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I. INTRODUCTION 

Knowledge of the regulation by central nervous structures of 

body activities has developed steadily over many years. In 1949, 

Moruzzi and Magoun proposed that the brain stem reticular forma

tion participates in the regulation of the state of consciousness. 

The notion that a core regulatory system exists in the brain stem 

was clearly an important advance. 

Over the past decades, it has become clear that there is 

not a single central core of brain stem regulatory systems. Rather, 

multiple, although ultimately interacting, systems are involved 

in the brain mechanisms of body control. This.is not inconsistent 

with the Principle'of Compensation introduced by John Hughlings 

Jackson who believed that higher levels of the nervous system 

represent and re-represent all lower neural centers and thus the 

organism as a whole (cited by Berntson and Micco, 1976). Thus, by 

implication, the brain stem system are hierarchically controlled, 

but not replaced by, higher neural centers. 

Recently research related to chemical compounds involved 

in the transmission of nerve impulses has led again to the study 

of the organization of the brain stem regulatory systems. One 

of these compounds, norepinephrine (NE), was first shown to act 

as the transmitter substance of sympathetic neurons by von Euler 

in 1956 (cited by Strombon, 1975). This monoamine was demonstrated 

also in the central nervous system and was thought to have a puta

tive transmitter role there (Vogt, 1954). During the subsequent 

years, other monoamines have also emerged as crucial transmitters 

in many regulatory systems. 

It is generally believed that the brain stem plays a sub

stantial role in the elaboration of animal behavior (Berntson and 
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Micco, 1976). Locus coeruleus (LC) as the principal, paired noradre

nergic (NA) nuclei in the brain stem reticular formation at the 

level of the isthmus, has been implicated in various autonomic 

functions (Amaral and Sinnamon, 1976). The histofluorescence 

technique (Dahlstrom and Fuxe, 1964) makes it possible to trace the 

profusely-branching characteristic, green-fluorescent, NA axons 

of LC neurons to many regions of the neuraxis. Since each LC 

neuron appears to send branches to such widely separated termina

tions as the spinal cord, cerebellum, diencephalon, and cerebral 

cortex, it suggests that the functional role played by such a sys

tem must be of a global type. With such a peculiar distribution 

pattern of terminal boutons, the LC system seems uniquely suited 

to integrative and regulatory functions. 

The mechanism whereby the LC regulates and integrates its 

postsynaptic neuronal elements has not been fully understood. In 

their pioneering work. Bloom and co-workers reported inhibition of 

cerebellar Purkinje (Hoffer ^ al_., 1973) and hippocampal pyramidal 

cell (Segal and Bloom, 1974) activity as the result of activation 

of LC axons with NA synapses. Similar inhibitory LC influences 

have now been elucidated in other projection sites including the 

lateral geniculate nucleus (Nakai and Takaori, 1974), spinal tri

geminal nucleus (Sasa ^ aj_., 1974), cingulate cortex (Dillier et_ 

al., 1978), superior colliculus (Takemoto et̂  aj[., 1978) and medial 

amygdala (Oishi et̂  al_., 1979). However, the results of a number 

of studies are incompatible with the assignment of a purely inhibi

tory function to NE as a neurotransmitter. Briefly, recent reports 

have demonstrated an enhancement of lumbar monosynaptic reflexes 

(MSR) (Strahlendorf et̂  al_., 1980) and evoked activity of the 

Purkinje cells (Moises et. aj_., 1979) following LC stimulation and 

microiontophoresis of NE respectively. A similar facilitatory 

influence of NE has also been demonstrated at the level of lumbar 

motoneurons (MNs) (White and Neuman, 1980). 

The literature pertinent to the LC is reviewed below. The 

following topics will be discussed: (1) localization of the LC in 



cats; (2) functional roles of the LC system; (3) anatomical studies 

of the coerulospinal system; (4) electrophysiology of the NA influ

ence on spinal activities. 

Localization of the LC in Cats 

Various studies utilizing different anatomical techniques 

have shown that there is no well-defined boundary of the LC in the 

cat (Ramon-Moliner and Dansereau, 1974a, b; Ramon-Moliner, 1974; 

Russell, 1955; Chu and Bloom, 1974a). The standardized topograph

ical nomenclature used by Berman (1968) will be adopted here. 

In 1955 Russell, utilizing Nissl studies, demonstrated the 

presence of the LC in a large number of vertebrates. These results, 

coupled with an extensive review of the comparative literature, led 

him to conclude that the structure is present in all mammals. In 

contrast to the human, the feline LC has less blue pigmentation, 

and accordingly the presence of pigment cannot be used as a criterion 

to outline the boundaries of the nucleus. Recent maps of the LC 

using histochemical fluorescent techniques (Chu and Bloom, 1974a; 

Jones and Moore, 1974), however, are consistent with the Nissl 

studies by Russell (1955). By means of various axoplasmic trans

port techniques, recent studies have demonstrated the efferent 

(McBride and Sutin, 1976) and afferent projections (Sakai et al., 

1977) of the LC in cats. Since the original work by Dahlstrom and 

Fuxe (1964) on the organization of monoaminergic cell groups in the 

rat brain stem, several studies have been devoted to the distribu

tion of catecholaminergic neurons in the cat (Chu and Bloom, 1974a; 

Jones and Moore, 1974; Maeda et_ a]_., 1973; Pin ^ a]^., 1968; Poitras 

and Parent, 1978). In this species, it seems to consist primarily 

of NE-containing cell bodies (Jones and Moore, 1974; Pin et al., 

1968; Poitras and Parent, 1978). A recent fluorescence histo

chemical and radiographic study has reported that, in addition 

to the well-known catecholaminergic cells, the LC of the cat con

tains a substantial population of indolaminergic neurons (Leger 

et al.. 1979). 



These studies indicate that, in the cat, the LC extends from 

the level of the dorsal tegmental nucleus of Gudden rostrally to the 

rostral levels of the motor trigeminal nucleus caudally (approximate

ly from P 1.5 to P 4.5 rostrocaudally and mediolaterally from L 1.5 

to L 4.2 at the widest extent). At the rostral end of the nucleus, 

LC neurons lie scattered within the central tegmental field adjacent 

to the decussating fibers of the brachium conjunctivum. Caudal to 

the decussation, LC neurons appear in the periaqueductal gray next to 

the dorsal raphe nucleus and across the dorsolateral paralemniscal 

tegmental field. In the middle portion of the LC region, cells occur 

in the central gray immediately adjacent to the mesencephalic trigem

inal nucleus. Occasionally, some NA cells are found ventrally and 

laterally in the marginal nuclei of the brachium conjuctivum (nuclei 

parabrachialis medial is and lateralis). At the caudal level of the 

nucleus, LC neurons become aggregated within the central gray dorsal 

to the trigeminal motor nucleus, with some scattered in the nuclei 

parabrachialis medial is and lateralis as well. 

Previous descriptions of the LC correspond in large part to 

the LC as described by Berman (1968). A similar location has been 

assigned to the center by Taber (1961) except that the latter has 

included the nucleus cuneiformis under the term "coeruleus" regions. 

Functional roles of the LC 

LC projections in cats (Maeda et. aj^., 1973) bear a marked 

similarity to those in rats (Dahlstrom and Fuxe, 1964). LC axonal 

terminations were found in the prosencephalon, mesencephalon, 

cerebellum and spinal cord. The widespread connections of the LC 

suggest that it might be involved in a variety of functions. 

There is evidence that LC stimulation can produce analgesia 

in rats (Sandberg and Segal, 1978). In contrast, Bodnar et al. 

(1978) revealed an elevation in pain thresholds following LC lesions. 

The discrepancy might be attributed to the activation of the seroto

nergic neurons in the LC (Leger et_ aj^., 1979) which mediate the 

analgesic effect (Sandberg and Segal, 1978). This does not exclude 

the possibility of the influence being relayed by the NA fibers to a 



spinal pain control system (Kuraishi et_ al_., 1979). This possibility 

is consistent with the finding that NE, administered in the substan

tia gelatinosa, reduces the response of dorsal horn neurons to nox

ious stimuli (Headley et_ aj_., 1978). 

