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1. The Locus Coeruleus and Neurotransmission

1.1. INTRODUCTION

Since the discovery that the locus coeruleus (LC) contains the greatest number of
norepinephrine-containing cells (NE cells) in the central nervous system (CNS), and has
by far the most extended target region in the CNS of all central NE cells groups
(Dahlstrom and Fuxe, 1964; Swanson and Hartman, 1975), very many investigations
have been devoted to this small nucleus (reviews e.g. Amaral and Sinnamon, 1977: Clark.
1979: Ramm, 1979: McNaughton and Mason, 1980: Van Dongen, 1980). As a conse-
quence of these investigations much knowledge has accumulated on the morphology of
the LC cells and their terminals, and on the central NE transmission, such that the LC is
an often used illustrative example in discussions on neurotransmission and neuromodu-
lation (e.g. Dismukes, and commentaries, 1979). In this paper I intend to review the data
found in the literature on the central NE transmission which are relevant for the molecu-
lar mechanism of NE- induced effects, and for the question on whether NE is an efferent
neurotransmitter {or an efferent neuromodulator) of the LC (cf. also Szabadi, 1979: and
Woodward, 1979). The implications of these findings for the general discussion on neuro-
transmission and neuromodulation will be mentioned; their implications for the ‘func-
tion’ of the LC are mentioned elsewhere (Van Dongen, 1980, pp 137-143).

1.2. DEFINITION OF THE LC

In this paper “locus coeruleus™ is used as a collective term for the catecholamine-
containing cells (CA-cells) in the dorsolateral pontine tegmentum of mammals. General
statements on a brain region are only meaningful when this region is a single entity (or
“functional system”) (cf. Van Dongen 1980, pp. 217-266); under the above mentioned

JPNC16 2 A 117



118 Pauvl A, M. van DONGEN

definition, the LC seems to be an entity. and a further subdivision of the LC (¢, Amaral
and Sinnamon. 1977: Grzanna and Molliver, 1980) need not to be made in this paper.
because the parts of the LC seem to be similar under the aspect of the NE transmission.
An implication of this definition is, that cells containing other putative neurotransmitters
found in the region of the LC will not be taken into consideration. because no indica-
tions have been published in favour of a “co-existence™ of these putative neurotrans-
mitters and NE in a single cell. These compounds are serotonin (5-HT: Sladek and
Walker, 1977: Pickel et al.. 1977a, Legér et al, 1978a). substance P (Ljungdahl ¢t ul.
1978a) and neurotensin (Uhl ¢r al.. 1979b). while also a number of small non-NE cells
in the region of the LC have been described (Ramon-Moliner 1974: Swanson 1976b:
Shimizu et «l.. 1978. 1979).

1.3. DEFINITIONS IN NEUROCHEMISTRY

Many lists of criteria for identifying a compound as a neurotransmitter, neuromodula-
tor. neurohormone and so on have been published (cf. Werman, 1966; Florey, 1967:
Davidson, 1976; Torda, 1977a; Barchas et al., 1978; Orrego, 1979; Iversen, 1979; Dis-
mukes and commentaries 1979). Given the incomplete knowledge on this subject. a
classification of neuroactive compounds must be flexible (Dismukes 1979), but the words
used must also be sharply defined. when one wants to make informative and falsificable
statements. In the first part of this paper, the words “neurotransmitter” and “(non)synap-
tic neurotransmitter™ will be used as defined below (somewhat in line with Dismukes
1979), while in the latter part some comments on “neurotransmission” and “neuromodu-
lation™ will be made.

1.4. DEFINITION OF “NEUROHUMOR"

Compound C is a "neurohumor™ of neuron N (or group of neurons N). when the
following statements are confirmed experimentally:

. C is present in neuron N.
C 1s synthetized by neuron N.
Electrical stimulation of neuron N causes secretion (release) of C.
C interacts with specific sites of action (receptors).
At least one system exists which terminates the effect of C at its target site.
6. Direct application of C mimics the effect of increasing its endogenous concen-
tration: this effect is identical in all respects. including pharmacological.

G

1.5. DEFINITION OF “NEUROTRANSMITTER”

Compound C is a “neurotransmitter” of neuron N. when the following statements are
confirmed experimentally:

1. C is a neurochumor.
2. The site of release of C is relatively close to its site of action, and C is not trans-
ported to its site of action by the cerebrospinal fluid (CSF) nor the blood.

Note that under this definition, the concept “neurotransmitter™ also includes what many
authors call "neuromodulator™ (Torda. 1977a; Barchas et al, 1978: commentaries in
Dismukes. 1979). The concept “neuromodulator™ as used by Florey (1960. see also com-
mentary in Dismukes 1979) and Orrego (1979) is not included: a “neuromodulator™ as
defined by these authors might be released (1) independently from a neuron’s firing rate,
and (2) also by elements other than neurons.

1.6. DEFINITIONS OF “{NON)SYNAPTIC NEUROTRANSMITTER™

Compound C is a “synaptic neurotransmitter” of neuron N. when the following state-
ments are confirmed experimentally:

1. C is a neurotransmitter.
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2. C is present in the presynaptic part of a morphologically identified specialized
synapse (cf. Cobb and Penthreath, 1978, Fig. 5a-g). C acts transsynaptically: the target
site (receptor) of C is located in the postsynaptic membrane.

Compound C is a “nonsynaptic neurotransmitter” of neuron N. when the following
statements are confirmed experimentally:

1. C is a neurotransmitter.
2. C is present in non-synaptic terminals, i.e. terminals without synaptic specializations
(Cobb and Penthreath, 1978, Fig. 5h).

Note that under this definition, “synaptic neurotransmitter™ is a broader concept than
“neurotransmitter™ as used by Barchas er al. (1978): according to thz latter authors the
action of a “neurotransmitter” must be reflected as excitatory or inhibitory post-synaptic
potentials. The “nonsynaptic neurotransmitters”, as defined above and by Dismukes
(1979), are partly overlapping with the “neuromodulators™ according to Barchas et al.
(1978): a “nonsynaptic neurotransmitter” is released from a neuron, while a “neuromodu-
lator™ according to Barchas er al. (1978) might be released from other elements; more-
over, a “neuromodulator” is said to have “neuronal effects™, so its target elements prob-
ably must be neurons, while the target elements of a “nonsynaptic neurotransmitter™ are
left unspecified.

1.7. DEFINITION OF NEUROHORMONE

Compound C is a “neurohormone” of neuron N, when the following statements are
confirmed experimentally:

1. C is a neurochumor.
2. The site of release of C is remote from its site of action; C is transported to its site of
action by the CSF and/or the blood.

2. Is NE a Neurotransmitter of the LC?
2.1. PRESENCE OF NE

2.1.1. Overall pattern of NE distribution

Abundant evidence has been presented that NE is present in the cell bodies, dendrites,
axons, varicosities and synapses of the LC cells of the rat (Amaral and Sinnamon, 1977).
In all mammals investigated a CA-containing presumed homologue of the rat’s LC has
been found, and this CA has been demonstrated to be NE both in the cat and in man
(Jones et al. 1977a; Farley and Hornykiewicz, 1977, Marchand et al.. 1979a, b). NE is
transported somatofugally from the LC cells bodies (Levin et al., 1976, Levin and Stolk,
1977). At the moment. the presence of NE in the cell bodies, varicosities and synapses of
the LC in the rat is generally accepted. The presence of NE (as revealed by histofluor-
escence) has been used in mapping studies of the efferent fibers of the LC (e.g. Unger-
stedt. 1971a; Lindvall and Bjorklund, 1974). and the decrease in telencephalic NE after a
lesion of the LC has been used to check the completeness of the lesion {cf. references in
Clark, 1979: Mason, 1979).

2.1.2. Do the varicosities release NE?

The axons of the LC cglls are beaded fibers consisting of varicosities and thin intervari-
cose segments (Descarries et al., 1977; Beaudet and Descarries, 1978). I have three

reasons to suppose that NE is released from these varicosities (cf. Beaudet and Descar-
ries, 1978).

1. The varicosities contain NE (Dahlstrdm and Fuxe, 1964: Lindvall and Bjorkiund,
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1974) and vesicles with the appearance of exocytotic (“synaptic™) vesicles (Hokfelt ¢t al..
1968 Swanson et «l.. 1977; Descarries ¢t al.. 1977; Sakumoto e al.. 1977: Koda et al
1978a.b: Zecevic and Molliver. 1978 Beaudet and Descarries, 1978).

2. The varicosities contain immunoreactive dopamine-f-hydroxylase (DBH) (Swanson
and Hartman 1975: Lundberg er al.. 1977: Cimarusti et al., 1979). and therefore probably
have a synthetic system for NE.

3. The varicosities accumulate exogenous *H-NE (Descarries et al.. 1977) and other
CAs (5-OHDA. Zecevic and Molliver. 1978). and therefore probably have a specialized
re-uptake system for NE.

