core of the locus coeruleus, we observed a substantial number 
of retrogradely labeled cells in the lateral paragigantocellular nucleus and the dorsomedial rostral medulla 
(ventromedial prepositus hypoglossi and dorsal paragigantocellular nuclei) as previously described. 6 We 
also saw a substantial number of retrogradely labeled neurons in (1) the preoptic area dorsal to the 
supraoptic nucleus, (2) areas of the posterior hypothalamus, (3) the K611iker-Fuse nucleus, (4) mesen- 
cephalic reticular formation. Fewer labeled cells were also observed in other regions including the 
hypothalamic paraventricular nucleus, dorsal raphe nucleus, median raphe nucleus, dorsal part of the 
periaqueductal gray, the area of the noradrenergic A5 group, the lateral parabrachial nucleus and the 
caudoventrotateral reticular nucleus. No or only occasional cells were found in the cortex, the central 
nucleus of the amygdala, the lateral part of the bed nucleus of the stria terminalis, the vestibular nuclei, 
the nucleus of the solitary tract or the spinal cord, structures which were previously reported as inputs 
to the locus coeruleus.~°'~3 Control injections of cholera-toxin B were made in areas surrounding the locus 
coeruleus, including (1) Barrington's nucleus, (2) the mesencephalic trigeminal nucleus, (3) a previously 
undefined area immediately rostral to the locus coeruleus and medial to the mesencephalic trigeminal 
nucleus that we named the peri-mesencephalic trigeminal nucleus, and (4) the medial vestibular nucleus 
lateral to the caudal tip of the locus coeruleus. These injections yielded patterns of retrograde labeling 
that differed from one another and also from that obtained with cholera-toxin B injection sites in the locus 
coeruleus. These results indicate that the area surrounding the locus coeruleus is divided into individual 
nuclei with distinct afferents. 

These results were confirmed and extended with anterograde transport of cholera-toxin B or phaseolus 
leucoagglutinin. Injections of these tracers in the lateral paragigantocellular nucleus, preoptic area dorsal 
to the supraoptic nucleus, the ventrolateral part of the periaqueductal gray, the K611iker-Fuse nucleus 
yielded a substantial to large number of labeled fibers in the nuclear core of the locus coeruleus. 
Anterograde transport of cholera-toxin B or phaseolus leucoagglutinin from the posterior hypothalamic 
areas yielded a moderate to small number of labeled fibers in the nuclear core of the locus coeruleus. These 
anterograde tracing experiments confirm that these areas send direct projections to the rat locus coeruleus. 
Importantly, fiber labeling from each of these areas was in most cases much denser in areas immediately 
surrounding the locus coeruleus than in the locus coeruleus proper. In particular, the lamina and the 
periaqueductal gray medial to the locus coeruleus where many dendrites of locus coeruleus noradrenergic 
cells are located contained a large number of fibers. 

These data might indicate that a large number of the afferents to the noradrenergic neurons of the locus 
coeruleus terminate on dendrites outside the dense core of the nucleus. Further electrophysiological as 
well as ultrastructural studies are necessary to test this hypothesis. 

?To whom correspondence should be addressed. 
Abbreviations: DAB, 3,3'-diaminobenzidine; HRP, horse- 

radish peroxidase; PAP, peroxidase-antiperoxidase; 
PB, phosphate buffer; PBST, PB saline containing 
0.3% Triton X-100; PBST-Az, PBST and 0.1% sodium 
azide; PHA-L, Phaseolus vulgaris leucoagglutinin; PS, 
paradoxical sleep; TH, tyrosine hydroxylase; TMB, 
tetramethylbenzidine; WGA-HRP, wheatgerm agglu- 
tinin conjugated with HRP. 

The rat locus coeruleus (LC) is a nucleus of  the 
pontine tegmentum composed of  a homogeneous  
compact  noradrenergic cell group innervating nearly 
all the neuroaxis. 16 These neurons exhibit a regular 
tonic discharge during waking, decrease their activity 
during slow-wave sleep and almost stop firing during 
paradoxical  sleep (PS). 4 During waking, these neur- 
ons are phasically activated by a variety of  sensory 
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st imuli)  These and other  data obtained by electro- 
physiological and pharmacological  experiments 
suggest a crucial role o f  these cells in the control  o f  
behavioral state, including vigilance and attention, 
and a critical but permissive role in the generation of  
paradoxical  sleep. 4'34:3 For  several years, several 

groups have sought to unders tand the afferent control  
of  LC neurons to reveal brain circuits involved in 
state and at tention functions. 

In early anatomical  studies, using the retrograde 
tracer horseradish peroxidase (HRP)  with diamino- 
benzidine (DAB) as a chromogen,  it was reported 
that  many CNS structures project to the LC. 1°'13'45'57 

In contrast ,  using the more sensitive retrograde 
tracers F luoro-Gold  and wheatgerm agglutinin 
conjugated with H R P  ( W G A - H R P )  with tetra- 
methylbenzidine (TMB) as a chromogen,  Aston-  
Jones et al. 6 recently found that major  inputs to the 
LC as indicated by numerous strongly labeled neur- 
ons emanate  from two nuclei, the paragigantocellu- 
laris lateralis and prepositus hypoglossi, both in the 
rostral medulla. This conclusion was substantiated by 
confirmatory anterograde tracing as well as by elec- 
trophysiological studies showing prominent  func- 
tional influences of  these two nuclei on LC neurons. 
We recently reported in cats that  subunit B from the 
cholera-toxin (CTb), when iontophoretically applied 
and visualized with s t reptavidin-HRP,  is a highly 
sensitive retrograde and anterograde t r ace r :  ~ There- 
fore, here we applied our method  to rats in order to 
examine the afferents to the LC. Single cell recordings 
through the injection pipette were used to accurately 
place injections in the LC. We endeavoured to 
confirm the specificity of  the retrogradely labeled 
afferents to the LC by means of  (1) CTb control  
injections in the regions surrounding the LC and (2) 
injections of  the anterograde tracers CTb and Phase-  

olus vulgaris leucoagglutinin (PHA-L) in the areas 
projecting to the LC. Preliminary results of  this work 
have been r epor t ed )  9 

EXPERIMENTAL PROCEDURES 

Retrograde tracing experiments 
Male Sprague-Dawley rats (Taconic Farms Inc. or IFFA 

Credo) weighing 250-350 g were anesthetized with chloral 
hydrate (400 mg/kg, intraperitoneal) or Nembutal (60 mg/ 
kg, intraperitoneal) and placed in a stereotaxic apparatus. A 
scalp incision was made, a hole was drilled in the skull 
overlying the LC, and the dura was reflected. The skull was 

placed at a 12 ~ angle (nose tilted down) to avoid rupturing 
the overlying transerse sinus; coordinates were: 3.7 mm 
caudal to real lambda, 1.2 mm lateral to midline and 6.0 mm 
ventral from skull. 

Preparation o f  cholera toxin B. To obtain reliable ionto- 
phoretic injections, it was necessary to replace the original 
buffer lyophilized with CTb by a phosphate buffer (PB) at 
pH 6,0. 41 For this purpose, 1 mg of lyophilized CTb was 
reconstituted with l ml of 0.1M PB (pH6.0) and then 
desalted, buffer exchanged and concentrated to I% by two 
repeated 1 h-30-ultrafiltrations (l~).Iml) at 7000r.p.m. 
with a centricon-10 microconcentrator (Amicon, U.S.A.). 

Cholera toxin B injection protocol. Glass capillary tubes 
(1.5 or I mm O.D.) were heated, pulled and the tips broken 
to 3-5/tm diameter under microscopic control. These mi- 
cropipettes were backfilled with the 1% solution of CTb in 
0.1 M PB (pH 6.0). ElectrotShysiological recordings from 
these pipettes with a good signal to noise ratio aided in 
localizing LC by its distinctive spontaneous or foot pinch- 
evoked discharge characteristics, v To eject CTb, a pulsed 
positive current (4 or 7 s on, 4 or 7 s off, 0.5 2 p A, 5 15 min) 
was applied (Midgard CS-4 or Finntronics constant current 
source) to avoid heating or clogging the tip. At the end, the 
pipettes were left in place for 10 15 rain to prevent leakage 
of the tracer along the pipette track. Animals were allowed 
to survive for one to seven days before perfusion. Using 
different injection times and currents we obtained either 
large (n =6, 1 2#A, 5 15rain) or small (n =8, 0.5#A, 
5 15 min) injections centered in the LC. Control iontophor- 
etic injections (0.5/~A, 10min) were also made in nuclei 
adjacent to LC including Barrington's nucleus (Bar, n = 3), 
mesencephalic trigeminal nucleus (5 Me, n = 2), the peri- 
5 Me nucleus (n = 3) and the medial vestibular nucleus 
(MVe, n = 1). 

Histology. The animals were deeply anesthetized and 
perfused through the ascending aorta, initially with 200 ml 
of Ringer's lactate solution with 0.1% heparine, followed by 
1,000 ml of an ice-cold fixative in 0.1 M PB (pH 7.4) con- 
taining 4% paraformaldehyde, 0-0.25% glutaraldehyde and 
0.2% picric acid. After removal from the skull, the brains 
were postfixed overnight at 4°C in 0.1 M PB containing 2% 
paraformaldehyde and 0.2% picric acid. The brains were 
then rinsed and cryoprotected by immersion in 0.1 M PB 
containing 300 sucrose for 48 72 h at 4°C. Afterwards, 
these specimens were rapidly frozen with CO 2 gas and 
coronal 20-25-/~m-thick sections were cut on a cryostat. The 
free-floating sections were then incubated in CTb antiserum 
or stocked before staining in 0.l M PB saline (NaCI, 0.9%) 
containing 0.3% Triton X-100 (PBST) and 0.1% sodium 
azide (PBST-Az, pH = 7.4). 

lmmunohistochemistry o f  cholera toxin B. Immunohisto- 
chemical detection of CTb was carried out by sequential 
incubations of free-floating sections according to Hsu et 
al., 31 method slightly modified: ~ The sections were first sub- 
mitted to a long incubation over three to four days at 4°C 
in PBST-Az with the "goat" CTb antiserum (List Biological 
Laboratories) at a 1:40,000 dilution, with gentle stirring. 
Then, they were rinsed 2 x 30 rain in PBST and incubated 
for 90rain at room temperature or overnight at 4°C 

Fig. 1. (A) Color photomicrograph illustrating a small CTb injection apparently limited to the ventral 
part of the LC (RLC 16). The section has been counterstained with TH-immunohistochemistry (in brown) 
to help delineate the border of the LC. Note that the site did not substantially encroached on the lamina 
between the LC and the ventricle or the MVe region just lateral to the LC. Scale bar = 100 #m. (B) Color 
photomicrograph showing anterogradely labeled fibers in the nuclear core of the LC after the PHA-L 
injection in the preoptic region shown in Fig. 22E. The section has been counterstained with Neutral Red 
to help delineating the LC. Scale bar = 100#m. (C) Color photomicrograph showing anterogradely 
labeled fibers in the LC and the periaqueductal gray medial to it after a CTb injection in the ventrolateral 
part of the periaqueductal gray. The section was counterstained with TH-immunohistochemistry in brown. 
Scale bar = 100/~m. (D) Color photomicrograph illustrating terminal-like dots in the LC after a CTb 
injection in the nucleus Krlliker-Fuse. The section was counterstained for TH-immunoreactivity which 

appears brown. Scale bar = 100/lm. 
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in the biotinylated donkey anti-goat immunoglobulin 
(1 : 2,000 in PBST, Jackson Immunoresearch Lab) followed 
after 2 x 30min  rinses in PBST by streptavidin-HRP 
(l : 40,000 in PBST, Jackson Immunoresearch Lab). Finally, 
after 2 x 30 min rinses in PBST, the sections were immersed 
in 0.02% 3,Y-diaminobenzidine-4 HCI (DAB, Sigma) con- 
taining 0.003% H202 and 0.6% nickel ammon i um sulfate in 
0.05 M Tris-HC1 buffer (pH 7.6) for 10 15min at room 
temperature. The reaction was terminated by two washes in 
PBST-Az. Finally, the sections were mounted on gelatin- 
coated glass slides, dried, dehydrated and coverslipped with 
Oepex or Permount.  

Anterograde tracing experiments 

Injection protocol. Phaseolus vulgaris-leucoagglutinin 
(PHA-L) was injected in certain structures found to contain 
cells retrogradely labeled from the LC and, in most  cases, 
CTb was also injected contralaterally in the same structure. 
A stereotaxic surgical method similar to the retrograde 
experiments was used, but the injections were made with a 
flat skull and the aid of  brain surface landmarks for 
stereotaxic orientation. PHA-L (Vector Lab., 2.5% in 
0.01 M PBS) was iontophoretically injected. 24 Cellular 
recordings through the injection pipette ( 10 -20pm tips) 
aided in localizing target sites. Injections were made with 
5/~A of pulsed current (4 or 7 s on, 4 or 7 s off) for 30 min. 
For CTb, iontophoretic injections were made through 
3-5 ~ m  micropipettes using a 2 # A  pulsed positive current 
for 15 30 min. Animals  survived for seven to 15 days and 
were then deeply anesthetized and perfused. The brains were 
then postfixed and cut into frontal sections as described 
above for the retrograde experiments. Injections were made 
in the infralimbic cortex (PHA-L, n = l), the area 1 of the 
frontal cortex and the adjacent hindlimb region of the 
primary somatosensory area (PHA-L, n = 2), the preoptic 
area located dorsal to the supraoptic nucleus (CTb, n = 2, 
PHA-L,  n = 2), the dorsal hypothalamic area (CTb, n = 2, 
PHA-L,  n = 2), the perifornical area (CTb, n = 2, PHA-L, 
n = 2), the lateral hypothalamic area latero-dorsal to the 
fornix (CTb, n = 2, PHA-L,  n = 2), the lateral hypothalamic 
area dorso-medial to the subthalamic nucleus (CTb, n = 1, 
PHA-L,  n = 1), the mesencephalic reticular formation (B9 
serotoninergic group) (PHA-L, n = 2), the ventrolateral 
part of  the periaqueductal gray (CTb, n = 2, PHA-L,  n = 3), 
the dorsal raphe nucleus (CTb, n = 3), the latero-dorsal 
tegmental nucleus of  Castaldi (CTb, n = 3), the nucleus 
K611iker-Fuse (CTb, n = 1, PHA-L,  n = 1), the nucleus 
raphe magnus  (CTb, n = 5) and the lateral paragigantocel- 
lular nucleus (CTb, n = 1, PHA-L,  n = 4). 