LC is evidently not an effective site for intracranial rein

forcement although Crow et̂  al_. (1972) originally showed intracranial 

self-stimulation with electrodes in LC. More recent studies, how

ever, suggested that the it is not critically involved in reward 

phenomenon (Clavier et_ al_., 1976; Corbett and Wise, 1979). 

In contrast to the catecholamine theory of reward (German 

and Bowden, 1974) it has been proposed that coerulocortical projec

tions have a role in aversively motivated behavior and mediate fear 

responses and anxiety (Gunne and Lewander, 1966). Using appropriate 

psychological approaches. File e^aj_. (1979) revealed that the LC 

system is not involved in anxiety mechanisms, but may be involved 

in the control of some components of agonistic behavior. 

It has been implied that the LC plays a role in the mech

anisms of attention (Mason and Iversen, 1978). In rats with 

6-OH-dopamine-induced lesions of the dorsal NA bundle. Crow et al. 

(1978) demonstrated no evidence of increased susceptibility to 

distracting auditory stimuli while licking for water. Electrolytic 

lesioning of the LC was found to slightly reduce the susceptibility 

to startle (Davis e^ al^., 1977). It then appears that the LC plays 

no important role in attentional mechanisms. 

The LC has also been implicated in sleep-waking cycles. 

According to Jouvet (1974), rapid eye movement (REM) sleep is 

primed by serotonergic neurons, presumably those in the raphe nuclei, 

which act upon a cholinergic relay. The relay, in turn, activates 

REM-executive neurons in the region of the LC. A critical review 

based on lesion, pharmacological and electrophysiological studies 

has led Ramm (1979) to conclude that NA influences on REM may 

reflect a general neuromodulatory function of LC neurons. 

In relation to a general modulatory role assigned to the 

LC, Pettigrew and Kasamatsu (1978) have investigated the plausibil

ity of the role of LC on cortical plasticity. Kittens treated with 



6-OH-dopamine do not have the usual cortical plasticity, as measured 

by a change in ocular dominance of binocular neurons following 

monocular occlusion. Microperfusion of NE in localized areas of 

visual cortex produced the normal plasticity of the monocular 

deprived neurons. 

These data reflect the wide-ranging LC influence on animal 

behaviors. Discrepancies among various studies suggest that the 

LC may not be essential for any of these functions; rather, its 

anatomical and physiological profile predicts a modulatory role. 

Anatomical Studies of the Coerulospinal System 

Using histochemical techniques, Carlsson ^ aj_. (1962) first 

reported catecholaminergic terminals in the spinal cord. Spectro-

photofluorometric assays demonstrated the presence of NE and sero

tonin but not dopamine at all levels of the cat and rabbit spinal 

cord (Anden, 1965). In contrast, a significant level of dopamine 

has been detected in the spinal cord of many mammalian species, 

suggesting that dopamine may act as a spinal transmitter in addi

tion to being a precursor of NE (McGeer and McGeer, 1962; Commis-

siong and Sedgewick, 1974). The existence of a dopaminergic descend

ing projection is challenged by the fact that dopaminergic pathways 

in rat brains cannot be traced to the spinal cord (Ungerstedt, 1971). 

Spinal transection studies showed a decrease in NE levels caudal to 

the section in rabbits (Magnusson and Rosenqren, 1963). This 

suggests a brain stem origin of descending NA axons. Using similar 

techniques, Dahlstrom and Fuxe (1965) traced the catecholamine cell 

bodies up to the medulla (Al, A2, and A3) in rats. Recent studies 

using retrograde transport of horseradish peroxidase have demon

strated descending NA fibers from the LC to the spinal cord in cats 

(Kuypers and Maisky, 1975, 1977; Hancock and Fougerouse, 1976). 

Coerulospinal fibers have also been demonstrated in rats by exam

ining the reduced level of dopamine beta-hydroxylase following LC 

lesions (Ross and Reis, 1974), fluorescent NA terminals in the 

ventral horn (VH) (Commissiong et_ aj^., 1978; Nygren and Olson, 1977), 
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and increased NA metabolite levels in the spinal cord upon LC 

stimulation (Crawley ejt aj^., 1979). 

Recent studies by Kuypers and Maisky (1977) have localized 

the descending LC axons to the ventral and ventrolateral funiculi 

in cats. In addition, Nygren and Olson (1977) demonstrated some 

LC fibers in the dorsolateral funiculus in rats. Using biochemical 

assays for NE, Anderson and Holgerson (1966) showed high concentra-

tions of the amine in the lumbar gray matter in cats. Abundant 

fluorescent NE varicosities have also been demonstrated around the 

MN regions in rats (Commissiong et_ al_., 1978; Fuxe, 1965). This 

indicates that the terminal field of the LC axons includes the VH 

(Commissiong et̂  al^., 1978; Nygren and Olson, 1977). 

Anatomical evidence has shown that cat LC axons descend in 

the ventral and ventrolateral funiculi, terminating in the vicinity 

of the lumbar MN of lamina IX of Rexed (1964). This could provide 

an anatomical basis for LC-induced action on MN activity. 

Electrophysiology of the NA Influence on Spinal Activity 

Electrophysiological studies in the last decade have focused 

primarily on rats and cats. Most, if not all, of the data from 

rats revealed an inhibitory LC action on postsynaptic sites (Hoffer 

et_al., 1973; Segal and Bloom, 1976; Segal, 1976; Sasa et_ al., 1974; 

Dillier et_al., 1978; Takemoto et al., 1978; Oishi el al., 1979). 

Reports in cats, however, have given more varied results. Single 

unit studies in cats have shown an inhibitory LC effect on the 

orthodromic discharges of spinal trigeminal neurons. This inhibi

tory LC modulation is mediated by NA (Sasa el al., 1974). Extra

cellular recordings of cat lateral geniculate neurons showed that 

LC conditioning stimulation facilitates relay neurons but inhibits 

type-B interneuron discharges. These effects were lost after NE 

depletion and were recovered by 1-dopa administration. It was 

postulated that the enhancement of responsiveness to afferent 

volleys in relay neurons after LC stimulation could be attributed 

to disinhibition secondary to inhibition of the type-B interneurons. 
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The LC-induced inhibitory actions on Purkinje, pyramidal and 

medial septal neurons in rats exhibit long latencies and durations 

of action. Hence the LC influence is believed to act through a 

second messenger. This notion is substantiated by the presence of 

beta adrenergic receptors on Purkinje cells of mouse cerebellum 

(Atlas et al.", 1977), and rat pyramidal cells (Melamed et al-, 1977). 

Earlier studies also revealed that cyclic AMP mimicked NE to decrease 

spontaneous activity in rat Purkinje cells. In addition, NE, cyclic 

AMP and activation of NA pathways have all been shown to hyperpolarize 

Purkinje cells with a decrease or no change in membrane conductance 

(Siggins el al., 1971). Therefore the NE-mediated LC action may 

operate through the beta adrenergic mechanism. In the case of cats, 

LC effects on the spinal trigeminal nucleus and the lateral genicu

late nucleus appear to be mediated by classical synaptic mechanisms 

of short duration. 

Except for the work reported by Strahlendorf el al. (1980), 

there is no direct study of the LC modulation of spinal activity. 

However, the depressant action of iontophoretically applied NE on 

cat MNs has been shown to involve a hyperpolarization without an 

increase in membrane conductance (Engberg and Marshall, 1971; 

Phillis ^ al., 1968). NE has never been found to cause any in

crease in membrane conductance in MNs. This contrasts with the 

marked increase in conductance evoked by inhibitory amino acids. 

Hence the NE hyperpolarization may be mediated by a decrease in 

sodium conductance or by a mechanism involving the electrogenic 

pump in the neuronal membrane. 