The varicosities share these 3 properties with classical synaptic boutons: therefore they
probably release NE. Although such non-synaptic release of NE has not been definitively
demonstrated, it is assumed that the varicosities of central NE fibers are terminals further
in this paper, as has been suggested for peripheral NE fibers (Haefely 1972).

2.1.3. The occurrence of free LC endings

The frequent occurrence of large numbers of NE terminals without synaptic specializ-
ations in LC target regions has been described by authors using various techniques to
identify NE terminals (Amaral and Sinnamon, 1977; Descarries et al., 1977; Swanson et
al., 1977; Sakumoto et al., 1977; Koda et al., 1978a, b; Cimarusti, 1979; Ouimet, 1979;
Beaudet and Descarries, 1978; but not by Zecevic and Molliver, 1978). The similarities
between the NE terminals of the peripheral sympathetic system and of the LC terminals
has been noted (Amaral and Sinnamon, 1977; Descarries et al., 1977; Koda and Bloom,
1977; Koda er al., 1978b). Note that this implies that the words “presynaptic” and
“postsynaptic” are inadequate for the NE transmission; instead of these words, “of the
terminal™ and “of the target cell” will be used respectively.

2.1.4. LC terminals on neurons, svnapses

In all LC terminal regions investigated some NE terminals are described as being in
close contacts with neuronal somata and dendrites. In the cerebellum and the hippo-
campus, these contacts are predominantly on the Purkinje and pyramidal cells respect-
ively (Swanson and Hartman, 1975; Amaral and Sinnamon, 1977: Loy et al.. 1980), while
the NE terminals in the spinal cord and neocortex are found on various morphelogical
types of neurons (Amaral and Sinnamon 1977: Jordan et al., 1977). Some NE terminals
have synaptic specializations (Nelson et al.. 1973, Descarries et al., 1977: Koda et al.,
1978a. b; Zecevic and Molliver, 1978: Beaudet and Descarries, 1978: Cimarusti ¢t al.
1979); these synapses were found to be either symmetrical or asymmetrical synapses on
dendrites or somata.

2.1.5. LC terminals on cerebral blood vessels

The cerebral blood vessels receive NE terminals from the ganglion cervicale superius
and from central NE cells. The endings of the ganglion cervicale superius terminate on
large vessels. and the LC terminals are contiguous for some distance with the small
cerebral blood vessels (Amaral and Sinnamon, 1977: Ttakura er al., 1977: De Witt, 1978).
The proportion of the LC terminals. however, that end on cerebral capillaries is small
(Itakura er al. 1977). The ultrastructure of the LC terminals on small blood vessels
indicates that these terminals indeed affect the blood vessels (Swanson et al.. 1977:
Itakura et «l.. 1977: but not Edvinsson and MacKenzie. 1977).

2.1.6. NE terminals on other CNS elements

NE terminals have been described in the eminentia mediana. which receives an LC
input (Palkovits et al.. 1977b: Zaborsky et al. 1977). as being in close contact with
ependymal cells. neurosecretory fibers and other axons: no NE terminals with synaptic
specializations have been found here (Sakumoto et al.. 1977). Similar NE terminals have
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been found in the area postrema (Torack er al.. 1973). but it is questionable whether their
origin is the LC. It is possible that NE released from these terminals reaches the ventricle
(cf. Adér et al., 1979: Perlow et al., 1980).

2.2. SYNTHESIS OF NE

The enzymes necessary for the synthesis of NE are present in the LC. Tyrosine hydroxy-
lase (TH) is demonstrated enzymatically in the LC region (Saito et al., 1977a; Bullard et
al., 1978). and immunohistochemically in the LC bodies {Hokfelt et al., 1976; Nagatsu et
al., 1979a). Immunoreactive DBH is present in the LC cells bodies, axons and terminals
(Hartman and Udenfriend 1972: Swanson and Hartman 1975: Grzanna et al., 1977,
1978 Cimarusti et al, 1979; Nagatsu et al., 1979a); the presence of immunoreactive or
enzymatically active DBH has been used in mapping studies of the LC efferents (Ross
and Reis 1974; Swanson and Hartman 1975). Immunoreactive DBH is present in small
vesicles with the appearance of exocytotic (“synaptic™) vesicles, as in large ones (Lund-
berg et al.. 1977; Cimarusti et al.. 1979). DBH has been reported as being present in all
vesicles of a DBH-positive terminal, so that single vesicles would contain both NE and
DBH (Lundberg et al., 1977), but this is still the subject of discussion (Cimarusti er al.,
1979). Other substances probably related to the synthesis of NE are also present in the
LC: copper (Yoshinaga and Shimizu, 1968: cf. Friedman and Kaufman, 1965; Molinoff
et al, 1971; Lander and Austin 1976), vitamin A (lijima 1977, 1978) and reduced pterins
(Bullard et al., 1978). Moreover, *H-DA injected into the LC region is converted into
*H-NE, and transported somatofugally (Levin et al., 1976; Levin and Stolk, 1977).

2.3. ReLEASE OF NE
2.3.1. Experimentally induced NE release

Only in one in vivo study (Tanaka et al.. 1976) has a direct measurement of the NE
release after the electrical stimulation of the LC been described; NE release was measur-
able only in the presence of an NE uptake inhibitor (desipramine). The in vivo release of
NE by electrical stimulation of the LC has been measured indirectly as an increase in the
levels of 3-methoxy-4-hydroxyphenylethylene glycol (MHPG). the main metabolite of
central NE (Korf et al. 1973a: Crawley et al.. 1978, 1979a; cf. Rutledge and Johanson.
1967; Schanberg et al., 1968). Release of central NE can be increased in vitro by depolar-
izing manipulations (electrical stimulation or K -ions) or by amphetamine (Dismukes
and Mulder, 1976 Dismukes et al., 1977: Lane and Aprison. 1977; Kant and Meyerhoff.
1977a, 1978: Rutledge. 1978).

2.3.2. Releuse into the ventricle?

The NE content of the cerebrospinal fluid (CSF) is highest during awake periods
(Ziegler et al., 1976; Perlow et al., 1978), when also the LC cells’ firing rate is highest
(Foote er al., 1980). The CSF NE is most probably (at least partly) released by LC
neurons, since (1) the CSF NE is of central and not of peripheral origin (Ziegler et ai.
1977a, Perlow et al., 1978). and (2) HRP-labeled LC cells have been found after injection
of HRP into the lateral ventricle (Adér et al.. 1979).

2.4. INACTIVATION AFTER RELEASE

24.1. Introduction
The action of a neurotransmitter must after a while come to an end: this termination
of action can be accomplished in 3 different ways:
I. Uptake of the compound by cells (usually the cell from which it was released.
re-uptake), thereby removing it from its site of action.

2. Metabolic conversion of the compound into metabolites which are inactive. or have
at least a different action.

3. Diffusion of the compound away from the site of action.
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TaBLE 1. EFFECTS OF ELECTRICAL STIMULATION OF THE LC AND OF [ONTOPHORETICAL
APPLICATION OF NE ON THE SAME CELLS (FOR REFERENCES SEE BELOW)

Effects References

Mgmbmne potential hyperpolarization 39
This hyperpolarization is:

reduced by prostaglandines (E) 39

enhanced b): papaverine 39
Membrane resistance increase 39
1. NE/LC-induced suppression 39, 47, 48, 57, 89,

96, 146, 148

This suppression is:
antagonized by

B-blocking agents

27. 47, 48, 57, 96,
146

reduced by prostaglandines (E) 39, 47, 48
glycoprotein 89
lithium jons 148
enhanced by papaverine 39, 47, 48
desipramine 47. 48
Response to stimuli reduced 146, 161

2. NE/LC-induced activation 182
This activation is:
antagonized by

x-blocking agents 182
Response to stimuli

enhanced 182

Kex 1o the_ references in the tables 1 and 2. effects of the LC and of NE on single unit
activity, und its mechanism (for earlier urticles see the review of Salmoiraghi 1966).