Immunohistoehemicalproeedures. The immunohis tochem- 
ical detection of  CTb was carried out  as described above for 
the retrograde experiments. For PHA-L immunohis tochem- 
istry, the sections were first submitted to a long incubation 
over three to four days at 4°C in PBST-Az with a "rabbit"  
PHA-L antiserum (DAKO) at a 1 : 5000 dilution, with gentle 
stirring. Then, they were rinsed 2 x 30 min in PBST and 
incubated for 90 min at room temperature or overnight at 
4°C in the biotinylated "donkey"  anti-rabbit immunoglobu-  

lin (1:2000, Jackson Immunoresearch Lab.) followed after 
2 × 30 min rinses in PBST by streptavidin-HRP (1:40,000, 
Jackson Immunoresearch Lab.). Finally, as for CTb stain- 
ing, after 2 x 30min  rinses in PBST, the sections were 
imraersed in 0.02% 3,3'-diaminobenzidine-4HCl (DAB, 
Sigma) containing 0.003% H202 and 0.6% nickel am- 
mon ium sulfate in 0.05 M Tris-HC1 buffer (pH 7.6) for 
10-15 min at room temperature. The reaction was termi- 
nated by extensive washes in PBST-Az. 

For double labeled sections, CTb-stained sections were 
incubated for four days at 4~'C in rabbit antiserum to 
tyrosine hydroxylase (TH, l : 10,000, Institut Jacques Boy). 
After washes, the sections were placed sequentially for 
90 min at room temperature in donkey anti-rabbit IgG 
(1:400, DAKO)  and rabbit peroxidase-antiperoxidase 
(PAP, 1:400, DAKO).  Sections were then reacted with 
0.025% DAB containing 0.006% H202 in Tris-HCl buffer 
for 15-30 min. Following this procedure, the CTb antero- 
gradely labeled fibers were blue-black, whereas the cyto- 
plasm of  noradrenergic neurons were brown (Fig. 1). All 
sections were then mounted on gelatin coated glass slides, 
dried, dehydrated and coverslipped with Depex. 

RESULTS 

Cytoarchitecture o f  the locus coeruleus area 

T h e  c y t o a r c h i t e c t u r e  o f  the  L C  a r ea  h a s  been  
desc r ibed  p rev ious ly .  25"53'6°'66 Neve r the l e s s ,  in the  

cou r se  o f  o u r  s t u d y  o f  L C  af ferents ,  we f o u n d  ad-  

d i t iona l  unde f ined  l a n d m a r k s  in th is  area .  To  s t u d y  

the  o r g a n i z a t i o n  o f  the  L C  area ,  20 # m  f ron ta l  EC  

sec t ions  t aken  every  100 p m  f r o m  c o n t r o l  ra t  b r a in s  

were s t a i ned  wi th  neu t r a l  red a n d  m o u n t e d  in ros-  

t r o - c a u d a l  o rder .  A t  its m o r e  c a u d a l  tip, the  L C  is 

s e p a r a t e d  med ia l ly  f r o m  the  f o u r t h  ventr ic le  by a 

3 0 - p m - t h i c k  cell p o o r  l a m i n a  a n d  the  2 0 - # m - t h i c k  

e p e n d y m a .  La te ra l ly  a n d  ven t ra l ly ,  the  n u c l e u s  is 

b o r d e r e d  by the  MVe .  Dor sa l l y ,  the  L C  is b o r d e r e d  

by the  b r a c h i u m  c o n j u n c t i v u m  (Fig.  2F) .  Sl ight ly 

ros t ra l ly ,  the  med ia l ly  l oca t ed  cell p o o r  l a m i n a  is 

t h i cke r  ( a p p r o x i m a t e l y  1 0 0 # m )  a n d  the  5 M e  ap-  

pea r s  lateral ly.  A t  th is  level, t he  5 M e  is s e p a r a t e d  

f r o m  the  L C  by  a n  a rea  c o n t a i n i n g  few cells in whi te  

m a t t e r  (Fig.  2B) t h a t  a p p e a r s  to be a ros t ra l  e x t e n s i o n  

o f  the  M V e .  Sl ight ly  m o r e  ros t ra l ly ,  at  the  level o f  the  

m a x i m u m  e x t e n s i o n  o f  the  LC ,  th is  r eg ion  b e c o m e s  

t h i n n e r  a n d  the  5 M e  is very  c lose  to the  la teral  

b o r d e r  o f  the  LC.  Media l ly ,  the  L C  is s e p a r a t e d  f r o m  

the  vent r ic le  by  a la rge  u n d e f i n e d  a r ea  t h a t  a p p e a r s  

to be p a r t  o f  the  p o n t i n e  p e r i a q u e d u c t a l  gray .  A t  this  

level a n d  m o r e  ros t ra l ly ,  the  L C  is b o r d e r e d  do r sa l ly  

by  the  med i a l  p a r a b r a c h i a l  n u c l e u s  (Fig.  3C). 

Abbreviations used in the 

3 oculomotor nucleus AHP 
3V third ventricle Amb 
4 trochlear nucleus AP 
7 facial nucleus Aq 
8n vestibulocochlear nerve Arc 
10 dorsal motor  nucleus of  vagus ATg 
12 hypoglossal nucleus B9 
ac anterior commissure Bar 
aca anterior commissure,  anterior BST 
A H C  anterior hypothalamic area, central part BSTL 

figures 

anterior hypothalamic area, posterior part 
ambiguus nucleus 
area postrema 
aqueduct  (Sylvius) 
arcuate hypothalamic nucleus 
anterior tegmental nucleus 
B9 5-hydroxytryptamine cells 
Barrington's  nucleus 
bed nucleus of the stria terminalis 
bed nucleus of the stria terminalis, lateral division 
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BSTM 

BSTV 

Ce 
CG 
C1 
CLI 
CNF 
cp 
Cu 
CVL 
DA 
Dk 
DLL 
DM 
DMC 
DMD 
DPGi 
DR 
DTg 
EP 
EW 
f 
F 
FF 
fmi 
fr 
Frl 
g7 
Gi 
GiA 
GiV 
Gr 
HDB 

ic 
IL 
IO 
IP 
IPA 
KF 
LC 
LDT 
ffp 
LH 
LHb 
Li 
11 
LM 
LPB 
LPGi 
LPO 
LRt 
LSO 
LV 
LVe 
lvs 
MCLH 

MCPO 
MdD 
MdV 
Me5 
me5 
ml 
mlf 
Mn 
MP 
MnPO 
MnR 
Mo5 
MPA 

bed nucleus of the stria terminalis, medial MPB 
division MPO 
bed nucleus of the stria terminalis, ventral MPOC 
division mt 
central amygdaloid nucleus MTu 
central (periaqueductal) gray MVe 
claustrum opt 
caudal linear nucleus of the raphe ox 
cuneiform nucleus Pa 
cerebral peduncle, basal part PBG 
cuneate nucleus PCRt 
caudoventrolateral reticular nucleus PDTg 
dorsal hypothalamic area PeF 
nucleus of Darkschewitsch PH 
dorsal nucleus of the lateral lemniscus PMD 
dorsomedial hypothalamic nucleus PMR 
dorsomedial hypothalamic nucleus, compact part PMV 
dorsomedial hypothalamic nucleus, diffuse part Pn 
dorsal paragigantocellular nucleus PnC 
dorsal raphe nucleus PnO 
dorsal tegmental nucleus PnV 
entopeduncular nucleus PPT 
Edinger Westphal nucleus Pr5 
fornix PrH 
nucleus of the fields of Forel PVA 
fields of Forel py 
forceps minor corpus callosum R 
fasciculus retroflexus RCh 
frontal cortex, area 1 RMC 
genu of the facial nerve RMg 
gigantocellular reticular nucleus ROb 
gigantocellular reticular nucleus, alpha part RPa 
gigantocellular reticular nucleus, ventral part RPC 
gracile nucleus RPn 
nucleus of the horizontal limb of the diagonal RPO 
band RR 
internal capsule RRF 
in fralimbic cortex rs 
inferior olive RtT 
interpeduncular nucleus s5 
interpeduncular nucleus, apical subnucleus SC 
K611iker Fuse nucleus SCh 
locus coeruleus scp 
laterodorsal tegmental nucleus 
longitudinal fasciculus of the pons SHy 
lateral hypothalamic area SI 
lateral habenular nucleus sm 
linear nucleus of the medulla SN 
lateral Iemniscus SNC 
lateral mammillary nucleus SNR 
lateral parabrachial nucleus SO 
lateral paragigantocellular nucleus Sol 
lateral preoptic area sol 
lateral reticular nucleus SOR 
lateral superior olive 
lateral ventricle sox 
lateral vestibular nucleus sp5 
lateral vestibulospinal tract Sp5C 
magnocellular nucleus of the lateral hypothala- SPO 
mus SpVe 
magnocellular preoptic nucleus st 
medullary reticular nucleus, dorsal part STH 
medullary reticular nucleus, ventral part TM 
mesencephalic trigeminal nucleus ts 
mesencephalic trigeminal tract Tz 
medial lemniscus VLL 
medial longitudinal fasciculus VMH 
medial mamillary nucleus VMHC 
medial mamillary nucleus, posterior VP 
median preoptic nucleus VTA 
median raphe nucleus VTg 
motor trigeminal nucleus xscp 
medial preoptic area ZI 

medial parabrachial nucleus 
medial preoptic nucleus 
medial preoptic nucleus, central part 
mammillothalamic tract 
medial tuberal nucleus 
medial vestibular nucleus 
optic tract 
optic chiasm 
paraventricular hypothalamic nucleus 
parabigeminal nucleus 
parvocellular reticular nucleus 
posterodorsal tegmental nucleus 
perifornical nucleus 
posterior hypothalamic area 
premammillary nucleus, dorsal part 
paramedian raphe 
premammillary nucleus, ventral part 
pontine nuclei 
pontine reticular nucleus, caudal part 
pontine reticular nucleus, oral part 
pontine reticular nucleus, ventral part 
pedunculopontine tegmental nucleus 
principal sensory trigeminal nucleus 
prepositus hypoglossi nucleus 
paraventricular thalamic nucleus, anterior part 
pyramidal tract 
red nucleus 
retrochiasmatic area 
red nucleus, magnocellular part 
raphe magnus nucleus 
raphe obscurus nucleus 
raphe pallidus (postpyramidal raphe) nucleus 
red nucleus, parvocellular part 
raphe pontis nucleus 
rostral periolivary region 
retrorubral nucleus 
retrorubral field 
rubrospinal tract 
reticulotegmental nucleus of the pons 
sensory root trigeminal nerve 
superior colliculus 
suprachiasmatic nucleus 
superior cerebellar peduncle (brachium conjunc- 
tivum) 
septohypothalamic nucleus 
substantia innominata 
stria medullaris of the thalamus 
substantia nigra 
substantia nigra, compact part 
substantia nigra, reticular part 
supraoptic nucleus 
nucleus of the solitary tract 
solitary tract 
supraoptic nucleus, retrochiasmatic (diffuse) 
part 
supraoptic decussation 
spinal trigeminal tract 
spinal trigeminal nucleus, caudal part 
superior paraolivary nucleus 
spinal vestibular nucleus 
stria terminalis 
subthalamic nucleus 
tuberomammillary nucleus 
tectospinal tract 
nucleus of the trapezoid body 
ventral nucleus of the lateral lemniscus 
ventromedial hypothalamic nucleus 
ventromedial hypothalamic nucleus, central part 
ventral pallidum 
ventral tegmental area (Tsai) 
ventral tegmental nucleus (Gudden) 
decussation of the superior cerebellar peduncle 
zona incerta 



Fig. 2. (A) Illustration of a CTb injection site in the rat LC + peri-LC (RLC2, ~600 #m in diameter). 
Note that this site covered the entire LC and also involved the lamina and the periaqueductal gray between 
the LC and the fourth ventricle and part of the MVe area just lateral to the LC. (B) Illustration of a CTb 
injection site in the rat LC (RLCI5, ~ 180 × 350 #m). Note that this site was localized in the caudal LC 
and did not substantially appear to involve the lamina and the periaqueductal gray medial to the LC. The 
MVe region lateral to the LC did not appear to be involved. (C) Illustration of a control CTb injection 
site in Barrington's nucleus (~400 #m in diameter). Note that this site involved also the periaqueductal 
gray surrounding the Bar but did not appear to involve the LC or the peri-5 Me nucleus. (D) Illustration 
of a CTb injection site in the peri-5 Me nucleus ( ~  200 ~m in diameter). Note that this site is apparently 
limited to this nucleus with only a small extension in the LC region dorsal to it. The Bar seems to be not 
involved. (E) Illustration of a control injection site of CTb in the mesencephalic trigeminal nucleus (Me5) 
( ~  300/~m in diameter). Note that this site did not appear to substantially involve the LC. The medial 
parabrachial nucleus is slightly involved in this site. (F) Illustration of a control CTb injection site in the 
MVe region just lateral to the caudal part of the LC (~  300/*m in diameter). Note that this site did not 

appear to substantially involve the LC or the 5 Me. Scale bars = 200/tin (A F). 
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Fig. 3. (A) lllustration of a small CTb injection site in the LC (RLC6). The site also slightly involved 
the MVe area located between the LC and the Me5. Note that a crack is visible in the center of the site. 
Scale bar = 200 ktm. (B) Photomicrograph of a section only counterstained with neutral red adjacent to 
that shown in A. Note that there is no trace of tissue necrosis in the center of the injection site, although 
a blood vessel is localized at this site. Scale bar = 200 #m. (C) Photomicrograph of a frontal section 
counterstained with neutral red at the level of the Bar and the peri-5 Me just medial to the Me5. Numerous 
retrogradely labeled cells are clustered in the peri-5 Me. These neurons were stained after a CTb injection 
in the dorsomedial nucleus of the hypothalamus. Scale bar = 100/lm. (D) Photomicrograph showing 
anterogradely labeled fibers in the dorsomedial nucleus of the hypothalamus after a CTb injection in the 

peri-5 Me nucleus. Scale bar = 100/~m. 

More  rostrally,  the ventra l  par t  of  the LC progress- 
ively becomes less compac t  and  then  disappears  
and  only a dorsal  collection of  LC cells remains  
(Fig. 3C). Ventra l  to them,  two groups  of  cells appea r  
with a morpho logy  dist inct  f rom the adjacent  peri- 
aqueducta l  gray. One is located jus t  ventra l  to the 
few LC cells and  medial  to the 5 Me  and  is composed  
of  small  ovoid cells. The  second is located more  
medial ly and  ventral ly  and  is composed  of  slightly 
larger ovoid cells. The first g roup  has not  been 
previously defined. Therefore,  because of  its localiz- 
a t ion  jus t  medial  to the 5 Me, we denote  it as the 
Peri-5 Me nucleus (Fig. 3C). The  second group of  

NSC 65/1--E 

cells cor responds  to the previously defined Barring- 
ton ' s  nucleus (Bar). s'59 Wi th  regard to the LC nor-  
adrenergic neurons,  it is no tewor thy  tha t  a large 
n u m b e r  of  processes (apparent ly  dendri tes)  were 
found  outside the nuclear  core of  the LC in select 
per i -LC regions, par t icular ly  in the l amina  between 
the LC and  the four th  ventricle and  also in the areas 
ros t romedia l  and  caudodorsa l  to the LC nucleus 
proper.  No te  tha t  LC dendri tes  do not  appear  to be 
extensive lateral to the LC nucleus proper.  This  
topographica l ly  specific d is t r ibut ion  of  p resumed LC 
dendri tes  is similar to tha t  previously repor ted in a 
more  extensive analysis. 22'6~ 
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Afferent projections to the locus coeruleus 

Retrograde tracing experiments: injection sites. As 
illustrated in Figs IA, 2, 3A and 4C, CTb iontophor-  
eric injection sites were characterized by a dense 
central area surrounded by a peripheral zone contain-  
ing diffuse tracer and stained fibers. Usually, the 
histochemical reaction produced a crack at the center 
o f  the site. This crack did not  correspond to necrosis 
of  the tissue as determined on sections that were only 
counter  stained with Neutral  Red adjacent to those 
immunosta ined with CTb (Fig. 3A, B) as we pre- 
viously observed in the cat. 41 Indeed, on such sec- 
tions, the tissue and the morphology of  the LC cells 
localized in the injection site appeared normal 
(Fig. 3B). 