The effect of NE on spinal reflexes has been investigated 

extensively. In chloralose anesthetized cats, intravenously adminis

tered adrenaline caused a long-lasting decrease of the knee jerk, 

sometimes preceded by initial augmentation (Schweitzer and Wright, 

1937). In spinal cats, systemically administered adrenaline aug

mented the extensor MSR, while the flexor MSR remained unchanged 

or diminished (Bernhard el al., 1953; Bernhard and Skoglund, 1953; 

Wilson, 1956). Discrepancies among the results can be explained by 



the diffuse activation of both the alpha- and beta-adrenoceptors in 

the systems studied. These adrenoceptors are now known to produce 

different effects upon stimulation (Szabadi, 1979). 

Additional findings by Baker and Anderson (1970) have 

shown that systemic dopa increases both extensor and flexor MSRs in 

spinal cats. Thus catecholamines formed from dopa either activate 

excitatory inputs to MN or'inhibit some tonically active inhibitory 

path present in spinal cats. In similar preparations, Anden et al. 

(1966) reported that systemic dopa depressed the polysynaptic re

flexes from the flexor reflex afferents but did not significantly 

change the flexor MSR. This suggests that dopa does not reduce MN 

excitability but instead inhibits transmission in the pathway from 

the flexor reflex afferents to the MN. Furthermore, the enhanced 

MN excitability reported by some authors (see above) may also be 

attributed to the depression of Renshaw cells. This is consistent 

with the postulation of a tonically active supraspinal system 

involving serotonin and NE that antagonizes recurrent inhibition 

of the extensor MSR in decerebrate cats (Sastry and Sinclair, 1976). 

Purpose and Scope of this Investigation 

It is evident that the LC exercises a significant role in 

the control of spinal activity. However, there is scant information 

about the descending NA control of MN excitability. Direct applica

tion of NE onto or near MNs by iontophoresis has yielded inconsis

tent results. In cats, iontophoretically applied NE is variously 

reported to inhibit (Engberg and Marshall, 1971) and excite (White 

and Neuman, 1980) MNs. Using the same technique, Phillis et al. 

(1968) reported that NE could produce both types of actions in 

feline MNs. Furthermore, a multitude of supraspinal sites send 

their NA axons down to cord levels (Dahlstrom and Fuxe, 1965). A 

comprehensive view of descending NA control is ultimately dependent 

on a better understanding of the physiological effect of NE on 

spinal neurons. The present work was designed to explore in more 

detail the descending modulatory role played by the LC. In 
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particular, the aims of these experiments were to elucidate the 

synaptic basis underlying the LC-induced spinal influence and to 

examine the convergence and interaction of LC and afferent impulses 

on lumbar MNs. The study was conducted in two phases. The initial 

part was devoted to the physiological verification of a coerulospinal 

projection in cats by utilizing antidromic activation techniques. 

The remaining part of the study was focused on the facilitation by 

the LC of MN excitability. The results of this combined approach 

are offered as a step toward elucidating the functional significance 

of NE at the neuronal level, in the coerulospinal system in cats. 



II. MATERIALS AND METHODS 

Surgical Procedures 

General. Observations were made on 31 adult cats of either 

sex weighing from 1.8 to 4.1 kilograms (kg). Intubation of the 

trachea, ligation of both carotid arteries, and cannulation of both 

the right femoral artery and vein were performed under ether anes

thesia. The animals were then made decerebrate at the precol1icular 

level by using a spatula and gentle aspiration. Cotton balls soaked 

with warm saline were then placed on the severed branches of the 

circle of Willis. Bleeding was stopped by adequate suctioning 

through the wet cotton. Blood loss during the surgery was compen

sated by administering 5 to 10 milliliters (ml) (depending on the 

amount lost) of 0.9% saline subcutaneously to each flank. At least 

3 hours were allowed for the animal to recover from ether before 

any recordings were taken. 

Arterial blood pressure was continuously monitored from 

the femoral artery during the experiment on a Physiolograph (Narco 

Biosystems, Inc.). When necessary, 10% Dextran 40 in 5% sucrose 

solution (Cutter Laboratories, Inc.) was infused through the fem

oral vein to maintain the mean blood pressure above 80 millimeters 

(mm) of mercury. Rectal temperature was monitored and maintained 

between 37 to 38 degrees Celsius by means of a thermostatically 

regulated heating pad (EKEG Electronics Co., Ltd.). 

A lumbar laminectomy that included the fifth and sixth 

lumbar segments was performed. Mechanical immobilization was 

achieved by fixing the head of the animal in a stereotaxic head 

holder (David Kopf Instruments), clamping the spinous process of 

the fourth lumbar vertebra, and clamping the hindlimbs at the 

ankles. Additional support was provided by means of hip pins to 

11 
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anchor the heads of the femurs to the spinal cord framework. The 

animals were routinely paralyzed with gallamine triethiodide 

(Flaxedil, 2 milligrams (mg)/kg, intravenously) and ventilated 

artificially. The rostral part of the cerebellar vermis was as

pirated to expose the IVth ventricle. All exposed nervous tissues 

were bathed in warm mineral"oil. 

Preparation for Antidromic Activation Experiments. In a 

series of seven cats, the popliteal fossa of the right leg was 

opened and the sural (Su) nerve dissected free for peripheral stimu

lation (single 0.1 millisecond (ms) rectangular pulse, 1 second (s), 

supramaximal intensity). In another series of 10 cats, natural 

noxious input was supplied by pinching the hindlimb paws with a 

hemostat. The dura was dissected along the midline to expose the 

lumbar spinal cord. 

Preparation for LC Microstimulation Experiments. The effect 

of LC stimulation on MN activity was successfully studied in 14 cats. 

After opening the dura, the lumbar cord was supported by a dural 

pool formed by tieing the dural flaps with fine threads to the 

surrounding framework. Additional stability of the cord was pro

vided by performing a pneumothorax bilaterally to minimize respira

tory movements. The left 7th lumbar (L7) ventral root (VR) was 

sectioned and placed on bipolar platinum electrodes for stimulation 

(single 0.1 ms rectangular pulse, 1/s, 5 to 50 microamperes (yA)). 

A small region of pia mater lateral to the L7 dorsal root (DR) entry 

zone was dissected to allow insertion of the micropipette. 

Electrophysiological Techniques 

Antidromic Activation Experiments. A schematic diagram of 

the electrode arrangements is shown in Figure 1. Concentric bi

polar stimulating electrodes of 0.5 mm interpolar distance were 

aimed laterally at the left L7 DR entry zone, and inserted verti

cally 3 to 3.5 mm down into the VH area. Antidromic cord 
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stimulation consisted of single rectangular 0.1 ms pulses at 1/s 

and 10 to 1000 yA intensity, core pole being negative. 

Extracellular unitary recording was made through a glass 

micropipette filled with 2 molar (M) sodium chloride saturated 

with Fast Green (1 to 4M, 5 to 10 microns (ym) tip size). Electri

cal signals were led through a preamplifier (Dagan 2400, bandwidth: 

100 hertz (Hz) to 1 kilohertz (kHz), displayed on a storage oscillo-

scope and recorded permanently on Polaroid film. In some experi

ments, dot raster displays were employed to study the cell firing 

patterns. LC units were explored at the level of the ponto

mesencephalic isthmus, 2 to 2.5 mm to the left of the central sul

cus of the rhomboid fossa. Tracks were made with a stepping hydrau

lic microdirive unit (David Kopf Instruments) throughout the LC 

regions designated by Berman (1968). These neurons reportedly 

exhibit spontaneous discharges a*t a rate of a few Hz in cats 

(Chu and Bloom, 1974b). It has also been found that most, if not 

all, LC neurons could be activated by noxious stimuli applied 

peripherally (Korf elal., 1973). The activation is character

istically followed by a quiescent period presumably due to an 

autoinhibition (Cedarbaum and Aghajanian, 1978). 