1. Engberg and Ryall, 1966: 2. Weight and Salmoiraghi, 1966a; 3. Weight and
Salmoiraghi, 1966b; 4. Biscoe et al., 1966: 5. Avanzino et al., 1966: 6. Legge et al., 1966
7. Weight and Salmoiraghi. 1967; 8. Yamamoto, 1967: 9. Phillis and York, 1967; 10.
Tebecis, 1967 11. Phillis et al., 1968a; 12. Boakes et al., 1968a; 13. Phillis er al., 1968b;
14. Roberts and Straughan, 1968; 15. Johnson et al., 1969a; 16. Johnson et al., 1965b;
I7. Engberg and Thaller, 1970: 18. Engberg and Marshall, 1971: 19. Hosli et al., 1971;
20. Boakes et al.. 1971: 21. Gonzales-Vegas, 1971; 22. Gonzales-Vegas and Wolsten-
croft, 1971a; 23. Gonzales-Vegas and Wolstencroft, 1971b: 24. Siggins et al., 1971a; 25.
Siggins et al., 1971b: 26. Hoffer et al., 1971a: 27. Hoffer et al., 1971b; 28. Godfraind and
Pumain, 1971 29. Siggins et al., 1971c; 30. Stone. 1971; 31. Frederickson et al., 1971;
32. Boakes et al., 1972; 33. Godfraind and Pumain, 1972; 34. Frederickson et al,, 1972;
35. Stone, 1972; 36. Engberg and Marshall, 1973; 37. Sasa and Takaori. 1973; 38.
Anderson et al., 1973 39. Hoffer et al., 1973; 40. Stone, 1973; 41. Nelson et al., 1973;
42. Sasa et al., 1974a; 43. Sasa et al., 1974b: 44. Boakes et al. 1974; 45. Lake and
Jordan, 1974; 46. Nakai and Takaori, 1974; 47. Segal and Bloom, 1974a: 48. Segal and
Bloom, 1974b; 49. Segal, 1974; 50. Phillis, 1974a. 51. Phillis, 1974b; 52. Phillis and
Limacher, 1974; 53. Yarbrough er al, 1974; 54. Bevan er al., 1974a; 55. Bevan et al.,
1974b: 56. Sasa et al., 1975: 57. Freedman and Hoffer, 1975; 58. Foote et al., 1975; 59.
Gilbert et al., 1975; 60. Phillis et al., 1976; 61. Jordan and McCrea, 1976; 62. Kirsten
and Sharma, 1976; 63. Sasa et al., 1976; 64. Freedman et al.. 1976, 65. Siggins et al..
1976; 66. Nathanson et al., 1976; 67. Galaher and Aghajanian, 1976; 68. Wang et al.,
1976; 69. Bunney and Aghajanian, 1976a; 70. Bunney and Aghajanian, 1976b; 71. Segal
and Bloom, 1976a; 72. Segal and Bloom, 1976b; 73. Segal, 1976 74. Vetulani et al.,
1976a; 75. Vetulani er al., 1976b; 76, Skolnick and Daly, 1976a; 77. Skolnick and Daly,
1976b; 78. Yarbrough, 1976; 79. Giihwiler, 1976; 80. Ahn et al., 1976; 81. Cedarbaum
and Aghajanian, 1976; 82. Bockaert et al., 1977; 83. Bonkowski and Dryden, 1977; 84.
Jordan et al., 1977; 85. Sasa et al., 1977a; 86. Freedman et al., 1977, 87. Wise and
Hoffer, 1977; 88, Nathanson, 1977; 89. Torda, 1977; 90. Harden et al, 1977: 91.
Vetulani ef al., 1977; 92. Anderson et al.. 1977; 93. Sasa et al., 1977b; 94. Bevan et al..
1977; 95. Sharma, 1977; 96. Phillis and Kostopoulos, 1977; 97. Iversen, 1977; 98.
Nathanson, 1977; 99. Rasmussen and Goodman, 1977; 100. Desaiah and Ho, 1977.
101. Nishino and Koizumi, 1977; 102. Cedarbaum and Aghajanian, 1977; 103. Aghaja-
nian et al., 1977; 104. Stone and Taylor, 1977; 105. Headley et al., 1978; 106. Krnjevi¢
et al., 1978 107. Sinnamon, 1978; 108. Taylor et al., 1978; 109. Takemoto et al., 1978,
110. Nishino and Koizumi, 1978; 111. Torda, 1978; 112. Winokur and Beckman, 1978;
113. Perkins and Whitehead, 1978; 114. Finch et al., 1978; 115, Dillier et al,, 1978; 116.
Stone and Taylor, 1978a; 117. Stone and Taylor, 1978b; 118. Stone and Taylor, 1978¢;
119. Stone and Taylor, 1978d; 120. Ewart and Logan, 1978a; 121. Ewart and Logan,
1978b; 122. Ewart and Logan, 1978c; 123. Hicks and McLennan, 1978; 124. Reader,
1978 125. Bevan et al., 1978a; 126. Bevan et al., 1978b; 127. Harris, 1978; 128. Jones,
1978 129. Hauser, 1978; 130, Robinson, 1978; 131. Skotnick et al., 1978a; 132. Skol-
nick et al, 1978b; 133. Reches, 1978; 134. Nimitkitpaisan and Skolnick, 1978; 135.
Tsang and Lal, 1978; 136. Tsang et al., 1978; 137. Wu and Phillis, 1978; 138. Schaefer
et al., 1978; 139. Belcher et al., 1978; 140. Cedarbaum and Aghajanian. 1978 141.
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2.4.2. Re-uptake

Re-uptake is the main cause of inactivation of released central NE (cf. Iversen, 1971).
Release of NE after electrical stimulation of the LC is only measurable in the presence
of an uptake inhibitor (Tanaka et al. 1976). so central NE is taken up quickly and
efficiently. Moreover, central NE terminals appear to accumulate exogenous *H-NE
(Descarries et al., 1977).

2.4.3. Enzymatical inactivation

Released central NE is enzymatically inactivated by monoamine oxidase (MAO), cate-
chol-O-methyl transferase (COMT) and aldehyde reductase. These conversions are rapid.
and the resulting metabolite is MHPG or its SO4-conjugated form (Rutledge and Johan-
son. 1967; Schanberg et al., 1968). Enzymatically active MAO and COMT are present in
all the CNS regions investigated (Saavedra et al.. 1976b: Hirano et al.. 1978). In the brain
immunoreactive COMT is demonstrated only on non-neuronal elements. such as epen-
dymal and other glia cells. and the choroid plexus, but the presence of small quantities
on neurons cannot be excluded (Kaplan et al., 1979). COMT is regarded as preventing
the free diffusion of active NE through the CNS. NE released after electrical stimulation
of the LC is rapidly converted into MHPG (Korf et al.. 1973a: Crawley et al.. 1978,
1979a).

2.5. SPECIFIC RECEPTORS

In the CNS, several different CAs and their receptors are present: these receptors have a
varying affinity for NE and for adrenoceptor agonists and antagonists. In binding studies
the central adrenoceptors, which are a subpopulation of the CA receptors, are therefore
difficult to characterize. The available data however indicate that the central NE binding
sites (“adrenoceptors”) are similar to the peripheral ones: %, and x,, and f, and §,
adrenoceptors have been described (Nahorski 1978: Bylund 1978. U'Prichard and
Snyder 1979 Minneman et al., 1979a, b; Dolphin et al.. 1979). With fluorescent probes x-
and B-adrenoceptors have been described, and their overall localization was in agreement
with the localization of the NE terminals (cf. Melamed er al.. 1977 Atlas and Melamed,
1978: Young and Kuhar, 1979), but evidence has been published that at least part of
these data are based on artifacts (Barnes er ul., 1980; Correa et «f., 1980). The adreno-
ceptors are present on LC cells, LC terminals and LC target cells (Cedarbaum and
Aghajanian, 1977, Berthelsen and Pettinger. 1977: and see below).

2.6. IDENTICAL EFFECTS (ALSO PHARMACOLOGICALLY IDENTICAL)

2.6.1. Introduction

The effects of activity of the LC cells or of release/application of NE on the LC target
cells will be discussed in more detail, because some of the conclusions are relevant to the
understanding of the actions of the LC and NE. The effects of electrical stimulation of

Woodward et al.. 1979; 142. Horn and McAfee. 1979: 143. Satoh et al. 1979: 144.
Marshall and Engberg. 1979: 145. Champagnat er «l.. 1979; 146. Sasa and Takaori.
1979: 147. Moises et al.. 1979; 148. Siggins et al., 1979: 149. Reader et «l.. 1979: 150.
Stone and Taylor, 1979: 151. Korf and Sebens, 1979 152. Herbst et al.. 1979; 153.
Nathanson and Glaser, 1979: 154. Porsche and Stefanovich, 1979: 155. Wu and Phillis,
1979 156. Akagawa and Tsukada. 1979: 157. Schaefer e ul.. 1979: 158. Igarashi er al.,
1979: 159. Phillis and Wu, 1979; 160. Gothert et al.. 1979; 161. Sasa et al.. 1979; 162,
Szabadi, 1979: 163. loseliani and Dzhamaspishvili, 1979: 164. Vorob'ev and Nesterova.
1979; 165. Moises and Woodward. 1980: 166. Olpe et al., 1980: 167. White and Neu-
man. 1980: 168. Chikamori et al., 1980: 169. Lin, 1980: 170. Herrling. 1980a: 171. Fung
and Barnes. 1980; 172. Freedman and Marwala, 1980: 173. Baraban and Aghajanian,
1980; 174. Ewart, 1980; 175. Fuenmayor and Gonzalez-Vegas. 1980; 176. Waterhouse
et al. 1980: 177. Sasa et al., 1980: 178. Herrling. 1980b: 179. Segal. 1980: 180. Rogawski
and Aghajanian. 1980a: 181. Solano-Flores er al., 1980: 182. Rogawski and Aghajanian.
1980b: 183. Rogawski and Aghajanian. 1980c: 184. Taylor and Stone, 1980.
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the LC, and of iontophoresis of NE on LC target neurons will be mentioned extensively.
while the effects on other elements (cerebral blood vessels, glia cells and the CSF) will be
mentioned shortly.