We calculated that  the homogeneous  nuclear core 
of  the LC is 170-230-/xm-mediolaterally, 700-/~m- 
dorsoventral ly and 40(~500-/xm-long in the rostro- 

caudal direction. We obtained eight small CTb 
injection sites in the LC which appeared to have no 
or only limited extensions into surrounding areas. 
These sites had 200-350-/~m-diameters and were 
round or ovoid (Figs 1A, 2B, 3A). Three sites were 

localized in the middle part  of  the LC (Fig. 2B), four 
in its ventral part (Fig. IA) and one in its dorsal part. 
Three of  them appeared to be restricted to the nuclear 

core of  the LC (Figs 1A, 2B). Five of  them slightly 
involved the MVe area just lateral to the LC 
(Fig. 3A). None of  them appeared to involve the 
periaqueductal  gray and the lamina medial to the LC, 
the Bar, the 5 Me and the peri-5 Me. We also ob- 
tained three large injection sites centered in the LC 

with 400-600-/xm-diameters involving areas adjacent 
to the LC (peri-LC areas). These sites, which we 
termed L C + p e r i - L C  injections, involved (1) the 

MVe areas just lateral and caudal to the LC and (2) 

Fig. 4. (A) Photomicrograph illustrating the contralateral LC after a CTb injection in the LC + peri-LC. 
Note the presence of a few retrogradely labeled cells and anterogradely stained fibers in the LC. Scale 
bar = 100 #m. (B, D) Photomicrograph showing retrogradely labeled neurons in the nucleus prepositus 
hypoglossi (B) and the lateral paragigantocellular nucleus (D) after a CTb injection in the LC + peri-LC. 
Scale bars = 200 #m. (C) Photomicrograph ofa CTb injection site in the LPGi. Scale bar = 500 #m. (E, F) 
Photomicrograph showing anterogradely labeled fibers in Barrington's nucleus (E) and the LC (F) after 
the CTb injection in the PGi shown in C. Note the presence of retrogradely labeled cells in the Bar nucleus 

(E). Scale bars = 200/tin. 

Fig. 5. (A) Photomicrograph of a frontal section showing retrogradely labeled cells in the nucleus 
K611ike~Fuse after a large CTb injection in the LC + peri-LC. Note also the anterograde labeling of the 
dorsal noradrenergic bundle at the upper left of the figure. Scale bar = 500 #m. (B) Photomicrograph 
illustrating a PHA-L injection site centered in the nucleus K611iker Fuse. Scale bar = 500/xm. (C) 
Enlargement of A showing at higher magnification the morphology of the retrogradely labeled cells in 
the nucleus K611ike~Fuse. Scale bar = 50#m. (D) Photomicrograph of a frontal section showing 
retrogradely labeled cells in the lateral parabrachial nucleus after a LC + peri-LC injection. Note also the 
anterograde labeling of the dorsal noradrenergic bundle ventrally to the mesencephalic trigeminal nucleus. 
Scale bar = 500/~m. (E) Photomicrograph showing anterogradely labeled fibers in the LC after the PHA-L 
injection in the nucleus K611ike~Fuse shown in B. Note also the presence of a large number of fibers in 
the MVe area just lateral to the LC and in the lamina between the LC and the fourth ventricle. Scale 

bar = 200/~ m. 

Fig. 6. (A) Photomicrograph showing retrogradely labeled neurons in the lateral part of the periaqueduc- 
tal gray at the level of the oculomotor nucleus after a large CTb injection site in the rat LC + peri-LC. 
Note the anterograde labeling of the dorsal noradrenergic bundle situated ventrolaterally to the 
periaqueductal gray. Scale bar = 500/tin. (B) Photomicrograph showing anterogradely labeled fibers in 
the nuclear core of the rat LC after the PHA-L injection in the lateral part of the periaqueductal gray 
shown in D. Only occasional fibers are localized in the MVe region lateral to the LC. Note that the dorsal 
LC is partly obscured by artefactual labeling in a tear in the tissue. Scale bar = 100/xm. (C) Enlargement 
of A showing at high magnification the morphology of the retrogradely labeled neurons in the 
periaqueductal gray after a LC + peri-LC injection. Scale bar = 50 #m. (D) Photomicrograph illustrating 
a PHA-L injection in the lateral part of the periaqueductal gray. Scale bar = 500 # m. (E) Photomicrograph 
illustrating anterogradely labeled fibers in the nuclear core of the LC after a CTb injection in the 
ventrolateral part of the periaqueductal gray. Note that the lamina between the LC and the fourth ventricle 
(on the left of the figure) contained more fibers that the nuclear core of the LC. Scale bar = 100/xm. 

Fig. 7. (A) Photomicrograph illustrating the distribution of retrogradely labeled cells in the posterior 
hypothalamic areas after a CTb injection in the LC + peri-LC. Note that the cells are diffusely distributed 
in the posterior hypothalamic areas. Anterogradely labeled fibers belonging to the dorsal noradrenergic 
bundle are visible in the medial forebrain bundle (upper right of the figure). Scale bar = 200 #m. (B) 
Photomicrograph of a frontal section at the level of a PHA-L injection site localized just laterally to the 
dorsomedial hypothalamic nucleus. Scale bar = 500 #m. (C) Photomicrograph showing terminal-like dot 
labeling in the nuclear core of the LC after a CTb injection in the perifornical nucleus dorsal to the fornix 
at the level of the dorsomedial hypothalamic nucleus. Note the presence of numerous retrogradely labeled 
cells localized just medially to the LC. A few cells are localized in the LC proper. Scale bar = 100 #m. 
(D) Photomicrograph illustrating the dense plexus of fibers localized in the Barrington's nucleus after the 
PHA-L injection shown in B. A large number of fibers are also labeled in the surrounding periaqueductal 
gray and the peri-5 Me. Scale bar = 200 #m. (E) Photomicrograph showing anterogradely labeled fibers 
in the nuclear core of the LC and the lamina between the LC and the fourth ventricle after the PHA-L 

injection in the posterior hypothalamic area shown in B. Scale bar = 100 #m. 



Afferents to the rat locus coeruleus 127 

Fig. 4. (Caption opposite) 
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Fig. 5. (Caption on page 126) 
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Fig. 6. (Caption on page 126) 
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Fig. 7. (Caption on page 126) 
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the poor cell lamina and the periaqueductal gray 
medial to the LC (Fig. 2A). Three other large injec- 
tions sites centered in the LC involved the same 
peri-LC areas but also partly the Bar, peri-5 Me and 
surrounding periaqueductal gray. 

Nine control injection sites 300-400/~m in diam- 
eter were made in structures surrounding the LC. 
Three were centered in the Bar with only a moderate 
extension in the surrounding periaqueductal gray 
(Fig. 2C). Three other injections sites were centered 
in the peri-5 Me with two of them slightly involving 
either the Bar or the rostral part of the LC. One of 
these sites was smaller and appeared to be restricted 
to the peri-5 Me (Fig. 2D). Two other control injec- 
tion sites were localized in the 5 Me lateral to the LC 
with no apparent involvement of the LC, the Bar, the 
peri-5 Me or the MVe (Fig. 2E). The lateral extension 
of these two sites slightly involved the medial 
parabrachial nucleus. One control injection site was 
localized in the MVe region just lateral to the caudal 
part of the LC (Fig. 2F). This site did not appear to 
involve the 5 Me. 

Efferents from the locus coeruleus and surrounding 
areas 

As previously described, 4~ after CTb injections, in 
addition to the retrograde labeling, we also observed 
anterograde labeling of the efferents of the nuclei 
injected. This anterograde labeling helped to 
corroborate the apparent specificity of the injection 
sites. 

After LC or LC + peri-LC injections, we observed 
a large number of fibers localized in the lamina and 
the periaqueductal gray between the LC and the 
ventricle as well as in the MVe region close to the 
ventricle just caudal to the LC. In addition, many 
coarse fibers exited the site rostrally and caudally. 
One population of fibers was ventral to the 5 Me 
forming a bundle at the location of the ascending 
noradrenergic bundle (Fig. 5D). In the rostral pons 
and the mesencephalon these fibers were localized 
ventrally to the periaqueductal gray (Fig. 6A). 
Rostrally in the forebrain, these fibers took a lateral 
position in the medial forebrain bundle (Fig. 7A). 
Scattered coarse fibers were visualized over the entire 
cerebral cortex (Figs 21C, D). 

A second bundle of fibers excited ventrally and 
caudally from the injection site descending vertically 
medially to the trigeminal motor nucleus at the 
location of the descending noradrenergic bundle, and 
then in the dorsal part of the parvocellular reticular 
nucleus in the medulla. Excepting the labeling of 
these ascending and descending bundles, only a few 
fibers were visible in other areas including the pontine 
and mesencephalic ventrolateral part of the peri- 
aqueductal gray. 

In contrast, after all control injections around the 
LC, no or only a few anterogradely labeled fibers 
were visible in the two bundles labeled after LC 
injections. Instead, for each nucleus, a specific pattern 

of anterograde labeling appeared. After Bar or peri- 
5 Me injections, a bundle of anterogradely labeled 
fibers was localized in the ventrolateral part of the 
pontine periaqueductal gray dorsal to the laterodor- 
sal tegmental nucleus of Castaldi and proceeded close 
to the ventricle in the lateral part of the mesen- 
cephalic periaqueductal gray. 

Only after Bar injections did we also see a descend- 
ing bundle of fibers first medial to the trigeminal 
motor nucleus and then in the nucleus gigantocellu- 
laris up to the caudal medulla. Terminal like labeling 
was also visible in the lateral paragigantocellular 
nucleus. 

Specifically after CTb injections in the peri-5 Me, 
anterogradely labeled varicose fibers were visible 
bilaterally in all posterior hypothalamic areas. The 
largest number of terminal-like fibers was clustered in 
the compact zone of the dorsomedial nucleus of the 
hypothalamus (Fig. 3D). Confirming this strong 
hypothalamic projection of the peri-5 Me, we ob- 
served a cluster of retrogradely labeled cells specifi- 
cally in the peri-5 Me after CTb injections in the 
posterior hypothalamus, particularly those in the 
dorsomedial hypothalamie nucleus (Fig. 3C). 

After the control MVe injection, specific antero- 
grade labeling was visible bilaterally in the other 
vestibular nuclei as well as ipsilaterally in the oculo- 
motor and trochlear nuclei and the interstitial nucleus 
of Cajal in the mesencephalon. 

After 5 Me injections, anterogradely labeled fibers 
were specifically observed in the motor trigeminal 
nucleus and the medullary parvocellular reticular 
nucleus. 

After large injections centered in the LC, we ob- 
served anterograde labeling not only in the ascending 
and descending noradrenergic bundles but also 
additional anterograde labeling with a localization 
depending on the nucleus surrounding the LC 
included in the site. 

Retrograde labeling 

In the following part of the results, we describe the 
distribution of retrogradely labeled cells from rostral 
to caudal structures. To illustrate results of retro- 
grade labeling, we made camera lucida drawings of 
20-ktm-sections from brains with representative LC, 
LC+per i -LC and Bar, injections (Figs 8-20). A 
semiquantitative analysis of the retrograde labeling is 
also represented in Table 1. 

The injection in the LC + peri-LC illustrated in 
Fig. 2A (rat RLC2) covered the entire LC and 
involved the periaqueductal gray and the cell poor 
lamina medial to it as well as part of the MVe region 
lateral to the LC. This site did not substantially 
encroach on the Bar, 5 Me and peri-5 Me. Strong 
anterograde labeling was present in the ascending and 
descending noradrenergic bundles and the terminal 
cortical field of the LC but also in the ventrolateral 
parts of the pontine and mesencephalic periaqueduc- 
tal gray. 
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The representative LC injection illustrated in 
Fig. 2B (rat RLC15) was apparently restricted to the 
caudal and dorsal part of the LC. It did not appear 
to involve the lamina medial to the LC and the MVe 
region just lateral to the LC. After this injection, 
anterogradely labeled fibers were found only in the 
ascending and descending noradrenergic bundles. 

The control site in Bar illustrated in Fig. 2C did not 
apparently involve the adjacent LC and peri-5 Me. 
No fibers were present in the noradrenergic bundles. 
Instead, we saw a bundle of anterogradely labeled 

fibers in the ventrolateral part of the pontine peri- 
aqueductal gray. A descending bundle of fibers me- 
dial to the trigeminal motor nucleus and then in the 
nucleus gigantocellularis up to the caudal medulla 
was also present. 

Examples of 250-400-pm-diameter control injec- 
tion sites localized in the peri-5 Me, and 5 Me, and 
the MVe are shown in Fig. 2D-F. 

The cell counts given in the text for each area were 
made from one frontal section unilaterally only with 
the largest number of retrogradely labeled cells in the 
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represents one retrogradely labeled neuron. 
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representative injections drawn in Figs 8-20. There- 
fore, note that the total number of cells labeled for 
each area depends upon the laterality and rostro- 
caudal extension of labeling in that area. 

The CTb labeling produced with the DAB-nickel 
histochemical procedure consisted of black punctate 
granules in the celt soma and dendrites of retro- 
gradely labeled neurons (Figs 5C, 6C, 21, 22C). Im- 
portantly, after LC or LC + peri-LC injections we 
observed that the intensity of the retrograde labeling 
was stronger in the lateral paragigantocellular, 
prepositus hypoglossi and hypothalamic paraventric- 
ular nuclei than in the other nuclei. This difference in 
intensity was most visible with shorter incubations in 

primary antibody (overnight, room temperature) or 
higher dilutions of the antibodies yielding relatively 
weak immunostaining of CTb. After the normal 
immunostaining procedure, retrogradely labeled cells 
were darkly stained in all structures. 

Cort ical  areas 

After LC +per i -LC injections, a substantial 
number of retrogradely labeled pyramidal cells were 
observed mainly ipsilaterally in the infralimbic cortex 
(IF) close to the tenia tecta (11-18 cells/section) 
(Fig. 21D), the caudal part of the area 1 of the frontal 
cortex (Fr) (Fig. 21A, B) and the adjacent primary 
somatosensory area, particularly its lower limb 
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region (4-12 cells/section). Smaller multipolar cells 
were also observed in the claustrum (CI) (6-8 
cells/section) (Fig. 21C). After LC or Bar injections, 
a much smaller number of retrogradely labeled cells 
were observed in these structures (1 2 cells/section). 
More cells were found in the frontal and infralimbic 
cortices after LC injection sites involving the MVe 
region lateral to the LC and the control injection in 
the MVe region lateral to the LC. After this restricted 
MVe injection, no or only occasional cells were 
visible in the insular cortex and the claustrum. After 
5 Me injections, a large number of cells were localized 
in the claustrum and the insular cortex. Fewer 
appeared in the infralimbic cortex. The frontal cortex 
contained only occasional cells. After injections in the 
peri-5 Me, a substantial number of cells were 
observed in the infralimbic and insular cortex, and 
the claustrum. Only a few cells were visible in the 
frontal cortex. 