Four criteria were used to ascertain the antidromicity of 

the response to VH stimulation: (1) the invariant latency at near 

threshold intensity; (2) the ability to follow 100 Hz stimulation 

pulses; (3) the fractionation of the spike potential; (4) the 

collision of the testing antidromic response by a conditioning 

spontaneous spike within a critical period (Fuller and Schlag, 1976). 

Explanations for using these criteria to determine whether a res

ponse is evoked trans-synaptically or antidromically are as follows. 

Variations in response latency are typical of synaptic transmission 

at threshold stimulation. Synaptically evoked spikes seldom follow 

repetitive stimulation at high frequencies. Upon repetitive stimu

lation, fractionation appears as an inflexion of the rising phase 

of the spike potential. It has been attributed to a delay in the 

antidromic inflexion between the initial segment (IS) and 
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soma-dendritic (SD) membrane (Coombs elal., 1957). Finally colli

sion can occur between two spikes propagating along the same axon 

in opposite directions. According to Fuller and Schlag (1976) 

collision between spontaneous and evoked spikes occurs within a 

critical period known as the collision interval. This is defined 

as the minimum interval between a spontaneous spike and the stimu

lus producing a response. The collision interval is therefore 

equal to the latency of conduction between the sites of stimulation 

and recording plus the time of recovery (refractory period) at the 

point of stimulation. 

LC Microstimulation Experiments. A schematic diagram of 

electrode arrangements is shown in Figure 2. A region containing 

LC neurons was first identified physiologically by using a stain

less steel microelectrode (resistance measured in vivo: 2 to 4 

megohms (Mn)) manually. The electrode was fixed and then used for 

cathodal stimulation (trains of four 0.1 ms rectangular pulses at 

1 kHz). Low current intensities between 40 to 300 yA were used 

for microstimulation purposes. This technique is aimed to activate 

a known group of neurons located in a small area near the electrode. 

A silver grounding plate was implanted under the temporal muscle. 

Intracellular recordings were made from L7 MNs with glass 

microelectrodes filled with 2M potassium acetate. Acetate was 

used instead of chloride electrolyte to avoid interference of 

chloride ions with recorded inhibitory postsynaptic potentials 

(IPSPs). A ground electrode was placed between the skin and rib 

musculature. The microelectrode had a tip diameter of less than 1 

ym and initial resistances of 10 to 30 Mn measured in vivo. Pene

tration was lateral to the L7 DR entry zone and vertical tracks 

were made with a microdrive stepper (David Kopf Instruments). After 

penetration, a MN was identified by antidromic stimulation of the 

L7 VR. Potentials were fed through a high-impedance unity-gain 

amplifier (W. P. Instruments, Inc.), displayed on a storage oscillo

scope and photographed directly. 
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Figure 2. Schematic diagram of LC microstimulation experiment. 
Details are in the text. 
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Histology 

Sites of recording and stimulation were verified from the 

dye marks and from electrolytic lesions made during and at the end 

of experiments at LC and VH stimulating sites. At the conclusion 

of recording experiments a 20 yA cathodal current was passed through 

the recording micropipette for 10 to 15 minutes (min) to deposit 

Fast Green as a discrete spot (Thomas and Wilson, 1965). Spinal 

stimulating sites were marked by delivering 50 to 250 yA of direct 

current for 5 s. When stainless steel electrodes were employed 

for recording and microstimulation, a discrete electrolytic lesion 

was made at each of their tips by passing a 200 yA anodal current 

for 5 s. At the termination of all experiments, the brain stem 

and appropriate section of the spinal cord were removed and placed 

in 10% formaldehyde for fixation. Frozen transverse sections 

(50 ym in thickness) were cut and lightly stained with thionin. 

Only the data from animals with correct placements of the recording 

or recording-stimulation electrode in the LC (Figures 3 and 11) 

and stimulating electrode in the VH (Figure 4) were analyzed. 

Experimental Protocol 

Antidromic Activation Experiments. After isolating a cell 

with low spontaneous firing rate, attempts were made to identify it 

as a LC neuron by examining its characteristic response pattern 

upon pinching peripherally, or in some preparations, following 

supramaximal Su nerve stimulation. Possible antidromic responses 

were then confirmed by the four criteria previously mentioned. 

Inasmuch as the resting firing rate of the LC neurons was low, the 

collision test was greatly facilitated by employing a Schmidt 

trigger circuit. This was achieved by utilizing a spontaneous 

spike as the trigger signal to activate the VH stimulation. By 

varying the latency of the VH volley, the collision interval could 

be determined fairly accurately. 
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After establishing an antidromic cell response to the VH 

stimulation, one of a number of NA modifying drugs were given and 

the antidromic response re-determined. Drugs tested include cyclo

benzaprine hydrochloride (CBZ, Merck Frosst) (0.5 mg/kg), clonidine 

hydrochloride (Boehringer-Ingelheim) (5 micrograms/kg) and piperoxane 

hydrochloride (PIP, Rhone-Poulenc) (0.5 mg/kg). "All drugs were 

dissolved in 0.9% saline and given intravenously. 

LC Microstimulation Experiments. After identifying the LC 

neuron with its specific firing pattern to nociceptive stimulation, 

attempts were made to examine any postsynaptic effects following LC 

stimulation. L7 MNs, ipsilateral to the stimulation site, were 

first identified by antidromic stimulation of the L7 VR. Descending 

influences were studied by conditioning a subliminal or near thresh

old test VR volley with LC stimulation. Similar conditioning-testing 

procedures were also performed by testing with the DR volleys. In 

the latter case, several filaments from the left L7 DR were isolated 

and placed on a bipolar platinum electrode for stimulation. Post

synaptic potential changes were routinely studied in every MN 

encountered. Attempts were made to examine the conductance changes 

underlying the postsynaptic effects evoked from LC activation. 

Finally, the NA mediation of the LC-induced spinal influence was 

tested with systemic administration of phenoxybenzamine hydrochlo

ride (PBZ, Istituto Gentili) (3 mg/kg). 



III. RESULTS 

Antidromic Activation Experiments 

Location of Antidromic Responses. Antidromic activation 

experiments were successfully conducted in 17 cats. A total of 

25 LC neurons were identified by physiological and histological 

criteria and excited by cord stimulation. They were distributed 

from P2 to P4 rostrocaudally, from"L2 to L3 mediolaterally and 

at a depth of 6.2 to 7.3 mm below the surface of the inferior 

colliculus. A typical location of a coerulospinal neuron is 

shown in Figure 3. The cord stimulating electrode tip was within 

ipsilateral L7 MN regions (Figure 4). Only those cells obtained 

from experiments with correct recording and stimulating electrode 

placements were counted. Other postsynaptically driven LC units 

and antidromically activated non-coeruleus neurons were rejected 

from the present analysis. 

Identification of Antidromic Responses. Fourteen of the 

LC units satisfied all four of the criteria for antidromicity 

(Table I). Eleven units satisfied the first three but were not 

tested for collision (Table II). All coerulospinal neurons studied 

exhibited a tonic discharge rate between 0.1 and 3.6 Hz (Figures 

5A and 6A). 

Pinching the hindlimb paw centralaterally, or in some 

instances ipsilaterally, evoked a transient burst of activity 

(Figure 5B) followed by an interval of inhibition (Figure 5C). As 

with natural noxious stimuli, a similar excitation-inhibition 

firing pattern could be produced by supramaximally stimulating the 

contralateral Su nerve (Figure 6B). 