2.6.2. LC- and NE-induced effects on neurons

If NE is a neurotransmitter of the LC, then electrical stimulation of the LC must have
effects on the LC target neurons identical to the effects of iontophoresis of NE. This is
clearly the case (Table 1). It has to be admitted that strict electrophysiological tests have
never been used to make certain that the target cell is directly (i.e. via adrenoceptors on
the neuron from which the recording is made) influenced by the LC. Yet these effects are
assumed to be evoked directly, because: (1) the regions investigated are LC target
regions, (2) NE synapses and terminals have been identified in these regions (cf. Van
Dongen, 1980), and (3) most authors agree on the effects of the LC. The response type
described below is considered to be the typical LC/NE-induced response.

2.6.3. Hyperpolarization and suppression

NE hyperpolarizes its target neurons; depolarizations have only been described in one
study (Fung and Barnes 1980) with intracellular recording (Tables 1 and 2). Concomitant
with these hyperpolarizations, the “maintained activity” of the target cells was sup-
pressed. (For reasons to be discussed below, care should be taken in using the words
“exitation” (or “facilitation”), “inhibition”, “activation” and “suppression”: in this paper,
“activation” and “suppression” will be used in the meanings “increase™ and respectively
“decrease in the firing rate in the maintained activity”, i.e. only as a description of an
effect without implications for its mechanism, cf. Van Gisbergen et al., 1974.) Electrical
stimulation of the LC causes suppression with a long latency (30 msec, nucleus spinalis
nervi trigemini, Sasa and Takaori, 1973; 40-70 msec, hippocampus, Finch et al., 1978)
and a long duration (typical 120 msec, Sasa and Takaori, 1973; Oishi et al.,, 1977; Daug-
herty et al., 1977; Finch et al., 1978b; Igarashi et al., 1979a; Aston-Jones, 1980); after
prolonged stimulation (for instance 10 sec at 10 pulses/sec) the LC-induced hyperpolariz-
ations and suppression can last as long as 60 sec (Hoffer et al., 1973; Segal and Bloom,
1974a; Siggins et al., 1976; Sinnamon et al., 1978; Takemoto et al., 1978). Since in awake
animals the firing rate of the LC cells is about 10 spikes/sec (Hobson et al., 1975: Foote
et al., 1980; Sakai and Jouvet, 1980), the LC causes a tonic suppression of the “main-
tained activity” of its target cells during such periods. During the LC/NE-induced hyper-
polarization, the resistance of the membrane to transmembrane ion currents is increased
(Table 2). An increase in the membrane resistance must be effected by closure of the ion
channel with the smallest resistance, i.e. a closure of the K* channels.

2.6.4. LC/NE-induced activations?

A relatively small number of authors report the occurrence of NE-induced activations
(Table 2, Szabadi 1979; Rogawski and Aghajanian 1980a, b, c; Fung and Barnes, 1980).
These may either be evoked via an interneuron, be due to NE-induced vasoconstriction
of cerebral blood vessels (Stone, 1971), or be the effect of interaction of NE with receptors
for DA, octopamine or other compounds (cf. Hicks and McLennan, 1978, Bevan et al.,
1978a, b), but they could also be NE-induced activations evoked via receptors for which
NE is the endogenous ligand (adrenoceptors) located on the neuron from which the
recording is made (possibly a-adrenoceptors, Bevan et al., 1977; Szabadi, 1979; Rogawski
and Aghajanian 1980a, b, c; Fung and Barnes, 1980).

2.6.5. Receptors involved

In studies where the effects of electrical stimulation of the LC and iontophoresis of N.E
on the same neuron have been investigated, most LC/NE-induced effects came about via
B-adrenoceptors, blocked by sotalol, propranolol and fluphenazine (Tables 1 and 2).
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mechanism of the NE-induced suppression

NE hyper- decrease in
polarization conductance

— 4

R-receptor
ﬁx adenylate cyclase @

PGE / \ activates i ﬂloses

ATP cyclic AMP

A

K*—channel

phosphorylation
protein J
kinase

F16. 1 Hypothetical mechanism of NE-induced suppression. hyperpolarization and decrease in
membrane conductance: this mechanism seems to be the most plausible explanation of the NE
effects on neurons as presented in the literature.

therefore a f-adrenoceptor is indicated in the figure on the mechanism of the NE-
induced suppression (Fig. 1). The only well documented example of LC/NE-induced
suppression via a-adrenoceptors is the NE-induced lateral suppression of the LC cells
(Cederbaum and Aghajanian, 1976, 1977, 1978: Aghajanian et al., 1977); and the only
well documented example of NE-induced activations via x-adrenoceptors is the NE-
induced activation of relay cells of the lateral geniculate nucleus (Rogawski and Aghaja-
nian, 1980a, c). In a number of studies, effects of central NE via a-adrenoceptors on other
organs or on behavior have been reported (sleep: Putkonen et al., 1977 eating: Leibo-
witz et al., 1978; endocrine: Weiner and Ganong, 1978 spinal refiexes: Kuraishi et al.
1979; startle response: Davis et al., 1979; conditioned avoidance: Hawkins and Monti,
1979). At the moment it is not at all clear whether these effects are due to interactions of
adrenoceptor agonists and antagonists with adrenoceptors. or with receptors for which
DA, octopamine or E is the endogenous ligand, and whether these receptors are located
on neuronal cell bodies, on terminals or on other CNS target elements (blood vessels,
glia cells).

2.6.,6. NE and cyclic AMP

It is now generally accepted that NE causes its suppression through an increase in the
adenylate cyclase activity, the enzyme that produces cyclic AMP (Korf and Sebens, 1979,
reviews Iversen, 1977a, Nathanson, 1977). Both NE and cyclic AMP cause hyperpolariz-
ation with an increase in the membrane resistance (Siggins et «l., 1971a; Nathanson.
1977). Adenylate cyclase inhibitors diminish LC- and NE-induced responses (Segal, 1974
Nathanson et al, 1976, 1977: Taylor et al, 1978: Reches. 1978 Siggins ¢t al. 1979:
Ebstein er al, 1980), while on the other hand, inhibitors of phosphodiesterase (the
enzyme that inactivates cyclic AMP) increase the LC-. NE- and cyclic AMP-induced
responses (Siggins et al., 1971b; Hoffer et al., 1971b, 1973; Segal and Bloom, 1974a. b:
Giéhwiler, 1976). Since the response of cerebellar Purkinje cells to NE applied iontophor-
etically 1s much slower than to cyclic AMP (or GABA) ejected from the same electrode
(Siggins et al., 1971b; Hoffer, 1971b; Gihwiler, 1976), a slow process must be present
between the release of NE and the synthesis of cyclic AMP. Not only electrophysiologi-
cally, but also biochemically. the effects of electrical stimulation of the LC. and of
application of exogenous NE on the production of cyclic AMP are identical (Korf et al..
1979). The activation of adenylate cyclase is not a unique property of NE: DA and some
other neurohumors also activate adenylate cyclase (Nathanson, 1977).

2.6.7. NE and prostaglandins

The prostaglandins of the E series (PGE,. PGE,) diminish the effects of the LC’s
activity or of iontophoresis of NE on the LC target cells (Hoffer et al., 1973: Segal and
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Bloom, 1974a, b), but not the effects of cyclic AMP (Siggins ¢ «l.. 1971b: Hoffer ¢t al.
1971b). It has been suggested that the PGEs reduce the NE-induced increase in the
adenylate cyclase activity (Hoffer et al., 1971b: Nathanson, 1977). Tt is remarkable that
the effect of prostaglandins on the NE-induced suppression is opposite to their action on
the DA-induced effects (Nathanson, 1977).