Preopt ic  level 

After LC + peri-LC injections, a dense collection 
of small cells (37-42 cells/section) was distributed 
with an ipsilateral predominance in the preoptic area 
localized dorsally to the supraoptic nucleus just ros- 

tral to and at the level of the rostral part of the 
suprachiasmatic nucleus (Figs 8D, 9C, 22A, C). This 
group extended rostrally up to the rostral end of the 
third ventricle (Fig. 8C). After LC injections, a 
substantial number of neurons was still specifically 
found in this region of the preoptic area (8 12 
cells/section) (Figs 8A, B, 9A). 

After LC + peri-LC injections, additional small 
cells were demonstrated ipsilaterally in the medial 
part of the bed nucleus of the stria terminalis (BSTM) 
(Fig. 9C). 

After LC or LC + peri-LC injections, no or only a 
few cells were observed in the medial preoptic nucleus 
(MPO) and the lateral part of the bed nucleus of the 
stria terminalis (BSTL) (Figs 8B, D, 9A, C). 

After Bar injections, many cells were localized in 
the preoptic area dorsal to the supraoptic nucleus and 
the medial part of the bed nucleus of the stria 
terminalis (Figs 8F, 9E, 22B). However, additional 
cell groups appeared in (1) the medial preoptic nu- 
cleus (Figs 8F, 22B), (2) the lateral preoptic area 
dorsal to the horizontal limb of the diagonal band of 
Broca (Fig. 9E) and (3) the magnocellular subdivision 
of the medial part of the bed nucleus of the stria 
terminalis (Fig. 8F, 22B). 
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After injections in the 5 Me or peri-5 Me, a large 
number of small cells were clustered ipsilaterally in 
the lateral part of the bed nucleus of the stria 
terminalis (21-24 cells/section). Only a moderate 
number of cells were observed in the medial part of 
the bed nucleus of the stria terminalis and the 
preoptic areas. 

After the specific MVe injection, no cells were 
identified in these rostral forebrain areas. 

Midhypothalamic level 

At the level of the midhypothalamus, after LC, 
LC + peri-LC, Bar, 5 Me or peri-5 Me injections, a 
moderate number of small cells were localized mainly 
ipsilaterally in the parvocellular parts of the hypo- 
thalamic paraventricular nucleus and its lateral exten- 
sion dorsal to the fornix (Figs 9B, D, F, 10A, C, E). 
After LC or LC +peri-LC injections, cells were 
distributed in the dorsal cap of the nucleus 
(Figs 9B, D, 10A, C) while they were mainly localized 
in its medioventral part after Bar, 5 Me or peri-5 Me 
injections (Fig. 9F). Interestingly, the number of 
retrogradely labeled cells in this nucleus differed little 
after LC + peri-LC (5-7 cells/section) or LC (2-4 
cells/sections) injections. At the same level, after any 

injection, only occasional cells were observed in the 
rostral part of the lateral hypothalamic area. 

After 5 Me or peri-5 Me injections, a large number 
of small cells were seen with an ipsilateral predomi- 
nance in the central nucleus of the amygdala (25-72 
cells/sections). In the case of LC, LC + peri-LC, Bar 
or MVe injections, no or only occasional cells 
were distributed in this nucleus or anywhere in the 
amygdala. 

Posterior hypothalamus 

After LC or LC + peri-LC injections, small retro- 
gradely labeled cells were observed in the dorsal 
hypothalamic area located dorsal to the dorsomedial 
hypothalamic nucleus (Figs 7A, 11A-D). Intermin- 
gled small and medium-sized neurons were also found 
in the rostral part of the perifornical nucleus and the 
lateral hypothalamic area at all levels of the posterior 
hypothalamus (Figs 7A, 10-12A, D). In these pos- 
terior hypothalamic areas, there was a substantial 
difference in number of cells between LC + peri-LC 
injections (5~60 cells/section) and LC injections 
(13-21 cells/section). 

After injections into the Bar, although neurons 
were found in the same areas as after LC or 
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LC + peri-LC injections, additional groups of small 
cells appeared (1) in the caudal part of the dorsal 
hypothalamic area (Fig. l lF) ,  and (2) around the 
fornix and ventromedial to it (Fig. 1 IE). In contrast 
to LC or LC ÷ peri-LC injections, only a few cells 
appeared in the lateral hypothalamic area immedi- 
ately medial to the internal capsule (Fig. l lE,  F). 

After 5 Me or peri-5 Me injections, the overall 
distribution of cells in the posterior hypothalamic 
areas was again different. A large number of small to 
medium-sized cells was found only in the lateral 
and caudal part of the lateral hypothalamic area 
located just medial to the internal capsule and the 

subthalamic nucleus. Fewer neurons were present in 
the perifornical nucleus and the dorsal hypothalamic 
area compared to LC, LC+per i -LC or Bar 
injections. 

After the injection in the MVe, a substantial num- 
ber of rather medium-sized neurons were diffusely 
distributed in the posterior hypothalamic areas with 
no clear topography. 

After LC, LC + peri-LC, 5 Me or MVe injections, 
no or only occasional cells were observed in the 
arcuate nucleus of the hypothalamus (Figs 10, 11). 
After injections into the Bar (Fig. 10E) or peri-5 Me, 
slightly more cells were localized in this nucleus. 
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In all cases, no or only a few cells were distributed 
in other structures such as the ventromedial hypo- 
thalamic nucleus, the tuberomamillary nucleus and 
the lateral habenula (Figs 10-12). 

After LC, LC +peri-LC or Bar injections, a small 
group of cells was consistently present in an un- 
defined area located dorsal to the fasciculus 
retroflexus and ventral to the caudal tip of the lateral 
habenula (Fig. 12A). 

Specifically after the MVe injection, cells were 
observed in the retrorubral field and the interstitial 
nucleus of Cajal. 

Mesencephalon 
After LC + peri-LC or Bar injections, a large num- 

ber of small cells was labeled in the lateral and 
ventrolateral parts of the periaqueductal gray 
(Figs 6A,C, 13-16) (LC+peri-LC: 40-50 cells/ 
section, Bar: 20-30 cells/section). After LC injections, 

a substantial number of cells were still observed in 
this area (Figs 13-16A, B) (10-15 cells/section). The 
distribution of the labeled cells appeared to be differ- 
ent for Bar and LC or LC + peri-LC injections. After 
Bar injections, the great majority of the CTb-positive 
cells were clustered in a medial area close to the 
ventricle (Figs 14F, 15E, F, 16E), whereas they were 
more diffusely distributed laterally and ventrolater- 
ally after LC or LC+peri-LC injections (Figs 
14-16A-D). After peri-5 Me injections, a large num- 
ber of cells were also seen in the same regions as after 
LC injections. After 5 Me or MVe injections, only a 
few labeled cells were observed in the periaqueductal 
gray. 

After LC+peri-LC injections, a large number 
of small cells also appeared in the dorsal part of 
the periaqueductal gray (13-23 cells per section) 
(Figs 13-15C, D). After LC injections, the number of 
cells was much lower in this area (1-5 cells/section) 
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(Figs 13-15A, B). After Bar (Figs 13-15E, F), peri- 
5 Me, 5 Me or MVe injections, only a few cells were 
visible in the dorsal periaqueductal gray. 

After LC + peri-LC injections, a large number of 
small and medium-sized cells was found with an 
ipsilateral predominance in the mesencephalic reticu- 
lar formation, particularly (1) dorsal to the lateral 
part of the substantia nigra (Fig. 13D), (2) lateral to 
the periaqueductal gray (Fig. 14C, D), (3) lateral to 
the median raphe nucleus (Fig. 14C, D) and (4) in and 
just dorsal to the median lemniscus and lateral to the 
interpeduncular nucleus (Figs 14, 15A, D). Fewer 
labeled ceils were observed in these areas after LC 
(Figs 13, 14A, B), Bar (Figs 13, 14E, F), 5 Me, peri- 
5 Me or MVe injections. 

After LC or L C + p e r i - L C  injections, a few 
medium-sized cells were seen with a slight ipsilateral 
predominance in the median raphe nucleus 
(Figs 15, 16A-D). Only occasional cells were ob- 
served in this structure after Bar (Figs 16, 17E, F), 
5 Me, peri-5 Me or MVe injections. 

After LC + peri-LC injections, a large number of 
small cells was localized mainly in the rostral, dorsal 
and dorsolateral parts of the dorsal raphe nucleus 
(Figs 15D). Fewer cells were visible in the caudal part 
of the nucleus (Fig. 16C, D). Although many fewer in 
number, neurons were also seen in the dorsal and 
dorsolateral parts of the nucleus raphe dorsalis after 
LC or Bar injections (Figs 15-17A, B, E, F). After 
5 Me, peri-5 Me or MVe injections, a substantial 
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number of medium-sized cells was found in the 
medioventral part of the nucleus raphe dorsalis. 

After LC + peri-LC injections, a few cells were also 
observed in the Edinger-Westphal nucleus (Figs 
13D, 14C). No such cells were observed after LC 
injections. A large number of CTb-positive cells were 
localized in the Edinger-Westphal nucleus after the 
specific MVe injection. 

Pons 

After LC or LC + peri-LC injections, small cells 
(LC + peri-LC, 40 cells; LC, 13 cells per section) were 
observed, bilaterally with a slight ipsilateral pre- 

dominance, in the K611iker-Fuse nucleus (K-F)  
(Figs 16A-D, 17A, B). The neurons were localized 
just dorsally to the rubrospinal tract (rs) and ventral 
to the brachium conjunctivum at the caudal levels of 
the ventral tegmental nucleus of Gudden (VTg) 
(Figs 5A, C, 16, 17). After Bar or MVe injections, a 
limited number of cells were distributed in the 
K611iker-Fuse nucleus (4-5 cells/section) (Fig. 
l iE ,  F). Only occasional cells were observed after 
5 Me or peri-5 Me injections. 

After LC + peri-LC injections, a large number of 
small cells was seen, with a large ipsilateral predom- 
inance, in the lateral parabrachial nucleus (LPB) 
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(Figs 17C, D, 5D). The number of cells was limited 
after LC (Fig. 17A, B), Bar (Fig. 17E, F) or 5 Me 
injections. Few cells appeared in this nucleus after 
peri-5 Me or MVe injections. 

After L C +  peri-LC injections, the laterodorsal 
tegmental nucleus of Castaldi (LDT) also contained 
mainly ipsilaterally a small number of medium-sized 
retrogradely labeled cells (Figs 16D, 17C, D). After 
LC (Figs 16B, 17A, B), Bar (Figs 16, 17E, F), 5 Me, 
peri-5 Me or MVe injections, only a few cells were 
found in this nucleus. After LC, LC + peri-LC or the 
control injections, only a few medium-sized cells were 

demonstrated ipsilaterally in the pedunculopontine 
nucleus (PPT) (Figs 15, 16). 

At the caudal pontine level, after LC + peri-LC 
injections, medium-sized cells with an ipsilateral 
predominance were observed ventral to the facial 
nerve and laterodorsal to the superior olivary 
complex in the area of the A5 noradrenergic cell 
group 16 (Figs 17-18C, D). A few cells were still 
present in this area after LC injections (Fig. 18A, B). 
No or only occasional cells were seen there after 
Bar (Fig. 18E, F), 5 Me, peri-5Me or MVe 
injections. 
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The nuclei raphe pontis and magnus contained 
only a small number of medium-sized cells after 
LC, L C +  peri-LC or Bar injections (Figs 17-19). 
Nearly no cells were observed in these raphe 
nuclei after 5 Me, peri-5 Me or MVe injections. The 
pontine reticular formation contained small to 
medium-sized dispersed cells after L C + p e r i - L C  
(Figs 17, 18C, D), 5 Me or MVe injections. After LC 
(Figs 17,18A, D), peri-5Me or Bar injections 

(Figs 17, 18), only occasional cells were present in this 
area. 

After LC or LC + peri-LC injections, only a small 
number (maximum 5 cells/section) of retrogradely 
labeled neurons were identified in the structures 
adjacent to the LC such as the Bar and the peri-5 Me. 
Only after LC + peri-LC injections were a few labeled 
cells present in the contralateral LC (Figs 4A, 18C, 
D). After Bar injections, darkly stained medium-sized 
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cells were found in the ipsilateral LC caudal to the 
injection site. 

Medulla 

After LC or LC + peri-LC injections involving the 
MVe area just lateral or caudal to the LC, a number 
of cells was distributed with a slight ipsilateral pre- 
dominance in the vestibular nuclei (Fig. 19C, D). 
Only rare cells were observed in these nuclei after LC 
(Fig. 19A, B), Bar (Fig. 19E, F) or Peri-5 Me injec- 
tions. In contrast, a large number of retrogradely 
labeled neurons were found bilaterally in the vestibu- 
lar nuclei after the control injection in the MVe. 

The lateral paragigantocellular nucleus (LPGi) 
contained a large number of small and medium-sized 
cells with a large ipsilateral predominance after 
LC + peri-LC injections (25-30 cells/section) (Figs 
4D, 19D). A substantial number of cells was still 
observed in this nucleus after LC injections (10-14 
cells/section) (Fig. 19B). After Bar injections, a small 
number of cells was localized in this area (5 
cells/section) (Fig. 19F). Fewer cells were visible after 
5 Me, peri-5 Me or MVe injections. 

After LC or LC + peri-LC injections, the dorsome- 
dial rostral medulla contained a substantial to large 

number of medium-sized retrogradely labeled cells 
(LC +peri-LC, 22 cells; LC, 7 cells/section) (Figs 
4B, 19A, C). More precisely, these cells were located 
in the ventromedial part of the nucleus prepositus 
hypoglossi (PrH) and the reticular formation ventral 
to it [dorsal paragigantocellular nucleus (DPGi)]. 49 
Note that the number of cells are based on unilateral 
counts; cells in the dorsomedial rostral medulla were 
bilaterally located. 

After the MVe control injection, a large number of 
cells was also distributed in the dorsomedial rostral 
medulla (ventromedial part of the nucleus prepositus 
hypoglossi and dorsal paragigantocellular nucleus) 
with a distribution similar to LC or LC + peri-LC 
injections but with a strong contralateral predomi- 
nance. After Bar (Fig. 19E, F), 5 Me or peri-5 Me 
injections, only a few cells were observed in the same 
area. 

After LC, LC + peri-LC or Bar injections, only a 
small number of cells were localized in the caudal part 
of the nucleus of the solitary tract (Fig. 20). 

After 5 Me injections, a large number of small cells 
was seen with a small ipsilateral predominance in the 
rostral and caudal parts of the nucleus of the solitary 
tract (Sol). The caudal part of this nucleus also 
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contained a large number of cells after Peri-5 Me 
injections. 