19 
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Figure 3. Location of a recorded LC neuron. Histological section 
corresponds to the frontal plane between P 2 and 3. Arrow shows 
extracellular staining by fast green to localize a recording site 
In the LC. 
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Figure 4. Location of a stimulation site at L7 level. Arrow 
shows a lesion to localize an antidromic cord stimulation site. 
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Figure 5. Firing properties of coerulospinal neurons. A: sponta
neous activity (3 Hz). B: pinching applied to ipsilateral hind paw 
throughout the 20 s sweep. C: post-activation suppression. D: 
four consecutive responses at 100 Hz VH stimulation as numbered. 
Fractionation occurs in all but the first trace (at arrows) E: 
antidromic response to cord stimulation (at dots). F: a spontaneous 
spike occurring outside the critical period. Collision begins when 
a spontaneous spike falls within the critical period either before 
(G) or after (H) the cord stimulation, blocking the occurrence of 
the antidromic response (at arrows). In all subsequent recordings, 
upward deflections are positive, A-C are for one neuron, D for 
second and E-H for a third neuron. Calibrations: 2 s, 200 yV for 
A-C; 2 ms, 200 yV for D; 10 ms, 500 yV for E-H. 
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Figure 6. Firing properties of the coerulospinal neuron. A-B: 
raster dot displays of the spontaneous activity (3.6 Hz) and 
response to supramaximal Su nerve shock (at arrow) respectively. 
Each picture shows 32 sweeps running successively from the top 
downwards. C: collision test. Collision begins when a spontaneous 
spike falls within the critical period either before or after the 
cord stimulation (at dots), blocking the occurrence of the anti
dromic response (at arrows). Calibrations: 100 ms for A-B; 10 ms, 
500 vV for C. 
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While penetrating vertically downward at the level of the 

pontomesencephalic isthmus, non-coeruleus units were observed in 

the vicinity of the LC. For example, mesencephalic trigeminal units 

could be isolated dorsal to the LC region. In contrast to the LC 

response, pinching had no effect on the discharge rate of trigeminal 

neurons. The latter were, however, either excited or inhibited by 

movements of the mandible.' Furthermore, these cells could not be 

excited by cord stimulation. In addition, reticularis pontis oralis 

(RPO) neurons were frequently encountered ventral to the LC area. 

RPO neurons were consistently excited or inhibited by peripheral 

pinching. Their action potentials usually followed VH stimulations 

at 100 Hz with no apparent IS-SD break. Prominent fractionation 

normally occurred at a repetition rate of 500 Hz. 

Spike Configuration in Extracellular Recordings. The 

majority of antidromic unit spikes obtained in the present study 

were positive-negative potentials (Figures 5, 6, 9, and 10). The 

duration of the positive phase was 0.4 to 1 ms while the negative 

phase had a duration of 1 to 3 ms. Occasionally, a few extra

cellular spikes were purely positive and arose straight from the 

baseline with a spike duration of 0.5 to 1 ms. All of the units 

recorded had amplitudes (peak-to-peak in positive-negative spikes) 

ranging from 300 microvolts (yV) to 1 millivolt (mV). 

Tests for Antidromicity. Both antidromic and transsynaptic 

units were recorded in the present study. In most cases, attempts 

were made to drive cells as reliably as possible by adjusting the 

current to supraliminal intensities (1.5 to 10 times threshold). 

The effective current for eliciting both antidromic (Tables I and 

II) as well as trans-synaptic responses ranged from 15 to 1000 yA. 

In order to rule out the possibility that the unit was trans-

synaptically evoked (for example, by ascending pathways which might 

be activated by current spread from the stimulation electrode), 

various electrophysiological criteria were employed to ascertain 

that antidromic activation did indeed occur. Typical invariant 
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latency responses are illustrated in Figures 9 and 10 in multiple 

superimposed sweeps. The identified LC untis followed repetitive 

stimulation at 100 Hz, with frequent fractionation of action poten

tials (Figure 50). Some of the units could not follow 10 Hz and 

had an irregular latency and therefore were classified as post

synaptic. All 25 units reported here showed features of antidromi-

city. Fourteen of these antidromic action potentials collided with 

spontaneous action potentials during the critical period (Figures 

5E to H and 6C). Thus it was not possible to generate a response 

to VH stimulation until the orthodromically conducting spike had 

reached the cord and the terminal branches of descending fibers 

had recovered from their refractoriness. The least interval between 

the orthodromic spike and the cord stimulation needed to elicit an 

antidromic spike was determined by means of a Schmidt trigger 

circuit. Without exception, this critical period was always 

greater than the latency of the antidromic spike by an interval 

between 0.5 to 1 ms. 

Antidromic Response Latencies. Figure 7A is a histogram of 

the latency of antidromic firing of 25 coerulospinal neurons that 

were activated by stimulation of the ipsilateral lumbar VH area. 

The antidromic response latencies ranged from 10 to 40 ms. A 

majority of the neurons (18 out of 25) responded within 20 ms, 

but there were a significant number of neurons (7 out of 25) with 

longer latencies. 

Conduction Velocities. The conduction velocities plotted 

in Figure 8 were determined from measurements of the latency of the 

response to stimulation (Tables I and II, and Figure 7A) and the 

conduction distance. The latter was based on postmortem estimates 

of the distance between recording and stimulating sites. These 

varied from 28 to 37 centimeters (cm) (Tables I and II). Mean 

velocities for the 25 coerulospinal neurons were calculated to 

be 20 ± 8 meters (m)/s, with a range of 7 to 32 m/s. Slightly 
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Figure 7. Distributions of antidromic response latencies (A) and 
orthodromic response latencies (B). In B, closed circles show MNs 
in which EPSPs were produced after LC stimulation; open circles 
refer to those MNs with no observable EPSP following LC stimulation. 
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Figure 8. Conduction velocities of coerulospinal neurons. Conduc
tion velocities plotted in the abscissa were determined from 
measurements of latency to stimulation and conduction distance. 
Number of neurons 1s indicated by the left ordinate whereas the 
right ordinate represents the percent frequency of distribution. 
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more than half of the neurons (13 out of 25) had velocities of 

20 m/s or less; the rest of the sampled neurons conducted at higher 

velocities. 

Drug Studies. In order to ascertain that the recorded spike 

did indeed originate from a LC neuron, a number of NA modifying 

drugs were tested in a total of six experiments. The first three 

experiments studied the effects of CBZ, a presynaptic alpha agonist, 

on LC neurons. Typical results are illustrated in Figure 9. In 

the three antidromically activated neurons studied, although the 

conduction velocity remained unchanged (as indicated by the time 

from shock artifact to the initiation of the spike potential), the 

rise time of the SD spike was increased and the amplitude decreased 

(Figure 9C). These cells also exhibited a reduction in spontaneous 

activity after CBZ which varied'widely but was always at least 25%. 

It was not uncommon for the cell to become almost silent (Figure 

9A). Pinching was also ineffective in evoking bursting activity 

following CBZ (Figure 9B). 

In three other cells, similar observations were made on their 

responses to presynaptic alpha stimulation and blockade by clonidine 

and PIP respectively. In Figure 10, an identified LC neuron was 

isolated which could be antidromically invaded by VH stimulation. 

As had CBZ administration, clonidine reduced the spike height (13%) 

without changing conduction time or the duration of the extracellular 

action potential. Subsequent injection of PIP reversed the cloni

dine effect and increased the amplitude and slope of the antidromic 

LC response to levels beyond those present before clonidine treat

ment. In the three cells examined, PIP did not alter the spike 

durations or conduction velocities of the antidromic responses. 

LC Microstimulation Experiments 

Location of Stimulation Sites. Stimulation of the LC 

routinely augmented MN excitability. Subsequent histological 
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Figure 9. Effect of CBZ on LC neuron with long descending axon 
before and 15 min after CBZ. A: spontaneous activity. B: cell 
response to pinching at the contralateral hind paw during the 
period of the underlining bar. C: five superimposed traces of 
the antidromic responses to cord stimulation. Calibrations: 2 s, 
200 yV for A-B; 2 ms, 100 yV for C. 
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Figure 10. Effect of clonidine and PIP on a coerulospinal neuron. 
LC responses to cord st imulat ion (at dots) in the sequence of A: 
pre-drug c o n t r o l ; B: 10 min af ter c lon id ine; C: 10 min a f te r PIP. 
Each panel consists of 20 superimposed traces. Cal ibrat ions: 2 ms, 
100 yV. 
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examinations revealed that these effective sites were all localized 

in the LC between stereotaxic coordinates P2 to 4. A typical stimu

lation site within the LC is shown in Figure 11. 