2.68. NE and Na,K-AT Pase

Ample evidence has been presented that NE increases the activity of the ouabain-
sensitive Na, K-ATPase (the so-called Na,K-ATPase) and of the ouabain-insensitive
Na,K-ATPase (the so-called Ca,MG-ATPase). The Na,K-ATPase has attracted special
interest, since “the Na,K-ATPase is thought the enzymatic representation of the trans-
membrane Na-K-pump, which could have electrogenic properties under some con-
ditions™ (Ewart and Logan, 1978b). Since the NE-induced suppression of cerebellar Pur-
kinje cells and somatosensory cortical cells is diminished by inhibitors of Na,K-ATPase
(Phillis et al., 1974; Yarbrough, 1976: review, Phillis, 1976) NE causes the suppression of
its target cells through an increase in the Na,K-ATPase activity. This action of NE on an
electrogenic Na,K-ATPase can explain the NE-induced hyperpolarization. Moreover,
such an action can explain the difficulties in finding a reversal potential for the NE-
induced effects (Marshall and Engberg, 1979). It is remarkable that no increase in the
activity of the Na,K-ATPase by cyclic AMP has been found (Phillis. 1976 Akagawa and
Tsukada, 1979). The activity of the Na,K-ATPase is increased not only by NE, but also
by DA, while ACh, Glu or GABA have no effect on the Na,K-ATPase activity (Yar-
brough, 1976, Desaiah and Ho, 1977; Akagawa and Tsukada. 1979: Schaefer et al.. 1979).

2.6.9. NE and calcium ions

The NE-induced suppression of somatosensory cortical cells is reduced by compounds
interfering with Ca%* transport and binding (Phillis et al., 1974 reviews, Phillis, 1974,
1976). The action of Ca?* could be due to interactions of Ca?* with adenylate cyclase

and/or phosphodiesterase (Ahn et al., 1976; Nathanson et al., 1976; review, Rasmussen
and Goodman, 1977), or to a change in membrane properties either due to binding of

Ca?* to the membrane, or due to fluxes of Ca*?* through it (Philiis, 1974. 1976; see also
Orrego, 1979).

2.6.10. A hypothetical mechanism of the NE-induced suppression

The data on the mechanism of the NE-induced suppression are summarized in Fig. 1.
NE causes a two-fold action: (1) an increase in the activity of an electrogenic ion pump
which causes an outward current of Na* (or perhaps K* or Ca’*), and consequently a
hyperpolarization (Phillis 1974), and (2) a closure of K * channels which is reflected as an
increase in the membrane resistance (cf. Phillis, 1976; Marshall and Engberg, 1979). In
this process, cyclic AMP, prostaglandins, Na,K-ATPase and Ca’" are involved. It has to
be admitted that no interpretation of the mechanism of NE action on the target cell
membrane has ever been presented in the literature that is consistent with all the findings
mentioned above, and this drawback applies to my interpretation too (Fig. 1). (Points of
agreement that NE and cyclic AMP cause hyperpolarization with an increase in the
membrane resistance, and that NE does cause an ouabainsensitive suppression, while an
inconsistent point is that cyclic AMP has been reported as not influencing the Na, K-
ATPase activity in the CNS. I cannot however think of a simple interpretation that is in
agreement with all data.)

2.6.11. Actions of NE on non-neuronal elements in the CNS

NE terminals on other CNS elements than neurons have been described (Section 2.1.),
but their action is much less investigated than the action of NE terminals on neurons.
Conflicting data have been published on the effects of activity of the LC on the cerebral
blood flow (review, Van Dongen, 1980, pp 61-63). My interpretation of the data found in
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the literature is that activity of the LC cells causes an increase in the cerebral blood flow
and in the cerebral metabolism in the LC target regions (cf. Edvinsson, 1975; Edvinsson
et al.. 1979: Harik et al.. 1979; Cummins and Keller, 1979; but see also Schwartz et al.,
1978 Abraham, 1979). NE causes phosphorylation and an activation of carbonic anhyd-
rasc in glia cells of the cerebral cortex (Church et al., 1980). The effects of NE reaching
the ventricle are unclear. Intracerebroventricular injections of NE and adrenoceptor
agonists or antagonists have yielded inconsistent results (cf. Ramm, 1979), and it is even
unclear whether endogenous NE just leaked away into the CSF having no action of its
own and being rapidly degraded, or whether it interacts with adrenoceptors influencing
someway the cerebral information processing.

2.7. CONCLUSIONS

2.7.1. NE as a neurotransmitter of the LC

Taking together the above mentioned data on LC terminals and the effects of NE
released from the LC terminals, the above mentioned criteria for “neurotransmitters” and
so on, and using the criteria not too conservatively, my conclusion is: NE is a synaptic
and a nonsynaptic neurotransmitter of the LC cells, and NE released from LC terminals into
the ventricle might be a CSF neurohormone. What then are the similarities and differences
between the effects of synaptic and nonsynaptic released NE? The above mentioned
effects of electrical stimulation of the LC probably come about through synaptic and
nonsynaptic terminals and thus reflect the similarities between them. Some speculative
remarks can be made on the differences. A synaptic release of NE assures strictly local
effects with a fixed. relatively short latency on fixed target elements, while freely released
NE may have more distant effects with a longer, variable latency on variable target
elements. Distant effects of freely released NE, however, are probably still restricted,
because (1) freely released NE will be rapidly degraded and inactivated by MAO and
COMT. which are present throughout the CNS., and (2) the distribution of central
adrenoceptors is similar, but not identical. to the distribution of the central NE terminals
(Palacios and Kuhar, 1980). NE reaching the ventricle by direct release or diffusion (cf.
Ziegler et ul.. 1976 Perlow er al.. 1978: Adér et al., 1979b) may have distant effects, if it
has any.

3. Interaction of NE from the LC with other Neurobumors, and its
Effect on CNS Signal Processing

3.1. INCREASE IN THE SIGNAL-TO-NOISE RATIO?

The "maintained activity” of cerebellar Purkinje cells is suppressed by NE from the
LC, while the activations and suppressions of the activity of the same cell evoked by
electrical stimulation of the climbing fibers, the parallel fibers, the motor cortex, the
limbs or the vibrissae were increased or left unaffected by NE—and in case that the
latter activations or suppressions were decreased, this decrease was smaller than the
decrease in the “maintained activity”—(Freedman et al., 1976, 1977;: Woodward et al.
1979). The “"maintained activity™ of neurons in the auditory and somatosensory cortex is
similarly suppressed by NE from the LC, while also in these regions both the activations
and the suppressions to species-specific vocalizations and to tactile stimuli remained
intact, or were even enhanced (Foote et al., 1975; Woodward et al., 1979; Waterhouse et
al., 1980). The “maintained activity” was considered to be noise, and the experimenter-
induced activity was regarded as signal, so the signal-to-noise ratio of these cerebellar
and neocortical neurons was said to be increased (see below for objections to this view.
and for a less prejudiced description). In the visual cortex, the duration and depth of the
recovery cycles after visual stimulation were reduced by NE from the LC (Vorob’ev and
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Nesterova, 1979), which also indicated a NE-induced improvement in the cortical signal
processing. Similarly, in the hippocampus, the LC has been reported as selectively
enhancing the response to a (initial neutral) stimulus which was coupled to a significant
stimulus (e.g. food: Segal and Bloom, 1976b); this was also regarded as a LC-induced
increase in the signal-to-noise ratio. On the other hand, both the “maintained activity”
and the activations of dorsal lateral geniculate nucleus neurons due to electrical stimu-
lation of the optic tract, were increased by iontophoresis of NE and by electrical stimu-
lation of the LC (Rogawski and Aghajanian, 1980a, b, c): the implications of these find-
ings will be mentioned below. A selective reduction of the “maintained activity” com-
pared to the investigator-induced activity is not a unique property of NE: GABA has a
similar action in the cerebellum and the neocortex, although by means of a different
membrane mechanism (Foote et «l.. 1975: Freedman. 1977; Waterhouse and Woodward,
1980).

3.2. INTERACTION OF NE wWITH OTHER PUTATIVE NEUROTRANSMITTERS

Recently, data have been presented that the actions of NE can be best understood by
its interaction with various putative neurotransmitters: this might explain NE’s effects
both on stimulation-induced activity and on the so-called maintained activity (see below).
The GABA-induced suppression of cerebellar Purkinje cells and of parietal and somato-
sensory cortical cells is enhanced by NE (Moises et al., 1979; Moises and Woodward.
1980:; Waterhouse er al.. 1980; Taylor and Stone, 1980), while at the same time the
Gly-induced suppression of these cells was diminished. The ACh- and Glu-induced acti-
vation of cerebellar Purkinje cells, dorsal lateral geniculate nucleus relay cells and soma-
tosensory cortical cells is reported as being enhanced by NE (Moises et al., 1979; Moises
and Woodward, 1980: Waterhouse et al., 1980; Rogawski and Aghajanian, 1980c). Some
papers indicated a NE-induced reduction of the ACh- and Glu-induced activations but
this may be due to relatively large NE currents (Legge et al.. 1966, Frederickson et al.,
1971; Segal, 1974; Phillis and Limacher, 1974; Ewart and Logan, 1978a; Reader, 197%a).
The adenosine-induced suppression of parietal cortical cells is enhanced by NE (Taylor
and Stone, 1980). It is likely that in the future further examples will be described where
the combined action of 2 putative neurotransmitters on one target cell is not simply the
combination of their separate actions at the cellular level, but a more complicated
interaction. If the action of the putative neurotransmitters at the molecular level (see Van
Dongen 1980 for “levels™) is known. their simultaneous action can be understood both at
the molecular and at the cellular level.