After LC + peri-LC injections, small cells were 
observed mainly ipsilaterally in the caudoventrolat- 
eral reticular nucleus (Fig. 20D). This area also 
contained a few cells after LC injections (Fig. 20B) 
and occasional cells after Bar (Fig. 20F), 5 Me, 
peri-5 Me or MVe injections. 

Only after 5 Me injections, a large number of small 
cells was seen with a small ipsilateral predominance 
in the parvocellular reticular nucleus (PCRt). 

Spinal cord 

Even after LC + peri-LC injections, we observed 
only a limited number of retrogradely labeled cells 
mainly ipsilaterally in the intermediate layers at all 
levels of the spinal cord. No cells were observed in the 
superficial layers. After LC injections, only oc- 
casional cells were observed in the intermediate layers 
of the cord. The spinal cord was not examined in 
control experiments. 

Anterograde tracing experiments 

General remarks. In most rats, PHA-L and CTb 
were iontophoretically deposited on opposite sides of 
the brain in the same structures and CTb or PHA-L 

immunohistochemistry was performed on alternate 
sections. This procedure allowed us to increase results 
obtained with each animal, and to directly compare 
the anterograde labeling visualized by two different 
tracers. The CTb injection sites (1/~A, 15-30min) 
with a diameter of about 600/~m were darkly stained, 
round or ovoid and sharply delineated (Fig. 4C). In 
contrast, the delineation of the PHA-L injection sites 
was more difficult. Indeed, PHA-L sites (5/~A, 
30 min) contained darkly labeled cells in the center of 
a light blue grey area about 1 mm in diameter 
(Figs 22E, 7B, 6D, 5B). Using PHA-L, the antero- 
gradely labeled fibers were strongly and completely 
labeled (Figs 7E, 23A-D). The CTb anterogradely 
labeled fibers were in general less completely labeled 
and sometimes showed only punctate labeling par- 
ticularly when using stronger fixation (Figs 1D, 23E). 
Moreover, in the case of CTb, in addition to the 
anterograde labeling of fibers, retrogradely labeled 
cells and dendrites were present in and around LC, in 
particular after CTb injections in the structures re- 
ceiving an input from the LC or peri-LC such as the 
posterior hypothalamic areas (Fig. 7C), the preoptic 
area and the K611iker-Fuse nucleus (Fig. 1D). Only 
a few retrogradely labeled cells were seen in the LC 
after CTb injections in the periaqueductal gray, the 
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laterodorsal tegmental nucleus, or the dorsal raphe 
and magnus nuclei. 

Despite the differences between the two tracers, 
after PHA-L and CTb injections in the same con- 
tralateral structures we found comparable amounts 
of anterogradely labeled fibers in the efferent nuclei 
of the structure injected. 

Frontal cortex. After PHA-L injections involving 
area ! of the frontal cortex and the adjacent lower 
limb region of the primary somatosensory area, only 
a few fibers were observed in the LC, Bar, Peri-5 Me, 
5 Me, the lamina between the LC and the fourth 
ventricle and the periaqueductal gray region medial 
to the LC (Fig. 24C, D). In contrast, a large number 
of varicose fibers were clustered in the MVe regions 
located (1) between the LC and the 5 Me (Fig. 24D) 
and (2) just lateral to the caudal pole of the LC and 
(3) caudally to the LC close to the ventricle. Many 
fibers were also observed in the periaqueductal gray 
and the pontine reticular formation ventromedial to 
the LC (Fig. 24C, D). 

Infralimbic cortex. After a PHA-L injection in the 
infralimbic cortex, only occasional fibers appeared in 
the nuclear core of the LC, the 5 Me and the Bar. 
More fibers were observed in the lamina located 
between the LC and the fourth ventricle, the peri- 
aqueductal gray ventromedial to the LC, the Peri- 

5 Me, the rostral part of the LC, the MVe regions (1) 
just lateral to the LC and (2) caudal to it close to the 
ventricle. The largest number of fibers was observed 
in the medial parabrachial nucleus. 

Preoptic area dorsal to the supraoptic nucleus. After 
PHA-L (Fig. 22E) or CTb injections in the preoptic 
area dorsal to the supraoptic nucleus, many antero- 
gradely labeled fibers were localized in the nuclear 
core of the LC (Figs 1B, 23B). A similar number of 
fibers was observed in the peri-5 Me (Fig. 23A). A 
larger number of fibers was found in (1) the peri- 
aqueductal gray medial or ventral to the LC, (2) the 
cell poor lamina and the ependyma separating the LC 
from the fourth ventricle (Figs 1B, 23B), (3) the MVe 
region and the ependyma next to the ventricle caudal 
to the LC (Fig. 22D). The greatest innervation in 
the LC area, however, was a very dense plexus of 
anterogradely labeled varicose fibers covering the Bar 
(Fig. 23A). A few or no fibers were found in the 5 Me 
(Fig. 23A) and the MVe (Fig. 22D), respectively. 

Posterior hypothalamic areas. The distribution of 
anterogradely labeled fibers in the LC area consider- 
ably varied depending on the localization of the 
injection sites in posterior hypothalamic areas. 

PHA-L or CTb injections in the dorsal hypothala- 
mic area dorsal to the dorsomedial hypothalamic 
nucleus and caudal to it (CTb, n = 2, PHA-L, n = 2) 
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and  in the per i fornical  area  (CTb,  n = 2, P H A - L ,  

n = 2) (Fig. 7B) gave rise to dense an t e rog rade ly  

labeled fibers in Bar  (Fig. 7D),  a large n u m b e r  o f  

fibers in the l amina  and  the e p e n d y m a  be tween  the 

LC and  the f o u r t h  ventricle and  the pe r i aqueduc ta l  

g ray  medial  to  the L C  (Fig. 7E), a subs tan t i a l  n u m b e r  

o f  fibers in the peri-5 Me  (Fig. 7D),  a small  n u m b e r  

o f  fibers in the LC (Fig. 7E), medial  pa r ab rach i a l  

nucleus,  and  5 Me  (Fig. 7D).  Some  fibers were  also 

observed  in the e p e n d y m a  caudal  to the LC and  the 

adjacent  M V e  region.  

Af te r  P H A - L  or  C T b  inject ions in the lateral  

h y p o t h a l a m i c  a rea  jus t  l a te rodorsa l  to the fornix  at  

the level o f  the do r somed ia l  h y p o t h a l a m i c  nucleus  

(CTb,  n = 2, P H A - L ,  n = 2), we observed  a m o d e r a t e  

n u m b e r  o f  fibers in the LC and  the 5 M e  (Figs 

7C, 23E). A m u c h  larger  n u m b e r  o f  an te rograde ly  

labeled fibers was  localized in the areas  s u r r o u n d i n g  

the LC, including Bar, peri-5 Me,  medial  

pa rab rach ia l  nucleus  (Fig. 23E)I the l amina  and  the 

e p e n d y m a  be tween  the LC and  the f ou r th  ventricle, 

the pe r iaqueduc ta l  g ray  medial  to  the LC (Fig. 7C) 

and  the M V e  regions  (1) jus t  lateral to  the L C  and  (2) 

caudal  to the L C  close to the ventricle including the 

ependyma .  A few fibers were localized in the o ther  

pa r t s  o f  the MVe.  

Table 1. Analysis of retrograde labeling following injections in locus coeruleus and surrounding structures ~ 

L C +  
Injection site LC peri-LC Bar 5Me peri-5Me MVe 

Cortex 
infralimbic cortex + - + + + + - + + + + 
insular cortex + - + + + + 
claustrum 4- - + + + - + + + + + - 

frontal cortex + - + + + - + - + - + + 

Hypothalamic level 
preoptic area + + + + + + + + + + + + + + 
medial preoptic nucleus 4- + + + + - 4- 
bed nucleus, lateral part + - + + + + 4- + + 4- 
bed nucleus, medial part + 4- + 4- + + + + + 4- + -I- + 
paraventricular nucleus 4- 4- + 4- + + 4- + - 
central nucleus of the amygdala + - + + + + + + + + + - 
dorsal hypothalamic area 4- + 4- + + 4- 4- + + - 4- 4- 4- + 4- 
lateral hypothalamic area + + + 4- + + 4- + 4- 4- 4- 4- + + + 4- 
perifornical nucleus 4- 4- 4- 4- 4- 4- 4- 4- 4- + - + + 
ventromedial hypothalamic nucleus 4 - -  + -  + + -  + -  + -  
tuberomamillary nucleus + -  4 - -  + -  4 - -  4 - -  + -  
arcuate nucleus + -  + -  4- + -  + -  
lateral habenula 4 - -  + -  4 - -  + 

Mesencephalon 
ventrolateral part of the periaqueductal grey + 4- 4- + 4- + + + 4- + + 4- + + + 4- 
dorsomedial part of the periaqueductal grey + + + + + + + - + - + 
mesencephalic reticular formation + + + + + + + + + + 4- + + + + 

Raphe 
median raphe nucleus + 4- + 4 - -  + -  4 - -  
dorsal raphe nucleus 4- + + + + 4- 4- + 4- + 4- 
nucleus raphe pontis + - + + + - + - 
nucleus raphe magnus + 4- 4- + -  4 - -  4- - 

Pons 
nucleus laterodorsal tegmental of Castaldi + -  + + -  + -  + -  + -  
nucleus K611iker-Fiise + + 4- 4- 4- + 4- + + -- + + -- 
lateral parabrachial nucleus 4- 4- q- + 4- + 4- + + + 4- + - 
A5 noradrenergic group + + + -  + - 
pontine reticular formation + - 4- + + 4- + - + + 4- 
locus coeruleus 4-c + + 4- - 

Medulla 
vestibular nuclei 4- + 4- - + + 4- + 
lateral paragigantocellular nucleus + + + + + + + + + -- + + 
dorsomedial rostral medulla + + + + + + + + + + + + 
parvocellular reticular nucleus + - + + + + + + - + 
nucleus of the solitary tract, rostral part + + + + + + + + -  
nucleus of the solitary tract, caudal part + - + + + + + + + - 
caudoventrolateral reticular nucleus + + + + - + - + -- + - 

~Semiquantitative analysis of retrograde labeling following CTb injections in LC, LC + peri, LC, Bar, 5Me, peri-5Me or 
MVe. Cell counts were made from the frontal sections at each level containing the largest number of retrogradely labeled 
cells. Labeling is presented semi-quantitatively which reflects the relative density of labeled neurons per region on a scale 
of  1-2 labeled neurons, + - ;  3 5, 4-; 6-10, + + ;  11-20, + + + ;  21-50, + + + + .  Note that this table is based upon 
the number of cells at one level and in one hemisphere only for each area; the total number of cells labeled for each 
nucleus depends on the bilaterality and rostrocaudal extension of that area. 



Fig. 21. (A, B) Photomicrographs showing retrogradely labeled pyramidal cells in the layer 4 of the frontal 
cortex after a LC + peri-LC injection of CTb. Note that the distal dendrites of these cells are labeled up 
to the superficial layers of the cortex. Scale bar = 200 #m (A) or 100#m (B). (C) Photomicrograph 
illustrating retrogradely labeled cells in the claustrum after a CTb injection in the rat LC + peri-LC. Note 
the presence of anterogradely labeled fibers in the same area. Scale bar = 200/~ m. (D) Photomicrograph 
of a frontal section showing retrogradely labeled cells in the infralimbic cortex after a CTb injection in 
the LC + peri-LC. Note also the presence of anterogradely labeled fibers in the same area. Medial is to 

the left and dorsal to the top. Scale bar = 200/am, 
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Fig. 22. (A) Photomicrograph showing numerous retrogradely labeled cells clustered in the preoptic 
region dorsal to the supraoptic nucleus after a CTb injection in the LC + peri-LC. Scale bar = 500 #m. 
(B) Photomicrograph showing the retrogradely labeled cells in the preoptic region after an injection in 
Barrington's nucleus. Note that the distribution of  the retrogradely labeled cells is clearly different from 
that shown in A after the LC + peri-LC injection. In particular, a cluster of  cells is specifically labeled 
in the magnocellular subdivision of  the medial part of  the bed nucleus of  the stria terminals. Scale 
bar = 500 #m. (C) Enlargement of  A showing the morphology of the retrogradely labeled cells localized 
in the preoptic region. Scale bar = 50/~m. (D) Photomicrograph illustrating anterogradely labeled fibers 
in the ependyma and the extreme caudal tip of  the LC after the PHA-L injection in the preoptic region 
shown in E. Note that the MVe area lateral to the LC contained no labeled fibers. Scale bar = I00/~m. 
(E) Photomicrograph showing the location of  the PHA-L injection in the preoptic region giving the 

staining shown in D and in Fig. 23A and B. Scale bar = 500/~m. 
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After P H A - L  or CTb injections in the lateral 
hypothalamic area located dorso-medially to the 
subthalamic nucleus (CTb, n = 1, PHA-L,  n = 1), the 
LC contained a small number of  fibers (Fig. 23C). 
However,  as found with other hypothalamic injec- 
tions, many more fibers were seen in structures 
surrounding the LC, including the Bar, medial 
parabrachial  nucleus, the Peri-5 Me (Fig. 23D), the 
5 Me, the lamina and the ependyma between the LC 
and the fourth ventricle and the periaqueductal gray 
medial to the LC (Fig. 23C, D). 

Ventrolateral part o f  the periaqueductal gray. After 
CTb or P H A - L  injections in the lateral or ventrolat- 
eral part of  the periaqueductal gray, a substantial to 
large number of  anterogradely labeled fibers were 
observed in the nuclear core of  the LC (Figs 1C, 
6B, E), the Peri-5 Me, medial parabrachial  nucleus 
and the rostral part of  the 5Me.  A much large 
number of  fibers were localized in peri-coerular re- 
gions, including the Bar, the lamina and the 
ependyma between the LC and the fourth ventricle 
(Fig. 6B, E), the periaqueductal  gray medial to the 
LC, and the MVe region close to the ventricle caudal 
to the LC. Only few fibers were seen in the other parts 
of  the MVe (Fig. 6B). 

Area o f  the B9 serotoninergic cell group. After 
P H A - L  injections in the area of  the mesencephalic 
reticular formation in and dorsal to the medial 
lemniscus just caudal to the red nucleus at the 
location of  the B9 serotoninergic cell group, a few 
scattered fibers were observed in the LC, Bar, Peri- 
5 Me and the lamina between the LC and the ventri- 
cle. Nearly no fibers were localized in the 5 Me and 
the median parabrachial  nucleus. A large number of  
fibers were distributed in the laterodorsal tegmental 
nucleus of  Castaldi and the periaqueductal gray 
medial to the Bar and the LC. 

Nucleus raphe dorsalis. After  CTb injections in the 
nucleus raphe dorsalis, a substantial number of  
fibers were observed in the Bar and Peri-5 Me 
as well as in the periaqueductal  gray medial to the 
LC. Only a few anterogradely labeled fibers were 
observed in the nuclear core of  the LC, the medial 
parabrachial  nucleus, the 5 Me, and the lamina and 
the ependyma separating the LC from the fourth 

ventricle. Few fibers were also localized caudal to the 
LC in the ependyma and the periventricular MVe 
region. 