Synaptic Potentials in MNs. All intracellular potentials 

were obtained from the 7th lumbar segment MNs ipsilateral to the 

stimulated LC. The MNs reported in this study had stable resting 

potentials of at least -50 mV (Tables III and IV) and showed less 

than a b% change in amplitude of action potentials over the course 

of impalement. The membrane potential was calculated as the dif

ference between the intracellular and extracellular value obtained 

after withdrawal of the micropipette from the cell (Brock et al., 

1952). A total of 24 MNs were successfully impaled and recorded 

continuously over a period of 5 min to more than one hour. They 

were identified by antidromic activation following stimulation of 

the severed L7 VR (Figure 13). 

In 14 of the 24 MNs (Table III) LC stimulation evoked synap

tic potentials such as those illustrated in Figure 12. All the 

excitatory postsynaptic potentials (EPSPs) that were produced by 

LC stimulation had slow rise times and durations varying between 

4 ms to 30 ms (Figure 12). EPSPs ranging from 2 to 5 mV (mean = 

2.6 ±1.1 mV) were obtained in all 14 MNs. Six of the 14 MNs 

discharged action potentials following LC stimulation (Table III 

and Figure 12). In the remaining 10 MNs (Table IV) LC stimulation 

produced no observable EPSPs. In one instance, however, LC stimu

lation generated action potentials without prior production of an 

EPSP (Figure 13). 

In a number of cases the stimulating current was varied to 

assess the effectiveness of microstimulation and the extent of 

current spread from the LC electrode. An example is illustrated in 

Figure 12 (lower panel). A 50 yA stimulus was effective in produc

ing an EPSP in the MN. Enhancement of the peak of the EPSP and/or 

its duration was observed at current intensities up to 700 yA. A 

1000 yA stimulus delivered to the same site, however, evoked a 
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Figure 11. Location of the LC stimulation site. Histological 
section corresponds to the frontal plane P 4. Arrow shows lesion 
to localize a microstimulation site. 
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LC + DR LC+VR 
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L O ISOuAl LC HOOOuA! 

Figure 12. Facilitation by the LC of antidromic and afferent dis
charges from the same MN. LC: LC stimulation alone. DR: test 
DR volley. VR: test VR volley. LC + DR: conditioning the test 
DR volley with LC shocks. LC + VR: conditioning the test VR 
volley with LC shocks. Each record consists of 10 superimposed 
sweeps. Calibrations: 10 ms, 20 mV. 
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Figure 13. Facilitation by the LC of monosynaptic discharges. See 
legends of Figure 12 for abbreviations. Each record consists of 10 
superimposed traces. Calibrations: 2 ms, 2 mV for all except the 
upper panel, right column (2 ms, 10 mV). 
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short-latency IPSP. In this case, strong stimuli such as 1000 yA 

must have spread far enough to activate RPO neurons ventral to the 

LC. This hypothesis is supported by the fact that IPSPs have been 

found in fast-conducting reticulospinal neurons in cats (Peterson 

£t̂  al_., 1979). In all subsequent studies, precautions were made to 

avoid excessive current spread by using strengths less than 300 yA 

(Tables III and IV). This\as found to be the optimal range for 

eliciting an increase in excitability in all of the MNs tested. 

Facilitation of Antidromic Discharges. In seven MNs, weak 

VR stimuli were used to establish a sub- or near threshold excita

tion of the MNs. Thus, subliminal VR stimulation usually evoked 

an IS component but no action potential whereas a near threshold 

stimulus produced some firing. The antidromic action potentials 

studied exhibited the characteristic IS-SD inflexion of the rising 

phase. Subsequent conditioning with LC stimulation consistently 

facilitated MN discharges to test VR volleys (Figure 12, right 

column). This was observed in six MNs with LC-induced EPSPs 

(Table III) as well as in 1 MN that showed no detectable EPSP 

following LC stimulation (Table IV). In five of the seven MNs, 

a similar LC facilitation of DR evoked responses was also observed. 

An example with both of these facilitatory processes recorded from 

the same MN can be seen in Figure 12. 

Facilitation of Afferent Discharges. The effect of LC 

stimulation on afferent impulse transmission was studied in 22 

MNs. LC stimulation alone produced EPSPs in 13 of the 22 MNs 

(Table III). The remaining nine MNs showed no observable post

synaptic potential changes (Table IV). Conditioning-testing pro

cedures revealed that both monosynaptic and polysynaptic MN res

ponses were potentiated after LC stimulation. LC facilitation of 

monosynaptic discharges was shown by MNs with (Figure 12) and with

out LC-induced EPSPs (Figure 13). Microstimulation of the LC 

routinely potentiated the monosynaptic discharges to subthreshold 
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test DR volleys. Action potentials were, in both MNs, initiated 

after a delay of about 0.7 ms after the DR shocks. In addition to 

these early DR discharges, late discharges were also evoked by LC 

conditioning stimulation. These excitatory effects could be demon

strated in MNs with and without observable LC-induced EPSPs. In 

Figure 14, Mt̂  discharges are seen at latencies exceeding 1 and 25 

ms following LC conditioning stimulation. 
V 

Orthodromic Response Latencies. Because the initiation of 

the EPSPs did not exhibit a definitive inflexion from the baseline, 

the latency of LC-induced EPSPs could not be measured accurately in 

most cases. Instead, the time elapsed before the MN discharges to 

the test volley is taken to be the "latency" of the postsynaptic 

response. Orthodromic response latencies for the 24 MNs studied 

are plotted in Figure 7B. In most instances, test volleys were 

delayed to show the facilitatory effects of LC stimulation as re

liably as possible, without systematic testing for the temporal 

course of the LC actions. Ten to 20 ms was an effective interval 

between conditioning and test volleys. No difference could be 

demonstrated for response latencies derived from MNs with and with

out observable LC-induced EPSPs. 

Drug Studies. The pharmacological nature of the descending 

facilitation could be demonstrated by using PBZ, a postsynaptic NA 

alpha antagonist. In Figure 15, the usual facilitation by the LC 

of the test DR volley was indicated by an increase in the firing 

index (number of action potentials in a given number of trials). 

The effect of LC conditioning was retested 10 min after PBZ adminis

tration. LC-evoked facilitation was abolished. This suggests that 

the descending facilitation involves a NA mechanism. Since PBZ 

produces an irreversible blockade of postsynaptic alpha adrenergic 

receptors, no attempt was made to reestablish the facilitation with 

alpha agonists. 
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Figure 14. Fac i l i t a t i on of monosynaptic and polysynaptic discharges 
in MN without observable LC-induced EPSP. See legends of Figure 12 
for abbreviat ions. Each record consists of f i ve superimposed traces. 
Cal ibrat ions: 5 ms, 10 mV. 
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Control After PBZ 

LC + DR 

I 

DR 
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Figure 15. E f fec t of PBZ on LC f a c i l i t a t i o n before and 10 min a f t e r 
PBZ. See legends o f Figure 12 fo r abbrev ia t ions . Each record con
s i s t s of 10 superimoosed t races. F i r i ng ind ices : DR = 1/10, 
LC + DR = 10/10 ( c o n t r o l ) ; DR = 2/10, LC + DR = 1/10 ( a f t e r PBZ). 
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Utilizing antidromic activation in two cats further studies 

were performed to delineate the postsynaptic nature of the above 

PBZ action. In two physiologically identified LC neurons, the 

antidromic response latency was unchanged after PBZ administration, 

suggesting that PBZ has no effect on the conduction property of 

coerulospinal neurons. 



IV. DISCUSSION 

The present extracellular studies have confirmed reported 

ipsilateral LC projectionsvto lumbar VH areas. The intracellular 

studies demonstrate that mi<:rostimulation of the LC influences MN 

excitability. 