4. Implications of these Findings

4.1. LC/NE-INDUCED SUPPRESSION IS NOT INHIBITION

The prototype of “classical inhibition™ is the inhibition of spinal a-motoneurons by
Renshaw cells: the transmitter involved is most probably Gly, but it could also be either
taurine or f-analine (cf. Sonnhof et al., 1975: Curtis and Johnson, 1976; Davidson, 1976:
Nicoll er al., 1976). The mechanism of the Renshaw-induced inhibition is opening of K™
channels (Fig. 2; Curtis and Johnson, 1976: Davidson, 1976). The NE-induced sup-
pression involves a different mechanism (Figs. 1 and 2). The most striking difference
between Gly-induced inhibition and NE-induced suppression at the molecular level is
that the Gly-induced inhibition is a passive process, the opening of K* channels, while
the NE-induced suppression is an active, energy requiring process, which involves the
degradation of ATP for the synthesis of cyclic AMP and for actively pumping ions across
the membrane. The most striking difference at the cellular level is that Gly causes a
similar suppression of the “maintained” and experimenter-induced activity, while NE
influences the various transmitter-induced activities in different ways.
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NE-induced suppression is not inhibition
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F1G. 2 Diagram illustrating the differences between “classical inhibition™ (as induced by glycine)
and the LC/NE-induced suppression.

4.2. NE AND THE “MAINTAINED ACTIVITY” OF ITS TARGET NEURONS

The “maintained activity” of the LC’s target neurons might be an effect of 2 causes.

1. The transmembrane potential of neurons without active afferents is not fixed, but
shows fluctuations (“membrane noise™). One can imagine that the threshoid for spike
generation is occasionally reached by such stochastic fluctuations; this would result in a
“spontaneous activity™ of this neuron, which is propagated further in the CNS.

2. A number of neurons give off activating pulses to a neuron, inducing a “maintained
activity” in the latter neuron; the membrane noise of this neuron causes a stochastic
transmission of these afferent activating pulses.

Activity of the LC cells causes release of NE, which has a dual effect.

1. NE activates an electrogenic ion pump causing hyperpolarization of its target neu-
rons; this effect diminishes the probability of firing by chance: the “spontaneous activity”
is suppressed.

2. NE closes K* channels of its target neurons, thereby increasing the membrane
resistance. The effect of NE on actions of other neurohumors depends on the molecular
mechanism of the latter’s effect. Suppose that we are dealing with a “classical excitatory”
neurotransmitter, the molecular mechanism of whose action is opening of Na* channels,
resulting in depolarization. The action of such neurotransmitter on the cellular activity
will be increased by NE, because an identical outward Na* current (or even a greater
Na™ current due to a greater electrical force on Na* during hyperpolarization) causes a
larger depolarization, when the membrane resistance is increased (cf. Weight, 1974; and
in Dismukes. 1979).

One must expect that the effect of activity of the LC, or of iontophoresis of NE, on the
“maintained activity” of its target cells depends on the main afferent influence. A toni-
cally Glu-driven neuron will be activated (cf. Rogawski and Aghajanian, 1980c), while a
tonically GABA-driven neuron may be expected to be suppressed.

4.3. THE PRINCIPLE OF NEUROCHEMICALLY SPECIFIC EFFECTS

NE appears to have unique effects on its target neurons, and it is probable that other
putative neurotransmitters each have differing unique effects on their target neurons
(Bonkowski and Dryden, 1977). Therefore, “the important and universally accepted
point: different presynaptic fibers can exert one of two fundamentally opposite effects on
postsynaptic neurons, either facilitation or inhibition” (Patton, 1965, p 168) is not valid
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any more: various terminals can exert one of more than two different effects. The effect of
a neurotransmitter is adequately characterized at the molecular level, i.c. by its effects on
the different ion channels, pumps and other molecules. Such effects not only depend on
the neurotransmitter involved, but also on its receptors (e.g. ACh, Purves 1976; and DA.
Kebabian and Calne 1979; Cools and Van Rossum, 1980). (For this reason I did not
speak about the “Principle of Neurotransmitter Specific Effects”, but about the “Princi-
ple of Neurochemically Specific Effects™. Some similarities and differences between the
neurochemical effects of NE and other neurohumors have been mentioned above.) When
the Neurochemically Specific Effects of two neurotransmitters are known. their simul-
taneous effect can be understood.

4.4, NEUROMODULATION?

It is fashionable to describe the effect of NE (and of other neurotransmitters) in terms
of “neuromodulation™ (or “to modulate™, “neuromodulatory”, “neuromodulator”, cf. Dis-
mukes and commentaries 1979). Three meanings of these words will be discussed shortly.
Some authors use these words in their common sense meaning, and not in more-or-less
strictly defined meanings. A common sense meaning is the following (cf. Lembeck in
Dismukes, 1979): “M modulates the effect of B” means “M influences the effect of B”. In
this case, the word “to influence™ is sufficient, and “to modulate™ is superfluous and is

unjustly suggested to be a technical term.

4.5. MODULATION VERSUS EXCITATION AND INHIBITION

An effect of a neurotransmitter is called “modulation” by some authors, when this
effect is not “simply excitation or inhibition” (Dismukes 1979; Libet in Dismukes, 1979).
This would be nice, when we knew what “excitation” and “inhibition” exactly is, or when
at least these words were conventionally, but strictly defined. A tentative description of
“excitation” could be “opening of Na* channels leading to depolarization™ (such as the
effect of ACh via nicotine receptors. and the effects of L-Glu and L-Asp): and a tentative
description of “inhibition™ an “opening of K* channels leading to hyperpolarization™
(such as the effect of the presumably glycinergic Renshaw cells). (It remains however
questionable whether all effects one wants to call “excitation™ or “inhibition™ come about
via these mechanisms.) Note that “excitation™ and “inhibition™ are hereby reformulated
as Neurochemically Specific Effects. Another tentative description of “inhibition™ at a
higher (cellular) level is a similar decrease in both the maintained and the experimenter-
induced activity of a neuron. Consequently the effects of NE both at the molecular and at
the cellular level are not simply “inhibition™

4.6. Does NE HAVE EFFECTS OF ITS OWN?

According to a number of authors, a compound has a “neuromodulatory effect”, when
it has no effect of its own but only influences (“modulates™) the effects of other neuro-
transmitters (cf. Torda 1977: Rogawski and Aghajanian, 1980c; Butcher. Evans, Iversen,
Kupferman and Libet in Dismukes. 1979): a neuromodulator would not influence the
membrane potential nor the maintained firing rate. NE seems to have effects of its
own-—activation of an electrogenic ion pump and closure of K* channels—and only in
one study (Sasa et al., 1979) some indications have been published that these effects
would come about via other neurotransmitters. This applies to the NE-induced effects
via B-adrenoceptors (see above). It is uncertain whether the effects of NE via x-adreno-
ceptors only come about via other neurotransmitters (such as Glu in the dorsal lateral
geniculate nucleus). or also include effects of NE of its own; investigations with intra-
cellular recording can solve such problems (cf. Rogawski and Aghajanian, 1980c).

4.7. CONCLUSIONS ON THE EFFECTS OF NEUROHUMORS

An implicit assumption in the use of the word “neuromodulator” (or derived words) is
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that compounds can be distinguished (the “neurotransmitters”) that transmit the “really
relevant” neural messages (the “signals”, the “excitations” and “inhibitions” in the CNS),
and that other compounds (often called “neuromodulators™) only modify these messages.
It would imply that we already know what the signals are (i.e. the activity to be modu-
lated), what the modulating activity, and what the irrelevant activity (“noise™) is. Such a
view leads to confusing questions: for instance, both NE and GABA are said to increase
the signal-to-noise ratio of cerebellar and neocortical cells (Foote et al., 1975; Freedman
et al., 1977; Taylor and Stone, 1980); does then NE modulate the GABA-induced effects,
or does GABA modulate the NE-induced effects, or—and this is my opinion—are such
questions irrelevant? The dichotomy “neurotransmitter” versus “neuromodulator” and
the dichotomy “excitation™ versus “inhibition” are in my opinion an inadequate and too
simple description of the various effects of neurohumors: I prefer the analysis of effects of
neurohumors in terms of Neurochemically Specific Effects to a discussion on definitions
in the classification of neurohumors (cf. Dismukes, 1979; especially the words “neuromo-
dulation™ and “neuromodulator” have created much confusion; I would recommend to
avoid them altogether). Moreover, I prefer a less prejudiced view on neural activity: each
neural activity is both a representation of something else (i.e. it has a “meaning”), and has
effects which are finally, and often indirectly, effects on behavior (see Van Dongen, 1980,
pp. 217-266). So 1 prefer the analysis (1) of the Neurochemically Specific Effects of the
different neurohumors (as has been done in this paper for NE of the LC), and (2) of the
effects of neural messages at the different levels, from molecular (Neurochemically
Specific Effects) to behavioral effects (as has been attempted for the LC in Van Dongen,
1980).