Laterodorsal tegmental nucleus o f  Castaldi. After 
CTb injections in the laterodorsal tegmental nucleus 
of  Castaldi, we observed a few varicose fibers in the 
LC and the median parabrachial  nucleus. More fibers 
were located in the Bar, the Peri-5 Me, the peri- 
aqueductal gray medial or ventral to the LC and the 
lamina between the LC and the fourth ventricle. The 
5 Me and the MVe only contained occasional labeled 
fibers. 

K61liker-Fuse nucleus. After CTb or PHA-L  injec- 
tions in the nucleus K611iker-Fuse, a substantial to 
large number of  anterogradely labeled fibers covered 
the nuclear core of  the LC (Figs 1D, 5E, 24B) and the 
Bar (Fig. 24A). A greater number of  labeled fibers 
were found in structures surrounding the LC, includ- 
ing (1) the lamina and the ependyma between the LC 
and the fourth ventricle (Figs 5E, 24B), (2) the peri- 
aqueductal gray medial to the LC, (3) the MVe area 
just lateral to the LC (Fig. 5E) and (4) the MVe area 
and the ependyrna close to the ventricle caudal to the 
LC. Few labeled fibers were found in the other areas 
of  the MVe, the 5 Me, Peri-5 Me and the median 
parabrachial nucleus (Fig. 24A, B). 

Locus coeruleus. After  LC + peri-LC injections of  
CTb, a few anterogradely labeled fibers were ob- 
served in the contralateral LC (Fig. 4A). Only oc- 
casional fibers were seen in the areas around the 
contralateral LC (Fig. 4A). After small LC injections, 
no fibers were seen contralaterally. Note  that 
LC + peri-LC injections of  CTb yielded a few retro- 
gradely labeled contralateral LC neurons (Fig. 4A). 

Nucleus raphe magnus. After CTb injections in the 
nucleus raphe magnus, a substantial number of  vari- 
cose anterogradely labeled fibers were observed in the 
median parabrachial  nucleus. In contrast, only a few 
fibers were visible in the LC, the Peri-5 Me, the Bar, 
the 5 Me and the lamina between the LC and the 
fourth ventricle. 

Lateral paragigantoeellular nucleus. After CTb or 
P H A - L  injections in the retrofacial region of  the 
lateral paragigantocellular nucleus, a large number of  
anterogradely labeled fibers were observed in the 

Fig. 23. (A, B) Dark-field color photomicrographs showing anterogradely labeled fibers in the Bar (A) 
and the LC (B) after the PHA-L injection in the preoptic area shown in Fig. 22E. A dense plexus of fibers 
is covering the Bar in A. Fibers are localized in the nuclear core of the LC in B. Note that only few fibers 
are localized in the MVe region just lateral to the LC. Scale bars = 200/~m. (C, D) Dark-field color 
photomicrograph of frontal sections illustrating anterogradely labeled fibers in the LC in C and in the 
nuclei rostral to it in D after a PHA-L injection in the lateral hypothalamic area of the posterior 
hypothalamus. The injection site was localized dorsolaterally to the fornix at the rostral level of the 
subthalamic nucleus. Note in C the fibers localized in the nuclear core of the LC. More fibers are found 
in surrounding structures. In D, the anterogradely labeled fibers are diffusely distributed over the Bar, 
peri-5 Me, 5 Me, rostral pole of the LC, medial parabrachial nucleus and the periaqueductal gray 
surrounding these nuclei. Scale bars = 200/~m. (E) Dark-field color photomicrograph illustrating antero- 
gradely labeled fibers in the LC and surrounding structures after a CTb injection in the perifornical nucleus 
dorsal to the fornix at the level of the dorsomedial hypothalamic nucleus. Note the terminal-like dots in 
the nuclear core of the LC. More terminal-like labeling is visible in the medial parabrachial nucleus and 

the lamina between the LC and the fourth ventricle. Scale bar = 200 #m. 
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Fig. 23. 



i :  

Fig. 24. (A, B) Color dark-field photomicrographs of  frontal sections respectively at the level of  
Barrington's  nucleus (A) and the LC (B) showing the presence of  anterogradely labeled fibers in these 
nuclei after the PHA-L injection in the nucleus K611iker-Fuse shown in Fig. 5. Scale bar = 200 #m.  (C, D) 
Color dark-field photomicrographs  of  frontal sections showing the distribution of anterogradely labeled 
fibers at the level of  Barrington's  nucleus (C) and the LC (D) after a PHA-L injection in the area 1 of 
the frontal cortex. Note that  only a few anterogradely labeled fibers are localized in the LC itself. Scale 
bars = 200/~m. (E) Color dark-field photomicrograph of  a frontal section showing anterogradely labeled 
fibers in the LC after a PHA-L injection in the lateral paragigantocellular nucleus. Scale bar - 200 pro. 
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nuclear core of the LC (Figs 4F, 24E, 25B), the Bar, 
Peri-5 Me and the median parabrachial nucleus (Figs 
4E, 25A). A similar number of fibers were also ob- 
served in the ependyma and the lamina separating the 
LC from the ventricle, the periaqueductal gray medial 
or ventral to the LC and the periventricular MVe 
region and the ependyma caudal to the LC. Only 
occasional fibers were localized in the other MVe 
regions and the 5 Me (Figs 4F, 25B). Overall, antero- 
grade labeling from the retrofacial lateral paragigan- 
tocellular nucleus appeared to have a higher ratio of 
fibers in the core LC: peri-LC compared to other 
afferents studied. 

DISCUSSION 

In this report, introducing in rats a method of 
combining electrophysiological recordings followed 
by microiontophoretic injections of CTb through the 
same micropipette, we obtained evidence for specific 
afferents to the LC. We confirmed many of these 
afferents with control retrograde and anterograde 
tracing experiments. Afferents to the LC that con- 
tained a substantial number of retrogradely labeled 
neurons after injections that were apparently re- 

stricted to the LC, and that were confirmed with 
substantial to large fiber innervation of the LC using 
anterograde tract-tracing with PHA-L or CTb, in- 
cluded the lateral paragigantocellular and K611iker- 
Fuse nuclei, the preoptic area, and the ventrolateral 
periaqueductal gray. We also found a substantial 
number of retrogradely labeled neurons in posterior 
hypothalamic areas after injections that were appar- 
ently restricted to the LC but we observed only a 
moderate to small fiber innervation of the LC using 
anterograde tract-tracing with PHA-L or CTb. The 
dorsomedial rostral medulla also contained many 
cells retrogradely labeled from the LC; anterograde 
tracing was not conducted as it was reported in a 
previous study. 6 

Technical considerations 

The sensitivity of tract tracing molecules, and 
the methods for their use, have advanced consider- 
ably since the first studies were performed to examine 
inputs to the LC. 1°'13 Moreover, the "micro- 
anatomy" of the LC region, with marked differences 
in inputs to closely neighboring small areas surround- 
ing the LC vs the LC proper, has become apparent 
only recently with the advent of more sensitive tracers 

Fig. 25. (A, B) Darkfield photomicrographs of frontal sections respectively at the level of the Barrington's 
nucleus (A) and the LC (B) showing the presence of anterogradely labeled fibers in these nuclei after a 

PHA-L injection in the lateral paragigantocellular nucleus. Scale bar = 200 #m. 



152 P.-H. Luppi et al. 

allowing tracing from small deposits and with the 
development of sensitive anterograde tract-tracers 
(e.g., PHA-L)fl 4 Our results differ from previous 
tract-tracing studies of afferents to LC in two major 
ways: (i) we found that several previously reported 
inputs to the LC project instead to areas surrounding 
the LC; and (ii) we observed afferents to the LC that 
were not reported in previous studies. Both of these 
differences between our results and those in previous 
studies can be attributed to increased sensitivity of 
tracers, and the increased awareness of the "micro- 
anatomy" of the dorsolateral pontine tegmentum. 

Injections of unconjugated HRP yielded labeling in 
several structures that were not substantially retro- 
gradely labeled in our study (e.g., amygdala, dorsal 
spinal horn, nucleus of the solitary tract)Y ~13 Our 
results and those of Aston-Jones et al. 6"7 using antero- 
grade tracing indicate that these inputs are directed to 
surrounding nuclei but not to the core LC nucleus 
(see detailed discussion below). Thus, it appears that 
injections of unconjugated HRP may have diffused 
out of the LC proper to label afferents not only to the 
LC, but also inputs that selectively innervate areas 
and nuclei around the LC but not the LC proper. 
This is a potential difficulty of retrograde studies of 
afferents to small brain nuclei, and indicates the 
importance of making focal injections of retrograde 
tracers restricted to the nuclear core of the LC. These 
findings also underscore the importance of confirm- 
ing suspected afferents with anterograde tract tracing. 

While the above analysis indicates the importance 
of making small injections of retrograde tracers re- 
stricted to the nuclear core of the LC, a potential 
problem with such small tracer deposits is that the 
sensitivity of the tracer may be too low to reveal all 
inputs to the area injected. Indeed, the present study 
as well as recent retrograde tracing experiments using 
pressure injections of WGA conjugated to inactivated 
(apo) HRP and coupled to colloidal gold (WGA- 
apoHRP-Au) in the LC (Aston-Jones and Zhu, un- 
published observations) reveal certain inputs that 
were not apparent in previous experiments that used 
WGA-HRP or Fluoro-Gold as retrograde tracers. 
This analysis indicates that CTb (and WGA- 
apoHRP-Au) may be more sensitive tract-tracers 
than WGA-HRP and Fluoro-Gold when employed 
in very small deposits. 

There is another advantage of the smaller injec- 
tions made possible by the increased sensitivity of 
CTb and WGA-apoHRP-Au compared to previous 
tracers: It becomes more feasible to analyse possible 
inputs from neurons in the areas surrounding the 
injection site. For example, previous studies with 
WGA-HRP injections into the LC were inconclusive 
regarding possible inputs from the periaqueductal 
gray due (at least in part) to the close proximity of 
this area to the LC injection site. 6 

It is noteworthy that CTb may have its own 
limitations as a retrograde tracer as well. For 
example, although we and others found no evidence 

for trans-synaptic transport in the central and periph- 
eral nervous system, 41'54 detailed studies remain to be 
done to completely exclude such a possibility. In 
addition, the size of the injection site in the first hours 
after CTb injections is unknown. It is possible that 
the site in these early hours is larger than after 1-7 
days, and that apparently small injections in animals 
with long survival times may actually have been 
considerably larger during the earlier periods of 
uptake and transport. In addition, it is possible that 
CTb (or any other tracer) is selectively taken up and 
transported by certain fibers and not by others. If this 
is true, there may be additional inputs to the LC or 
the surrounding area ttiat are not revealed in the 
present set of experiments. Of interest in this regard, 
we observed only a limited number of labeled cells in 
the LDT and the peri-LC area after CTb injections in 
the LC. In contrast, after small WGA-apoHRP-Au 
injections into the LC, a considerable number of 
labeled neurons were seen in certain nuclei immedi- 
ately surrounding LC, e.g. Bar (Aston-Jones et al., 
unpublished observations). One explanation for such 
a difference in local labeling obtained with these two 
tracers might be that WGA-apoHRP-Au, but not 
CTb, is taken up and transported by dendrites of 
neurons that may invade the LC. Another possibility 
is that CTb excludes axonal inputs to the LC from 
surrounding regions based upon some other selective 
uptake or transport property of this compound. 
These considerations underscore the importance of 
confirming results of retrograde labeling with antero- 
grade tracing. 

Although we found that CTb is a good anterograde 
tracer, it also has some limitations (see anterograde 
section in Results), the most serious being that this 
compound strongly retrogradely labels neurons and 
their processes. Retrogradely labeled neuronal pro- 
cesses could be mistaken for anterogradely labeled 
fiber inputs. Therefore, injections into areas that are 
efferent targets of the LC may lead to erroneous 
conclusions regarding sources of anterograde fiber 
labeling in the LC. This is a particularly common 
problem with studies of afferents to the LC because 
of the uniquely widespread projections of LC neur- 
ons. Therefore, while negative results with antero- 
grade labeling of CTb may be very informative 
(assuming effective transport from the cells of interest 
is demonstrated), positive fiber labeling in the LC 
after injections of CTb into most CNS areas should 
be taken as only tentative evidence of afferent inner- 
vation. For this reason, we confirmed many of our 
results by an alternative method that do not generate 
robust retrograde labeling (e.g., PHAL). 

Neurons and dendrites o f  the peri-coerulear region 

Anatomical studies have shown that the region 
surrounding the LC is complex and contains neurons 
as well as neuropil. Locus coeruleus neurons are 
multipolar and have long dendrites that extend into 
surrounding regions. 26'6°'66 Recent studies 22'61 have 
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confirmed that LC dendrites extend for considerable 
distances into peri-LC regions, but are polarized 
being particularly densely located in two peri-LC 
zones, the rostromedial and caudal juxtaependymal 
zones. In our study, after PHA-L or CTb injections 
in some areas (preoptic area, posterior hypo- 
thalamic areas, periaqueductal gray, K611iker- 
Fuse), we observed generally more anterogradely 
labeled fibers in these peri-LC areas than in the 
nuclear core of the LC. These results suggest that LC 
noradrenergic cells might receive considerable inputs 
on their dendrites outside the nuclear core of the LC. 
Peri-LC areas also receive a great deal of input from 
regions that do not, or only minimally, innervate the 
LC (e.g., nucleus of the solitary tract, prefrontal and 
infralimbic cortex, amygdala, dorsal raphe), raising 
the possibility that LC dendrites may receive inner- 
vation from areas that do not innervate the LC 
proper. One way to examine this possibility is use of 
electrophysiological methods to measure the func- 
tional influence of afferents to such peri-LC regions 
on LC impulse activity. This has been done for some 
possible afferents, including the central nucleus of the 
amygdala, 6 nucleus of the solitary tract 19 and prefron- 
tal cortex) 2 In each case, little or no effect was found 
in LC activity of stimulating the test afferent with 
single electrical pulses. However, similar tests needed 
to be conducted for other possible afferents as well. 
Moreover, it is possible that stimulation paradigms 
may not reveal modulatory effects of inputs to distal 
dendrites of LC neurons. Therefore, ultrastructural 
studies of the peri-LC region employing anterograde 
tracing and dopamine-beta-hydroxylase staining are 
also needed to evaluate the possible status of peri-LC 
afferents as inputs to LC dendrites. It is also note- 
worthy that LC dendrites do not extent laterally 
into the 5 Me, nucleus parabrachialis or similar areas, 
nor caudally into the vestibular nucleus, so that 
afferents to these regions (e.g., frontal cortex, amyg- 
dala, spinal cord) are unlikely to contact LC neurons 
or dendrites. 