Antidromic Activation Experiments 

Although classical and more recently developed anatomical 

techniques have demonstrated the basic trajectories of various 

fiber systems, such techniques are by nature inadequate for the 

demonstration of precise connections within the neuropil. Based on 

staining for degenerating axons McBride and Sutin (1976) could not 

find evidence of coerulo-cortical connections in the cat, whereas 

Jones and Moore (1977) using autoradiography have reported these 

pathways. Using the same technique (horseradish peroxidase) in 

cats, a much wider innervation of the cortex was found by Bentivoglio 

et al_. (1978) than by Llamas et_ al_. (1975). While such approaches 

lay the foundation for understanding such pathways in the central 

nervous system, antidromic activation allows a more exact assessment 

of the course and connections of these descending tracts. The 

present data confirm previous suggestions of intimate connections 

between the LC and MNs of the VH (Fuxe, 1965; Nygren and Olson, 

1977; Commissiong ^ al-, 1978). 

Identification of LC Neurons. The LC unitary discharges in 

this study showed a tonic, steady rate that was similar to the low 

spontaneous activity (1 to 10 Hz) reported for NE-containing neurons 

in the feline LC-subcoeruleus region in quiet wakefulness and slow 

wave sleep (Chu and Bloom, 1974b). As previously documented by 

Korf et al. (1973), these neurons respond to pinch stimulus and Su 

46 
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shocks with an initial burst followed by a quiescent period. Excita

tion of LC neurons also occurs after electrical stimulation of sub

cutaneous tissue (Nakamura, 1977) or peripheral nerves (Takigawa and 

Mogenson, 1977; Cedarbaum and Aghajanian, 1978b). Recent anatomical 

studies show axonal projections arising from the large marginal zone 

neurons in the dorsal horn and ending in LC (Cedarbaum and Aghajanian, 

1978a). These neurons may'mediate nociceptive impulses since they 

are activated by noxious inputs (Christensen and Perl, 1970). The 

excitation-inhibition activity pattern is specific to LC neurons. 

Other cells in the adjacent areas either do not respond to pinching 

(e.g., mesencephalic trigeminal neurons) or lack the post-activation 

suppression phenomenon (e.g., RPO neurons). The latter results 

support the finding of Wolstencroft (1964) that brain stem reticular 

neurons in general are either excited or inhibited following noxious 

stimulation of their receptive fields. 

Since recurrent axonal collaterals have been demonstrated in 

the LC of rats (Shimizu e^ aj_., 1978), the post-excitation suppres

sion could be attributed to an NE-mediated collateral inhibition of 

LC neurons (Aghajanian et_ aj^., 1977). This was substantiated by the 

observation that, in two LC units tested, the quiescent period sub

sequent to pinch-evoked excitation was reduced by systemic PIP. 

Presumably, the autoinhibition was rendered ineffective by blocking 

the presynaptic alpha adrenoceptors on LC somata with PIP (Cedarbaum 

and Aghajanian, 1976). These data are compatible with the existence 

of a modulatory recurrent inhibitory system within the LC. Evidence 

based on the pharmacological responses in the periphery indicate 

the existence of two distinct alpha receptor populations designated 

as alpha 1 (classical postsynaptic alpha adrenergic receptor) and 

the alpha 2 presynaptic receptor (Starke, 1977). 

In the central nervous system, both types of receptors have 

been localized in the rat cerebral cortex (U'Prichard et̂  al_., 1978). 

A recent autoradiographic study has also reported high densities of 

alpha 2 receptors in the rat LC (Young and Kuhar, 1979). In order 

to further characterize the pharmacological nature of the antidromic 
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response, two alpha 2 agonists (CBZ and clonidine) and one antagonist 

(PIP) have been tested in the present study. This supports the 

NA nature of the LC units tested. Since no change in antidromic 

response latencies occurred following drug administration, it is 

justified to assume that the effective interacting loci are not 

located on the axon but reside on the soma membrane. This is in 

agreement with the fact that alpha 2 receptor sites are densely 

localized within the LC perikarya (Young and Kuhar, 1979). The 

present data demonstrating reduced antidromic spike amplitudes and/ 

or lengthened rise times following CBZ or clonidine administration 

suggest that a lowering of LC membrane excitability has indeed 

occurred. This is not inconsistent with the notion that activation 

of the LC autoreceptors results in diminished release of its own 

transmitter (Cedarbaum and Aghajanian, 1976). The fact that the 

effect of clonidine is sensitive to subsequent PIP treatment further 

confirms that the depressed LC excitability is at least in part 

mediated by the alpha 2 adrenoceptor mechanism. Furthermore, the 

enhanced spike height over the pre-drug control following PIP 

could be attributed to a tonic autoregulatory modulation of LC 

neurons. 

Criteria for Antidromic Activation. In addition to the 25 

antidromic units reported here, VH stimulation has been observed to 

evoke orthodromic responses in LC neurons. This could represent 

activation of axon collaterals onto LC neurons from some of the 

reticulospinal fibers terminating in, or passing through, the VH 

stimulation areas. Such an axon reflex arc is supported by findings 

that mono- and disynaptic relays exist between MNs and pontomesen

cephalic reticular neurons (Peterson et̂  al_., 1979) and by projections 

from reticular neurons to the LC in cats (Sakai et al_., 1977). Al

though stimulating electrodes were positioned within the VH area, 

current spread to adjacent pathways in the lateral funiculus cannot 

be ruled out. Hence, LC activation could be mediated by ascending 

fibers in the vicinity of the VH stimulating electrode. For 
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example, spinoreticular fibers have been shown to synapse on LC 

neurons (Zemlan et al_., 1978). 

All 14 LC units that satisfied the criteria of constant 

latency, high frequency (100 Hz) following, and fractionation also 

showed collision extinction. This suggests that the remaining 11 

units that satisfied the first three criteria but were not tested 

for collision cancellation probably were antidromically activated 

by cord stimulation. When considered individually, each of the 

four criteria is not without exception. Based on unitary spike dura

tion measurements and other criteria, Fussey et_ ail_. (1970) reported 

slight but noticeable variability of the presynaptic response laten

cy at threshold stimulus intensity from cat cuneate and gracile nu

clei. Also in cats, Abrahams and Rose (1975) described the inability 

of antidromic responses of neurons in the superior colliculus to fol

low faithfully the stimulation of cervical ventromedial funiculus even 

at relatively low repetitive rates (50 Hz). Fractionation"can also 

be expected to occur in trans-synaptically evoked units upon tetanic 

shocks. Lastly, the collision test needs to be considered in light 

of variability of the refractory period in rapidly firing neurons 

(Swadlow et_ aj_., 1978). This may be indicated by the 0.5 ms varia

tion in the difference between the collision interval and the anti

dromic response latency determined in this study. This is, however, 

well in agreement with the theoretical consideration of antidromicity 

proposed by Fuller and Schlag (1976). Because all four criteria were 

satisfied, the present data strongly suggest the existence of a direct 

coerulospinal system in the cat. 

Coerulospinal Pathway. The present data confirm and extend 

the anatomical finding that NA axons originating in the LC descend 

to the feline spinal cord (Kuypers and Maisky, 1977; Hancock and 

Fougerouse, 1976). The results also provide information about the 

conduction velocity of coerulospinal neurons (mean = 20 m/s). This 

conduction rate was much higher than those previously documented in 
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cats (McBride and Sutin, 1976), in rats (Nakamura and Iwama, 1975; 

Faiers and Mogenson, 1976; Huang and Maas, 1976; Takigawa and 

Mogenson, 1977), and in monkeys (German and Fetz, 1976). In all 

these studies, conduction velocities were based on latencies derived 

from antidromic activation of the rostral LC axonal pathways. Dis

crepancies in reported velocities could be explained by the fact 

that many small neurons could have been disregarded, because their 

spikes were too small to be recorded with the fairly large micro-

electrodes (Scheibel et_ al., 1955). Assuming proportionality holds 

among conduction rate, axon and soma diameters, the present estima

tion is consistent for the feline LC-subcoeruleus NA perikarya 

having diameters of 30 to 45 ym (Jones and Moore, 1974; Poitras and 

Parent, 1978). 