5. Summary

1. The present paper reviews the data relating to the central noradrenergic (NE)
transmission of the locus coeruleus (LC). According to the conventional criteria for
neurotransmitters, NE can be regarded as a synaptic and nonsynaptic neurotransmitter
of the LC and possibly as a neurohormone which acts after transport via the cerebro-
spinal fluid.

2. The most often described response to iontophoresis of NE, and to electrical stimu-
lation of the LC is a reduction in the maintained firing rate via f-adrenoceptors, con-
comittant with hyperpolarization and with an increase in the membrane resistance. It is
suggested that these effects come about by an increase in the activity of an electrogenic
ion pump and by a closure of K™ -channels. The molecular mechanism of this action of
NE might explain the interaction of NE with other putative neurotransmitters. The
response of LC-target neurons to other stimuli remains relatively intact during a NE-
induced reduction of the maintained firing rate: the “signai-to-noise ratio™ of LC-target
cells 1s regarded by many authors as being increased by NE. In this paper, it is suggested
that LC’s actions can be better understood by the interaction of NE with other putative
neurotransmitters. than as an increase in the signal-to-noise ratio: NE increases the
response to some putative neurotransmitters, and decreases the response to others. The
conclusion that NE from the LC improves the signal processing in its target regions
seems attractive, but cannot yet be shown to be false or true.

3. Tontophoresis of NE and electrical stimulation of the LC have been reported as
increasing the maintained firing rate of a minority of neurons via a-adrenoceptors. The
cellular and molecular mechanism of this action is scarcely investigated.

4. It is suggested that the action of a putative neurotransmitter is complex, such that
the dichotomy “excitation” versus “inhibition” is a description that is inadequate to
describe the various neurotransmitters’ effects: the effects of neurotransmitters can be
described adequately as “neurochemically specific effects”.

5. The words “neuromodulation™ and “neuromodulator” appear to be used with a

vari;:ty of meanings, which makes them meaningless; it is recommended not to use them
at all.

(AN TR



134 Patr A. M. vaN DONGEN

Acknowledgements

The author wishes to express his appreciation for the helpful discussions with Dr. A. R,
Cools, and Mrs Joyce van den Akker-Lamers for her secretarial assistance.

References

ABraHaM. W. C.. Deranoy. R. L. DusN. A, J. and ZorNeTzer. S. F. (1979). Locus coeruleus stimulation
decreases deoxyglucose uptake in ipsilateral mouse cerebral cortex. Brain Res. 172, 387-392,

ADER, J.-P. AIZENSTEIN, M. L., Postema. F. and Korr. J. (1979). Origin of free 3-methoxy-4-hydroxyphenylethy-
leneglycol in rat cerebrospinal fluid. J. neural Transm. 46, 279-290.

AGHAJANIAN. G. K.. CeDARBAUM. J. M. and WaNG. R. Y. (1977). Evidence for norepinephrine-mediated col-
lateral inhibition of locus coeruleus neurons. Brain Res. 136, 570-577.

AHN. H. S, MisHrA. R. K., DEmiRjiaN. R. K. and MAKMAN, M. H. (1976). Catecholamine-sensitive adenylate
cyclase in frontal cortex of primate brain, Brain Res. 116, 437-454.

AxAGawa, K. and TsUKADA. Y. (1979). Presence and characteristics of catecholamine-sensitive Na.K ATPase in
rat striatum. J. Newrochem. 32, 269-272.

AMARAL, D. G. and SinnNamoN. H. M. (1977). The locus coeruleus: neurobiology of a central noradrenergic
nucleus. Proy. Neurobiol. 9, 147-196.

ANDERSON. E. G.. Haas, H. L. and Hésti L. (1973). Comparison of the effects of noradrenaline and histamine
with cyclic AMP on brain stem neurones. Brain Res. 49, 471-475.

ANDERSON. C. D.. PasQuier. D. A.. Forses, W. B. and MORGANE. P. J. (1977). Locus coeruleus-to-dorsal rephe
input examined by clectrophysiological and morphological methods. Brain Res. Bull. 2, 209-222.

AsSAF. S. Y. MasoN. S. T. and MILLER, J. J. (1979). Noradrenergic modulation of neuronal transmissin between
the entorhinal cortex and the dentate gyrus in the rat. J. Physiol. (Lond.) 292, PS2.

AsTon-Jongs. G.. SEGaL. M. and Broom F. E. (1980). Brain aiminergic axons exhibit marked variability in
conduction velocity. Brain Res. 195, 215-222.

AvanziNo. G. L. BRaDLey. P. B. and WOLSTENCROFT. J. H. (1966). Pharmacological properties of neurones of
the paramedian reticular neucleus. Experientiu 22, 410.

Barasan. J. M. and AGHalaxiax. G. K. (1980). Suppression of firing activity of 5-HT neurons in the dorsal
raphe nucleus by alpha-adrenoceptor antagonists. Neuropharmacology 19, 355-364.

BArCHAS, J. D.. AKIL. H.. Ereiort. G. R.. Houman, R. B. and WATsoN. S. J. (1978). Behavioral neurochemistry:
Neuroregulators and behavioral states. Science 200, 964-973.

BarnEs. P.. PoppeL. H.. Lewis. P HutsoN, C.. Buatr, I and DorLery. C. (1980). A fluorescent analogue of
propranolol does not label beta adrenoceptor sites. Brain Res. 181, 209-213.

BeaUDeT. A. and Descarries. L. (1978). The monoamine innervation of rat cerebral cortex: Synaptic and
nonsynaptic axon terminals. Neuwrosci. 3, 851-860.

BERTHELSEN, S. and PETTINGER. W. A. (1977). A functional basis for classification of x-adrenoceptors. Life Sci. 21,

595-606.

Bevan. P.. BRapsHaw, C. M.. RoRerTs. M. H. T. and SzaBapi. E. (1974a). The effect of microelectrophoretically
applied mescaline on cortical neurones. Neuropharmacol. 13, 1033-1045.

Bevax. P.. BrabsHaw. C. M. and SzaBabL E. (1974b). Potentiation and antagonism of neuronal responses by
methysergide and sotalol. Brir. J. Pharmucol. 58, 445P.

Bevan. P.. BrapsHAw, C. M. and SzasapL E. (1977). The pharmacology of adrenergic neuronal responses in
the cerebral cortex: evidence for excitatory z- and inhibitory f-receptors. Brir. J. Pharmacol. 59, 635-642.

Bevan. P. BRaDsHaw, C. M. Pux. R. Y. K. SLaTER. N. T. and SzaBapl. E. (1978a). Comparison of the
responses of single cortical neurones to tyramine and noradrenaline: effects of desipramine. Brir. J. Phar-
macol. 63, 651-658.

Bevan, P.. BRaDsSHAW. C. M.. PUN.R. Y. K.. SLaTER. N. T. and SzaBapi. E. (1978b). Responses of single cortical
neurones to noradrenaline and dopamine. Newropharmucol. 17, 611-617.

Biscoe. T. J.. CurTis. D. R. and RyaLL. R. W. (1966). An investigation of catecholamine receptors of spinal
interneurons. Inr. J. Neuropharmacol. 5, 429-434.

BoAKEs, R. J.. CanDY. J. M. and WoLSTENCROFT, J. H. (1968). Agonistic and antagonistic effects of alpha-
methylnoradrenaline at central receptors. Brain Res. 11, 450--452.

Boakes. R. J.. BRabLEY. P. B.. Brookes. N.. Canby. J. M. and WOLSTENCROFT. J. H. (1971). Actions of
noradrenaline. other sympathomimetic amines and antagonists on neurones in the brain stem of the cat
Brit. J. Pharmacol. 41, 462479,

BoAKES, R. J. BrRaDLEY. P. B. and Canpy. J. M. (1972). A neuronal basis for the alerting action of {+)-
amphetamine. Brit. J. Pharmacol. 45, 391- 403.

BoaKEs. R. J.. BRAMWELL. G. J.. BRiGGs. L. CanNDY. J. M. and TEMPESTA. E. (1974). Localization with pontamine
sky blue of neurones in the brainstem responding to microiontophoretically applied compounds. Newuro-
pharmacol. 13, 475-479.

BOCKAERT. J.. TassIN. J. P.. THIERRY. A. M.. GLOWINSKL J. and PREMONT. P. (1977). Characteristics of dopamine
and f-adrenergic sensitive adenylate cyclases in the frontal cerebral cortex of the rat. Comparative effects
of neuroleptics on frontal cortex and striatal dopamine sensitive adenylate cyclases. Brain Res. 122, 71-86.