Conversely, examination of the LC region using 
NADPH or cholinacetyltransferase staining has re- 
vealed that cholinergic neurons of the LDT region 
possess extensive dendrites, some of which innervate 
the LC nucleus or peri-LC dendritic zone. 33'~3 This 
raises issues of interest to the study of afferents to the 
LC: (i) do dendrites of these LDT neurons act 
presynaptically on LC neurons via a cholinergic 
mechanism? and (ii) do dendrites of LDT neurons 
located within the LC receive inputs from neurons 
that project into the LC? The latter possibility raises 
especially important issues that have not been ad- 
dressed in studies to date, e.g. do some inputs to the 
LC preferentially innervate non-LC elements located 
within the LC? This possibility seems most reason- 
able for those projections that: (i) are not particularly 
dense within the LC proper and; (ii) densely innervate 
the area of source neurons in the region around LC 
that give rise to the non-LC dendrites located in the 

LC nucleus (e.g., dorsal raphe, lateral hypothalamus, 
preoptic area, periaqueductal gray and nucleus of the 
solitary tract, among others). These various data 
illustrate the complexity of connectivity studies in 
small deep brain nuclei, and point out the need for 
functional (electrophysiological) and ultrastructural 
studies to test possible inputs. 

Cortical areas 

After LC injections, Cedarbaum and Aghajanian ~° 
and Clavier ~3 observed some labeled cells in the 
insular cortex. In agreement with anterograde tracing 
studies with PHA-L or WGA-HRP showing that the 
insular cortex projects densely to areas corresponding 
to the Peri-5 Me and the 5 Me 44'72 rather than to the 
LC, we observed labeled ceils in the insular cortex 
only after 5 Me or Peri-5 Me injections. 

We observed a few labeled cells in the frontal and 
infralimbic cortex and the claustrum after LC injec- 
tions. However, the frontal and infralimbic cortices 
contained many more cells after a specific MVe 
injection or Peri-5 Me injections. Moreover, after 
PHA-L injections in the frontal or infralimbic cor- 
tices, we found only occasional anterogradely labeled 
fibers in the LC and many more fibers in the MVe and 
the Peri-5 Me. These results are in agreement with 
previous anterograde tracing studies with PHA-L or 
WGA-HRP showing that the infralimbic cortex 
projects to an area corresponding to the Peri-5 Me 
rather than to the LC proper. 12'32'68 

Together, these results suggest that the infralimbic, 
insular and frontal cortices and the claustrum provide 
only a very limited input to the nuclear core of the LC 
and rather strongly project to the peri-LC areas and 
the surrounding nuclei. As noted above, such limited 
fiber labeling in the LC could reflect inputs to LC 
neurons or to non-LC elements located within the 
LC. Also, it remains to be determined whether corti- 
cal projections to peri-LC areas that densely contain 
LC dendrites (ventromedial and caudodorsal to the 
LC 42'65) are directed to the dendrites of noradrenergic 
neurons or to non-noradrenergic cells and dendrites 
also present in these areas. 

Preoptic level 

After LC injections, previous reports showed either 
a limited number 1°'~3 or only occasional labeled cells 
in some animals 6 in the preoptic area. In contrast, 
after LC injections we observed a substantial number 
of cells in the preoptic area dorsal to the supraoptic 
nucleus. By means of anterograde tracing with PHA- 
L and CTb, we confirmed that the preoptic area 
dorsal to the supraoptic nucleus substantially innerv- 
ates the nuclear core of the LC itself. Recent studies 53 
using WGA-apoHRP-Au and PHA-L have also con- 
firmed that the preoptic area sends direct projections 
to the LC, although projections were much denser to 
areas surrounding the LC. It is noteworthy that, as 
found for several inputs to the LC (described above), 
anterograde tracing revealed a denser innervation 
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from the preoptic area in peri-LC areas than in the 
LC proper. It remains to be determined with electron 
microscopic observations whether this projection to 
the peri-LC is directed to the dendrites of noradren- 
ergic neurons or to non-adrenergic cells and dendrites 
also present in these areas. 

After injections of CTb in the Bar, we observed a 
large number of cells in the same area but also in the 
medial preoptic nucleus and the lateral preoptic area. 
By means of anterograde tracing with PHA-L and 
CTb, we confirmed that the preoptic area dorsal to 
the supraoptic nucleus very densely innervates the 
Bar. Recent studies 53"68a using WGA-apoHRP-Au 
and PHA-L have also confirmed that the preoptic 
area sends dense projections to areas surrounding the 
LC in particular the Bar. In agreement with these 
results, Swanson 67 using autoradiography demon- 
strated a projection from the lateral preoptic area to 
an area corresponding to the area of the Bar and 
rostral LC. Conrad and Pfaff ~5 using autoradiog- 
raphy, and Simerly and Swanson 63 with PHA-L 
injections in the medial preoptic nucleus or area, also 
demonstrated anterogradely labeled fibers in a region 
corresponding to Bar. 

We also saw a large number of labeled cells in the 
medial part of the bed nucleus of the stria terminalis 
after Bar injections. Fewer cells were found after 
LC + peri-LC, 5 Me or Peri-5 Me injections. Moga 
e t  al. 44 reported anterogradely labeled fibers in the 
Bar after WGA-HRP injections in the medial part of 
the bed nucleus of the stria terminalis confirming that 
this nucleus is mainly projecting to the Bar. 

Cedarbaum and Aghajanian l° observed a relatively 
large number of cells in the lateral part of the bed 
nucleus of the stria terminalis after HRP injections 
into the LC. We saw a large number of cells in this 
area only after 5 Me or Peri-5 Me injections. In 
agreement with our results, Moga et  al. 44 saw antero- 
gradely labeled fibers in the peri-5 Me and Me5 after 
WGA-HRP injections in the lateral part of the bed 
nucleus of the stria terminalis. These data indicate 
that the lateral part of the bed nucleus of the stria 
terminalis project to the 5 Me and peri-5 Me but not 
to the LC. 

M i d h y p o t h a l a m i c  l eve l  

We and other previous authors 6~° excepting 
Clavier 13 found a small number of retrogradely la- 
beled neurons in the dorsal cap of the hypothalamic 
paraventricular nucleus after LC injections. Such a 
weak projection has also been observed in antero- 
grade tracing experiments using tritiated amino acids 
and PHA-L. ~5"3~ We further found that the surround- 
ing nuclei, particularly the Peri-5 Me and the Bar, 
also received a projection from the paraventricular 
nucleus but from the medioventral parvocellular 
aspect. 

At the same level, Cedarbaum and Aghajanian 1° 
and Clavier j3 described a large number of retro- 
gradely labeled cells in the central nucleus of the 

amygdala alter HRP injections into the LC. In 
contrast, we and Aston-Jones et  al. 6 saw no or only 
occasional labeled cells in this nucleus. We observed 
a large number of labeled cells in the central nucleus 
of the amygdala only after CTb injections in the 5 Me 
or Peri-5 Me. After injections of the anterograde 
tracer WGA-HRP in the central nucleus of the 
amygdala, no fibers were observed in the LC while 
the 5 Me, Peri-5 Me and the median parabrachial 
nucleus contained a great number of anterogradely 
labeled fibers. 644 Stinmlation of the central nucleus of 
the amygdala yielded little or no response in LC but 
markedly excited nearby parabrachial neurons. 6 
Taken together, these results indicate that the central 
nucleus of the amygdala does not project to the LC 
but rather to the adjacent 5 Me, Peri-5 Me and 
median parabrachial nucleus. 

P o s t e r i o r  h y p o t h a l a m u s  

After LC injections, Aston-Jones et  al. 6 saw 
occasional cells in some animals in the posterior 
hypothalamus. Cedarbaum and Aghajanian ~° and 
Clavier, ~3 after large LC injections very likely 
encroaching upon neighboring areas, reported the 
presence of cells in posterior hypothalamic areas. We 
observed a substantial number of small and medium- 
sized retrogradely labeled cells in the lateral and 
dorsal hypothalamic areas and the rostral periforni- 
cal nucleus after LC injections. We determined that 
these regions also project with a topographic organiz- 
ation for each nucleus to the Bar, 5 Me, Peri-5 Me 
and MVe. After Bar injections, labeled neurons were 
clustered (I) in the caudal part of the dorsal hypo- 
thalamic area and (2) around and ventromedial to the 
fornix. After 5 Me and Peri-5 Me injections, they 
were mostly located in the lateral hypothalamic area 
just medial to the internal capsule and the subthala- 
mic nucleus. Finally after MVe injections, medium- 
sized cells were diffusely distributed over the posterior 
hypothalamic areas and the perifornical nucleus. We 
confirmed these results for peri-LC injections with 
anterograde tracing with CTb and PHA-L; note, 
however, that the L C  only contained a small number 
of fibers following such anterograde tracing. Studies 
using anterograde tracers such as tritiated amino 
acids, WGA-HRP and PHA-L have reported a pro- 
jection from the posterior hypothalamic areas to the 
region of the LC. 30'69'70 However, for most of them, 
the distribution of the terminals was not precise 
enough to draw a comparison with our study. Only 
Allen and Cechetto ~ recently reported a strong 
specific projection from the perifornical region to the 
Bar and from the lateral hypothalamic area to a 
region corresponding to the Peri-5 Me and 5 Me. On 
the other hand, Shirokawa and Nakamura ~2 reported 
antidromic activation of dorsal hypothalamic area 
neurons from the area of the LC. These data taken 
together indicate that the dorsal and lateral posterior 
hypothalamic areas and the perifornical nucleus may 
provide inputs to the LC and surrounding nuclei with 
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a very specific topographic organization. It is note- 
worthy that, as found for several of the inputs to the 
LC, anterograde tracing revealed that these hypo- 
thalamic regions innervate the peri-LC region more 
strongly than the LC itself (discussed above in "Neur- 
ons and Dendrites in Peri-LC"). Further experiments 
are necessary to determine the neurotransmitter con- 
tent of these pathways as well as their physiological 
roles. 

We also observed occasional cells in the hypothala- 
mic ventromedial nucleus after LC + peri-LC injec- 
tions. Although sparse anterograde labeling has been 
reported in the LC after tritiated amino acid and 
PHA-L injections in this hypothalamic nucleus, 36'38'58 
more precise studies seem to be necessary to define 
the exact terminal field of this projection. 

In contrast with previous studies, we consistently 
found a few retrogradely labeled cells in the tubero- 
mammillary nucleus after LC but also Bar, Peri- 
5Me, 5Me and MVe injections. This nucleus 
contains only histamine neurons. 48 A significant num- 
ber of histamine immunostained fibers has been 
observed in the area of the LC. 47 These data indicate 
that histamine neurons of the tuberomamillary 
nucleus may provide a weak diffuse innervation of the 
LC and surrounding nuclei. Additional studies with 
anterograde transport from the tuberomammillary 
nucleus or histamine immunohistochemistry are 
needed to test this possibility. 

Mesencepha lon  

Cedarbaum and Aghajanian ~° and Clavier 13 re- 
ported large numbers of retrogradely labeled neurons 
in the ventrolateral periaqueductal gray following 
injections of HRP into the LC. However, as discussed 
above, injections in these studies very likely en- 
croached upon neighboring areas, so that these retro- 
grade labelings may have reflected inputs to peri-LC 
areas. Aston-Jones et al. 6 found that periaqueductal 
gray cells were not consistently labeled following 
injections of WGA-HRP into the LC; periaqueductal 
gray cells were often labeled near the LC injection site 
in that study, but as they were near the halo of the 
injection it was concluded that additional studies 
would be necessary to determine the status of the 
periaqueductal gray as a possible afferent to the LC. 
Retrograde and anterograde labeling in our study 
confirm that the ventrolateral part of the peri- 
aqueductal gray directly innervates the LC. These 
findings are also consistent with recent studies using 
retrograde transport of WGA-apoHRP-Au (which 
allows very small injections but is none the less very 
sensitive) (Aston-Jones et al., unpublished obser- 
vations). However, as noted above for other afferents 
(and discussed above under "Neurons and Dendrites 
in the Peri-LC Area"), the innervation of the peri-LC 
region by the periaqueductal gray was much greater 
than to the LC proper. In general, our results agree 
with those of a more recent study of periaqueductal 
gray inputs to the LC region. 2~ These authors found 

only a modest number of cells retrogradely labeled in 
the ventrolateral periaqueductal gray after apparently 
restricted injections of WGA-HRP into the LC. 
Moreover, PHA-L anterograde labeling in that study 
revealed strong inputs to the Bar and other peri-LC 
regions, but more moderate input to the LC proper. 
These anatomical results were consistent with physio- 
logical studies in that paper, which indicated a 
modest connection (via antidromic activation) and 
synaptic influence from the periaqueductal gray on 
LC neurons but a much greater functional connection 
from the periaqueductal gray to nearby peri-LC 
regions. 

No anterograde data is available for the projection 
from the dorsal part of the periaqueductal gray to the 
LC. Suggesting the specificity of this afferent, we 
found only a few retrogradely labeled cells in the 
dorsal periaqueductal gray after control injections in 
the nuclei surrounding the LC. However, neurons 
were not observed in the dorsal part of the peri- 
aqueductal gray in previous reports. 6'1°'13 

We and Cedarbaum and Aghajanian ~° found a 
large number of neurons in the mesencephalic reticu- 
lar formation after large LC + peri-LC injections. We 
observed a substantial number of cells even after LC 
injections apparently not involving peri-LC areas. 
The cells were localized lateral to the median raphe 
nucleus and in a region inside and just dorsal to the 
medial lemniscus, in the area of the B9 serotonin cell 
group] 6 This area does not correspond to the ventral 
tegmental area previously reported to project to the 
LC using anterograde tracing methods. 28'64 Indeed, 
Aston-Jones et al. 6 using WGA-HRP as a antero- 
grade tracer, have demonstrated that the ventral 
tegmental area projects to the medial parabrachial 
nucleus and a region located rostral to the Peri-5 Me 
but not to the LC itself. On the contrary, after 
injections of PHA-L in the B9 region, we observed a 
few anterogradely labeled fibers in the nuclear core of 
the LC. Together, these data suggest that the LC 
receives a small projection from the B9 region and no 
input from the ventral tegmental area. Further 
anterograde studies are necessary to confirm projec- 
tions to the LC from the other parts of the mesen- 
cephalic reticular formation. 

Raphe  nuclei  

In agreement with Cedarbaum and Aghajanian 1° 
and Clavier, 13 we observed a substantial number of 
rather small retrogradely labeled cells in the dorsal 
raphe nucleus particularly its rostral and dorsolateral 
extensions after LC + peri-LC injections. We and 
Cedarbaum and Aghajanian 1° observed also fewer 
cells in the median raphe nucleus after such injec- 
tions. After LC or Bar injections, we observed fewer 
cells in these raphe nuclei. Aston-Jones et  al. 6 saw 
a few weakly labeled cells in some animals in the 
dorsal and median raphe nuclei with LC injections of 
WGA-HRP. After CTb injections in the Peri-5 Me, 
5 Me and MVe, we observed mainly medium-sized 
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retrogradely labeled neurons in the medioventral part 
of the dorsal raphe nucleus and occasional cells 
in the median raphe nucleus. In agreement with these 
results, after tritiated proline injections in the dorsal 
and median raphe nuclei, weak projections to the 
area of the LC have been reported) 4 Furthermore, 
after CTb injections in the medioventral part of the 
dorsal raphe nucleus, we found a substantial number 
of fibers in the nuclei surrounding the LC and only 
a few in the LC proper. This is consistent with 
previous results obtained with PHA-L. 7 

Using radioautographic detection of serotonin, 
Leger e t  a l .  37 found only a partial decrease in the 
number of serotonin terminals in the LC after lesions 
of the dorsal, median or pontis raphe nuclei. In 
addition, recent studies by Pieribone e t  a l .  ~2 found no 
discernable decrease in the density of 5-HT-immuno- 
reactive fibers in the LC after lesions of the dorsal 
raphe nucleus. Furthermore, in our preliminary ex- 
periments combining CTb retrograde staining with 
5-HT immunohistochemistry after even large LC 
injections of CTb, we found only a few double- 
stained neurons in the dorsal raphe nucleus. In 
contrast, many 5-HT- and CTb-immunoreactive 
cells were observed in the median raphe nucleus and 
the B9 serotoninergic cell group. 9 Together, these 
results suggest that the serotonin innervation of 
the LC arises primarily from the median raphe 
nucleus and the B9 serotonin cell group and only to 
a minor extent from the dorsal raphe nucleus. 
Additional double-labeling and anterograde tracing 
experiments are necessary to confirm these prelimi- 
nary results. 