In the present study we were able to distinguish between RPO 

and LC neurons by the following technique. During the tracking 

procedure, an initial field potential was frequently recorded along 

with the coerulospinal responses (Figures 5E to H, 6C, 9C, and 10). 

As the latter response diminished with further advancement of the 

microelectrode, the antidromically driven RPO spike emerged. The 

RPO spike has a latency corresponding to that of the previously 

recorded field potential. This is consistent with the localization 

of RPO somata ventral to the LC region. Furthermore, RPO units 

seldom showed an IS-SD break at high frequency stimulation (Remmel 

et al., 1978). 

LC Microstimulation Experiments 

General. In conjunction with the establishment that a direct 

coerulospinal pathway is present by the antidromic activation experi

ments, subsequent intracellular records in the present study have 

further proven the functional connectivity between LC and MN sites. 

The present microstimulation results reveal the physiologically 

specific effects of NE on lumbar MNs. In order to prove that 
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microstimulation within the LC does specifically activate the 

coerulospinal projection, low current intensity not exceeding 300 

yA has been used in this study. Microstimulation at close proximity 

to a physiologically identified LC neuron has been demonstrated to 

produce excitatory effects on all the MNs tested. Slightly more 

than half of the MNs examined (14/24) exhibited EPSPs after LC 

stimulation. 
v 

These intracellular records gave no evidence that IPSPs were 

produced by LC stimulations provided the current was kept within the 

operating range (40 to 300 yA). Presence of short-latency IPSPs, 

however, can be demonstrated by using a much stronger stimulus 

(Figure 12), indicating stimulus spread may have included the RPO 

neurons. This is supported by the fact that monosynaptic IPSPs have 

been found in the fast-conducting reticulospinal neurons in cats 

(Peterson et al., 1979). 

The LC-evoked EPSPs encountered in this study have relatively 

long durations. Similar dendritically-initiated EPSPs with slow 

time course have been reported previously in MNs (Fadiga and Brook-

hart, 1960). Furthermore, in two cases the depolarization recorded 

following LC stimulation was not accompanied by a measurable change 

in input resistance at the recording site. According to the Rail 

hypothesis (1967), the slow rise time could indicate that the 

synaptic loci generating the EPSP are electrically remote from the 

recording site. With the assumption that an increase in conductance 

or permeability of the dendritic membrane causes direct EPSPs, the 

fact that these conductance increases are not detected by electrodes 

which are most likely lodged in the soma could result from the 

synaptic contacts being located distally at the dendritic tree. 

These findings may suggest that the evoked EPSPs are likely due to 

remote synaptic actions from the descending LC axons. 

Mechanism of Facilitation by LC. The present data on the 

augmented excitability after LC stimulation suggest various mech

anisms exist for the LC to facilitate MN spike discharges. In the 
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study of interaction with test VR volleys, it has been assumed that 

distal parts of the SD membrane are probably not invaded by sub

liminal VR shocks. Such volleys have indeed produced pure IS 

potentials in some of the present recordings. Conditioning LC 

stimulus has also been shown to discharge the MNs even in the 

absence of any apparent LC-evoked EPSP. LC stimulation has thus 

enhanced the excitability of the SD membrane, facilitating the 

antidromic discharge of MNs. This does not exclude the possible 

removal of tonic inhibitory influence existing on the MN by the LC. 

There have been as yet no reports of disinhibition of Renshaw cell 

activity following LC stimulation. 

Studies on the interaction with afferent impulses have 

indicated similar excitatory effects from LC conditioning. No 

attempt was made to differentiate the spatial and temporal contri

butions toward facilitation of spike discharges. Enhancement of 

both monosynaptic and polysynaptic firing was observed. The 

augmented MN excitability is believed to be due to LC-induced 

facilitation occurring at the dendritic membrane of MNs. LC-evoked 

EPSPs could also be demonstrated in a few of the VH interneurons 

impaled. This suggests that the LC influence may also be mediated 

by excitatory interneurons which synapse on MNs. Alternative 

mechanisms underlying LC effects may be attributed to disinhibition 

of Renshaw cell activity and/or removal of presynaptic inhibition. 

The prolonged EPSPs evidenced after LC stimulation are indicative 

of prolonged transmitter action or of temporal or spatial summation. 

In this context the proposed modulatory role for NE (Woodward et al., 

1979) may be occurring in the LC influence. 

The present data also indicate that different pathways are 

utilized by the LC to exercise its spinal influence. A polysynaptic 

route has already been discussed. Signs of a monosynaptic connecti

vity between the LC and MNs can be derived from at least two sources: 

a) the marked overlap of latency distribution between orthodromic 

responses and antidromic ones (Figure 7); and b) sensitivity to 

alpha 1 blockade with PBZ (Figure 15). The action of PBZ was shown 
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to be postsynaptic, without effect on conduction velocity. This, 

of course, does not exclude possible action of PBZ on the release 

of transmitter from LC NA neurons. 

Although the data from this study contradicts some earlier 

reports (see introduction), the present finding of an excitatory 

role for NE is in agreement with more recent studies (McCall and 

Aghajanian, 1979; Strahlendorf el al., 1980; White and Neuman, 1980). 

The excitatory nature of tĥ e alpha 1 adrenoceptor has been reviewed 

recently (Szabadi, 1979). The possible modulatory role of NE 

evidenced in the present study has also been substantiated by 

iontophoresis of NE in rat Purkinje cells (Moises elal., 1979). 

Functional Significance of LC Facilitation. The results of 

this study support the general conclusion that LC NA neurons facili

tate MN excitability in cats. Taken together with the' fact that 

the LC innervates many regions of the neuraxis, it is tempting to 

speculate that the system is designed to influence the entire 

sensorimotor organization of the animal. As far as postural tonus 

is concerned, clinical evidence has revealed that an overproduction 

of brain NE resulted in the "stiff man syndrome" involving spasms 

of all muscles, both agonists and antagonists (Isaacs, 1979). 

Behavioral findings have produced a more coherent view of brain 

NA function. In particular, NE-containing neurons have been 

implicated in facilitating the acoustic startle response in rats 

(Kehne and Sorenson, 1978). A role for endogenous catecholamines 

(most probably NE) in the maintenance of wakefulness in the cat has 

also been described (Keane elal., 1976). These findings strongly 

support a tentative role for the LC in the fight or flight mech

anism. This is also substantiated by the fact that the function of 

autoinhibition in the LC is to enhance phasic responses to novel 

stimuli (Cedarbaum and Aghajanian, 1978). 



V. SUMMARY 

1. This study was designed to elucidate the synaptic basis under

lying the locus coeruleus (LC)-evoked facilitation of lumbar moto

neurons (MNs) in cats. Functional connectivity of the coerulospinal 

projection was delineated by utilizing the combined approaches of 

antidromic activation and microstimulation. 

2. In 25 antidromically activated coerulospinal neurons, the mean 

conduction velocity was 20 meters per second. These neurons were 

further identified by their post-activation suppression activity and 

autoreceptor mechanisms. 

3. In 24 MNs, LC stimulation alone produced either excitatory post

synaptic potentials (EPSPs) or no observable postsynaptic potential 

changes. 

4. Microstimulation of the LC consistently potentiated the synaptic 

efficacy of dorsal root volleys as well as MN excitability during 

subliminal ventral root shocks. The enhancement of synaptic activa

tion was sensitive to alpha 1 blockade. 

5. Facilitation of MNs by the LC is at least in part mediated by 

EPSPs. The MNs which exhibited augmented excitability but with no 

detectable EPSP may have been activated by remote facilitation or 

synaptic norepinephrine modulation. 
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