P o n s  

In the pons, after LC or LC + peri-LC injections, 
a large number of retrogradely labeled neurons was 
present bilaterally in the K611iker-Fuse nucleus. Few 
or only occasional retrogradely labeled cells were 
localized in this nucleus after control injections in 
the Bar, the MVe, peri-5 Me or 5Me. Clavier 13 
also described a contralateral projection from the 
K611iker-Fuse nucleus to the LC. In contrast, Cedar- 
baum and Aghajanian 1° and Aston-Jones e t  a l .  6 

reported a few or no cells in this nucleus. However, 
we confirmed the strong bilateral input from the 
K611iker-Fuse nucleus to the LC using PHA-L and 
CTb as anterograde tracers and this projection has 
also been observed recently with retrograde transport 
of WGA-apoHRP-Au from small pressure injections 
into the LC (Aston-Jones and Zhu, unpublished 
observations). Such discrepancies between ours and 
previous results might be due to the weaker sensitivity 
of the tracers previously used compared with that of 
CTb and WGA-apoHRP-Au (as discussed above; see 
"Technical Considerations"). 

We observed a large number of cells in the lateral 
parabrachial nucleus after LC + peri-LC injections. 
A small number of cells was also present in this 
nucleus after LC, Bar or 5 Me injections. Cedarbaum 

and Aghajanian ~° and Clavier 13 reported cells in this 
region only contralaterally. Aston-Jones e t  a l .  6 often 
saw cells located within the halo of their LC injection 
sites in this region. Further anterograde experiments 
are necessary to determine whether the retrograde 
labeling in the present study reflects afferents to areas 
neighboring the LC, or to the LC itself. 

After LC or LC + peri-LC injections, we consist- 
ently observed a small number of cells lying dorsal 
and lateral to the superior olive, medial to the exiting 
fibers of the facial nerve at the location of the A5 
noradrenergic cell group. 16 We observed only a few or 
no cells in this area after control injections in sur- 
rounding nuclei suggesting the specificity of this input 
to the LC. Cedarbaum and Aghajanian ~° and 
Clavier ~3 also observed labeled cells in this area, but 
Aston-Jones e t  a l .  6 did not consistently obtain such 
labeling with focal WGA-HRP injections in the LC. 
Anterograde and immunohistochemical experiments 
are necessary to test this possible projection and to 
determine if it consists of noradrenergic A5 neurons. 

After LC, Bar, Peri-5 Me, 5 Me or MVe injections, 
we observed only a few retrogradely labeled cells in 
the pedunculopontine and laterodorsal tegmental 
nuclei where most of the pontine cholinergic cells are 
located. We also saw only few anterogradely labeled 
fibers in the LC after CTb injections in the latero- 
dorsal tegmental nucleus. In agreement with these 
results, only a few scattered cholinergic axons were 
observed in the LC after choline-acetyltransferase 
immunohistochemistry.33'55 

After LC + peri-LC injections, we, Cedarbaum 
and Aghajanian 1° and Clavier ~3 observed a few 
labeled cells in the contralateral LC. However, Aston- 
Jones e t  a l .  6 observed no contralateral labeling after 
WGA-HRP injections into the LC. Consistent with 
this result, we saw no cells after CTb injections 
apparently restricted to the LC or with control 
injections in surrounding nuclei. After LC + peri-LC 
injections, we also observed a few anterogradely 
labeled fibers in the contralateral LC but not in 
adjacent nuclei. Taken together, these results suggest 
only a weak, if any, contralateral projection of the 
LC. 

M e d u l l a  

After LC injections, Cedarbaum and Aghajanian, t° 
Clavier ~3 and Fung e t  a l .  23 reported a large number of 
labeled cells in the vestibular nuclei. Aston-Jones 
e t  a l .  6 noted that the vestibular nuclei often contained 
labeled cells but only within the halo of their injection 
sites. We saw labeled cells in the vestibular nuclei only 
after LC + peri-LC injections involving the adjacent 
MVe. After a control injection restricted to the MVe 
area located just lateral to the LC, we observed a 
large number of cells and anterogradely labeled fibers 
bilaterally in the vestibular nuclei. These results indi- 
cate that the MVe region close to the LC, but not the 
LC itself, may be reciprocally innervated by the other 
vestibular nuclei. 
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Cedarbaum and Aghajanian ~° and Clavier ~3 ob- 
served a large number of cells in the ventrolateral part 
of the medullary reticular formation after LC injec- 
tions, which they ascribed to the lateral reticular 
nucleus. Aston-Jones et  al. 6 described a large number 
of cells specifically in the lateral paragigantocellular 
nucleus (LPGi) localized in the rostral ventrolateral 
medulla, but not extending more caudally into the 
lateral reticular nucleus. After either LC or 
LC + peri-LC injections, we also saw a large number 
of cells specifically in the LPGi. We found fewer 
retrogradely labeled cells in the LPGi after Bar, 5 Me, 
Peri-5 Me or MVe injections. Confirming these data, 
we and Aston-Jones et  al. 6 found a large number of 
anterogradely labeled fibers in the LC after PHA-L, 
CTb or WGA-HRP injections in the LPGi. 

Cedarbaum and Aghajanian 1° and Clavier 13 re- 
ported a few and no cells, respectively, in the dorso- 
medial rostral medulla (ventromedial nucleus 
prepositus hypoglossi and dorsal paragigantocellular 
nucleus) after LC injections. Aston-Jones et al. 6 

found a large number of retrogradely labeled neurons 
bilaterally in the dorsomedial rostral medulla after 
WGA-HRP injections in the LC. We also found 
bilaterally a large number of cells in this region after 
LC or LC + peri-LC injections of CTb. Note that the 
counts given in the Results here were for the ipsilat- 
eral dorsomedial rostral medulla only; this projection 
is strongly bilateral, so that many contralateral cells 
also innervate the LC. Also, the main collection of 
LC-projecting neurons in the dorsomedial rostral 
medulla is a rostrocaudally oriented narrow column 
of neurons, so that counts in one frontal section may 
not fully represent the labeled neurons. It is note- 
worthy that in the Aston-Jones et  al. 6 study and the 
present investigation, the neurons labeled retro- 
gradely from the LC in the nucleus prepositus 
hypoglossi were specifically located in its ventro- 
medial aspect; the bulk of the nucleus did not contain 
labeled cells. 

We also observed a large number of cells in the 
dorsomedial rostral medulla with a similar distri- 
bution but with a strong contralateral predominance 
after a control injection in the adjacent MVe area just 
lateral to the LC. As for LC injections, the neurons 
in the nucleus prepositus hypoglossi were specifically 
located in its ventromedial aspect; the bulk of the 
nucleus did not contain labeled cells. 

Only a few cells were localized in the dorsomedial 
medulla after CTb injections in the Bar, 5 Me and 
Peri-5 Me. 

After WGA-HRP injections in the dorsomedial 
rostral medulla, Aston-Jones et  al. 6 further reported 
the presence of a large number of anterogradely 
labeled fibers in the LC. Also, Ennis and Aston- 
Jones 2° obtained frequent antidromic activation of 
neurons in the dorsomedial rostral medulla after 
focal LC stimulation, and potent synaptically medi- 
ated inhibition of LC activity after stimulation of the 
dorsomedial rostral medulla. Taken together, these 
NSC 65/1--F 

results suggest that the dorsomedial rostral medulla 
strongly projects to the LC and the adjacent MVe 
area. 

Cedarbaum and Aghajanian 1° and Clavier 13 found 
a large number of cells in all subdivisions of the 
nucleus of the solitary tract. In contrast, after small 
LC injections, we and Aston-Jones et al. 6 respectively 
found a few or no cells in this nucleus. We observed 
numerous cells in the rostral or caudal parts of the 
nucleus of the solitary tract only after 5 Me or 
Peri-5 Me injections, respectively. After WGA-HRP 
or PHA-L injections in the nucleus of the solitary 
tract, Aston-Jones et  al. 6 and Herbert et  al .  27 reported 
sparse scattered fibers in the LC and Bar and a large 
number of fibers in the Peri-5 Me and Me5. These 
and additional electrophysiological data 19 suggest 
that the nucleus of the solitary tract strongly projects 
to the peri-5 Me and Me5 and provides only a weak, 
if any, input to the LC itself. 

In agreement with Cedarbaum and Aghajanian, 1° 
we observed a small number of cells in the caudoven- 
trolateral medullary reticular formation in the region 
of the A1 noradrenergic cell group 16 after LC or 
LC 4- peri-LC injections. In support of the specificity 
of this afferent, we found only a few cells in this area 
after our control injections in nuclei surrounding the 
LC. Nevertheless, additional anterograde exper- 
iments are necessary to confirm these results. 

Phys io log ica l  s ignif icance 

Inact ivat ion o f  locus coeruleus noradrenergic  neur -  

ons during p a r a d o x i c a l  sleep. Although it is well 
accepted that the noradrenergic neurons of the LC 
cease firing during paradoxical sleep (PS-off cells),  4'29 
the mechanisms responsible for this inactivation have 
not been elucidated. Nevertheless, as first proposed 
by Aston-Jones and Bloom, 4 evidence suggests that 
these cells might be tonically inhibited by extrinsic 
afferents rather than defacilitated during PS. These 
investigators reported spontaneous and sensory- 
evoked field potentials without unit activity in the LC 
during paradoxical sleep. 4 These potentials were pro- 
posed to reflect concerted excitatory postsynaptic 
responses in the presence of strong tonic inhibition 
preventing discharge. Consistent with this view, LC 
cells display a tonic pacemaker activity in brain 
slices, 71 in the absence of possible facilitatory inputs. 
The neurons responsible for such tonic inhibition of 
the LC might be located in the brainstem. Indeed, 
pontile cats with sections at the level of the superior 
colliculus display periods of PS alternating with 
wakefulness 34 suggesting that the neurons responsible 
for the inhibition of the monoaminergic neurons 
including the locus coeruleus neurons are localized in 
the brainstem. In its reciprocal interaction model, 
Sakai 56 has proposed that during PS, the PS-off 
noradrenergic cells of the LC might be under a 
monosynaptic inhibition provided by the PS execu- 
tive neurons (PS-on cells) located in the medial or 
mediodorsal pontine reticular formation. Our results 
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do not support  the existence of  a monosynaptic 
projection from such neurons. Indeed, we found no 
or only a weak projection from the medial or 
mediodorsal  pontine reticular formation to the LC. 
The only strong pontine input to LC identified in the 
present study was from the K611ike~Fuse nucleus 
localized in the lateral part of  the pontine reticular 
formation. Of  interest regarding this result, Data e t  

al. ~v recently reported that injection of  carbachol in 
the peribrachial area just caudal to the K611iker-Fuse 
nucleus induces a long-term enhancement of  PS. 
Addit ional  experiments are necessary to determine 
whether the K611iker-Fuse nucleus might participate 
in this effect. 

It has also been proposed that the GABAergic  
neurons recently observed in the region of  the pedun- 
culopontine nucleus and the nuclei surrounding the 
LC such as the Bar, the peri-5 Me and the laterodor- 
sal tegmenta l  nucleus 33 might be, in the reciprocal 
interaction model, the missing inhibitory link be- 
tween the presumed cholinergic PS-on cells in these 
nuclei and the noradrenergic PS-off cells of  the LC. 
Although we cannot rule out  possible dendroden- 
dritic interactions not revealed using CTb as a retro- 
grade tracer (see above "Neurons  and dendrites 
of  the peri-coerulear region"), our results do not 
support  the existence of  short inhibitory projections 
to the LC from interneurons located in the vicinity 
of  the LC nor from the pedunculopontine nucleus. 
Indeed, we observed only a few CTb labeled cells 
in the peduncu'lopontine nucleus and the nuclei 
surrounding the LC after CTb injections in the LC. 

Together,  these da ta '  suggest that the neurons 
inhibiting the LC during PS might be rather located 
in one of  the three strong brainstem afferents we 
report here namely the K611ike~Fuse nucleus, the 
LPGi or the dorsomedial  rostral medulla, Among  
these, the projection from the dorsomedial rostral 
medulla to the LC seems to be a good candidate for 
such inhibition. Indeed, Ennis and Aston-Jones 192° 
have shown that this pathway is inhibitory and uses 
G A B A  as a neurotransmitter.  

We have recently demonstrated that in addition to 
GABA,  the LC is strongly inhibited by glycine. 4° It 
has also been shown that during PS the motoneurons 
are tonically hyperpolarized by glycine, t~ In view of 
these results, we hypothesized that during PS, the LC 

noradrenergic cells are tonically inhibited by the 
glycinergic neurons responsible for the inhibition of  
the somatic motoneurons.  LC cells might also be 
hyperpolarized by other types of neurotransmitters 
found to inhibit LC cells such as noradrenaline or 
enkephalin, v In this regard it is also noteworthy that 
Aston-Jones e t  al.  3 have recently found potent alpha2 
adrenoceptor-mediated inhibition of  LC neurons 
from the LPGi, presumably reflecting the strong 
input from C1 neurons located within the P G i .  2"355°'~ 

Moreover,  the PGi and the dorsomedial  medulla 
provide a dense enkephalinergic input to the LC, ~8 
and enkephalin strongly inhibits LC neurons. 46 Thus, 
it is also possible that inhibition of  LC during PS 
reflects PGi input to these neurons. 

Also of  great interest regarding the sleep-waking 
cycle, we found evidence for inputs from the preoptic 
area dorsal to the supraoptic nucleus and the pos- 
terior hypothalamic areas. Indeed, a large body of 
evidence indicates that these two regions play crucial 
roles respectively in the onset of sleep and in wakeful- 
ness. In this regard, it would be of great interest to 
determine if these projections participate in the regu- 
lation of  the activity of  the noradrenergic cells of  the 
LC across the sleep-waking cycle. 

CONCLUSION 

In conclusion, our results indicate that a number of  
structures project to the LC and might therefore play 
a role in the modulat ion of  the activity of  the 
noradrenergic neurons across the sleep-waking cycle. 
Further experiments are necessary to determine the 
specific role o f  each of  these afferents. 
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