Bonkowskl L. and Drypex. W. F. (1977). Effects of iontophoretically applied neurotransmitters on mouse
brain neurones in culture. Newropharmucol. 16, 89-97.

BuLLARD. W. P.. GUTHRIE. P. B.. Russo. P. V. and MANDELL. A, J. (1978). Regional and subceliular distribution
and some factors in the regulation of reduced pterins in rat brain. J. Pharmacol. exp. Therap. 206, 4-20.

BunnEY, B. S. and Acnalanian, G. K. (1976). Dopamine and .norepinephrine innervated cells in the rat
prefrontal cortex: pharmacological differentiation using microiontophoretic techniques. Life Sci. 19,
1783-1792.



THE CENTRAL NORADRENERGIC TRANSMISSION AND THE Locus COERULEUS 135

BYLUND, D. B. (1978). B-Adrenergic receptor binding in guinea pig cerebral cortex. Brain Res. 152, 391-395.

CEDARBAUM, J. M. and AGHAIJANIAN, G. K. (1976). Noradrenergic neurons of the locus coeruleus: inhibition by
epinephrine and activation by the x-antagonist piperoxane. Brain Res. 112, 413-419.

CeDARBAUM, J. M. and AGHAJANIAN. G. K. (1977). Catecholamine receptors on locus coeruleus neurons:
pharmacological characterization. Europ. J. Pharmacol. 44, 375-385.

CEDARBAUM, J. M. and AGHaJANIAN, G. K. (1978). Activation of locus coeruleus neurons by peripheral stimuli:
Modulation by a collateral inhibitory mechanism. Life Sci. 23, 1383-1392.

CHAMPAGNAT. J., DENAVIT-SAUBIE. M., HENRY, J. L. and LEVIEL. V. (1979). Catecholaminergic depressant effects
on bulbar respiratory mechanisms. Brain Res. 160, 57-68.

CHIKAMORIL, Y., Sasa, M.. FuimmoTo, S.. TakaorL S. and MaTsuoka. L. (1980). Locus coeruleus induced inhi-
bition of dorsal cochlear nucleus neurons in comparison with lateral vestibular nucleus neurons. Brain Res.
194, 53-64.

CHURCH, G. A., KIMELBERG, H. K. and SAPIRSTEIN, V. A. (1980). Stimulation of carbonic anhydrase activity and
phosphorylation in primary astroglial cultures by norepinephrine. J. Neurochem. 34, 873-879.

CmarusTL, D. L. Sarro, K., VAUGHN, BarBER, R, ROBERTS, E. and THomas, E. (1979). Immunocyto-
chemical localization of dopamine-f-hydroxylase in rat locus coeruleus and hypothalamus. Brain Res. 162,

55-68.
CrLark, T. K. (1979). The locus coeruleus in behavior regulation: Evidence for behavior-specific versus general

involvement. Behar. neural. Biol. 25, 271-300.

Coss, J. L. S. and PENTHREACH, V. W. (1978). Comparison of the morphology of synapses in invertebrate and
vertebrate nervous systems: Analysis of the significance of anatomical differences and interpretation of the
morphological specializations. Prog. Neurobiol. 10, 231-252.

Coots. A. R. and Van RossuM, J. M. (1980). Multiple receptors for brain dopamine in behavior regulation:
Concept of dopamine-E and dopamine-I receptors. Life Sci. 27, 1237-1254.

CoRrREA, F. M. A InNis, R. B., RouorT. B., PASTERNAK, G. W. and SNYDER S. H. (1980). Fluorescent probes of o-
and f-adrenergic and opiate receptors: biochemical and histochemical evaluation. Neurosci. Lert. 16,
47-54.

CrawlLEY. J. N, HATTOX. S. T., MAAS, J. W. and RoTH, R. H. (1978). 3-Methoxy-4-hydroxyphenethylene glycol
increase in plasma after stimulation of the nucleus locus coeruleus. Brain Res. 141, 380-384.

CrawLEY., J. N, Rotr. R. H. and Maas, J. W. (1979). Locus coeruleus stimulation increases noradrenergic
metabolite levels in rat spinal cord. Bruin Res. 166, 180-184.

Cummins J. T. and KELLER, E. (1979). Responses to catecholamines in pyridine nucleotide (NAD(P)) levels,
following electrical field stimulation. In: Catecholamines: Basic and clinical frontiers. pp. 998-1000. Eds.
Uspin, E., KopiN. 1. J. and BARCHAS. J. Plenum Press, New York.

CurTis. D. R. and Jounston, G. A. R. {1974). Amino acid transmitters in the mammalian central nervous
system. Ergeb. Physiol. 69, 97-188.

DAHLSTROM, A. and Fuxe, K. (1964). Evidence for the existence of monoamine containing neurons in the
central nervous system. 1. Demonstration of monoamines in the cell bodies of brain stem neurons. Actu
physiol.. Scand. suppl. 232, 1-55.

Davipson. N. (1976). Neurotransmitter amino acids. Academic Press, London.

Davis. M. REDMOND, D. E.. Jr. and BaraBaN, J. M. (1979). Noradrenergic agonists and antagonists: Effects on
conditioned fear as measured by the potentiated startle respone. Psychopharmacol. 65, 111-118.

Desa1an, D. and Ho, 1. K. (1977). Kinetics of catecholamine sensitive Na*. K “-ATPase activity in mouse brain
synaptosomes. Biochem. Pharmacol. 26, 2029-2035.

DescarrIies, L., WATKINS. K. C. and LAPIERRE, Y. (1977). Noradrenergic axon terminals in the cerebral cortex of
rat. III. Topametric ultrastructural analysis. Brain Res. 133, 197-222.

De WITT. D. S. (1978). An investigation of the control of cerebral circulation: intrinsic neural elements and
extrinsic adrenergic elements. Anat. Rec. 190, 381-382.

DiLLier. N.. Laszro, J., MULLER, KOELLA, W. P. and Orpg, H.-R. (1978). Activation of an inhibitory noradre-
nergic pathway projecting from the locus coeruleus to the cingulate cortex. Brain Res. 154, 61-68.

DisMUKES. R. K.. GHOsH, P.. CREVELING. C. R. and DaLy. J. W. (1976). Norepinephrine depletion and respon-
;izveg(e)zs ;)fsnorepinephrine-sensitive cyclic AMP generating systems in the guinea pig brain. Exp. Neurol.

3 —215.

DismUkes. R. K.. DE Boer. A. A. and MULDER (1977). On the mechanism of the alpha-receptor mediated
modulation of *H-noradrenaline release from slices of rat brain neocortex. Naunyn-Schmiedeberg’s Arch.
Pharmacol. 299, 115-122. ‘

Dismukes. R. K. and comments (1979). New concepts of molecular communication among neurons. Behat.

Brain Sci. 2, 409-448.

DoLpHIN. A., HaMOND, M. and BOCKAERT, J. (1979). The resolution of dopamine and Bi- and f,-adrenergic
sensitive adenylate cyclase activities in homogenates of cat cerebellum. hippocampus and cerebral cortex.
Brain Res. 179, 305-317.

EBsTEIN. R. P.. HERMONL M. and BELMAKER, R. H. (1980). The effect of lithium on noradrenaline-induced cyclic
AMP accumulation in rat brain: Inhibition after chronic treatment and absence of supersensitivity. J.
Pharmacol. exp. Therap. 212, 161-167.

Epvinsson, L. (1975). Neurogenic mechanisms in the cerebrovascular in the cerebrovascular bed. Autonomic
nerves. amine receptors and their effects on cerebral blood flow. Acta physiol. Scand. suppl. 427.

EDVI;;SSO?‘iSL. and MacKenzie, E. T. (1977). Amine mechanisms in the cerebral circulation. Pharmacol. Rev. 28,

EDV!NSSON. L.. Lacomse, P, OwMaN, C.. REYNIER-REBUFFEL, A.-M. and SevLaz, J. (1979). Quantitative changes
g;:glolr(l)e;l’ czzgge—bzr;; blood flow of rats induced by alpha- and beta-adrenergic stimulants. Acta physiol.

ENGBERG, I. and RyaLL, R. W. (1966). The inhibitory action of aline : i i
neurones. J. Physiol. (Lond) 18)5, 508132 y noradrenaline and other monoamines on spinal



136 PatL A. M. vaN DONGEN

ENGBERG. 1. and THALLER. A. (1970). Hyperpolarizing actions of noradrenaline in spinal motoneurons. 4ctu
physiol. Scand. 80, 34-35A.

ENGBERG. 1. and MarsHaLrL., K. C. (1971). Mechanisms of noradrenaline hyperpolarization in spinal cord
motoneurons in the cat. Acra physiol. Scand. 83, 142-144.

ENGBERG. 1. and MaARrsHALL. K. C. (1973). Reversal potential for noradrenaline-induced hyperpolarization of
spinal motoneurons of cats. J. gen Physiol. 61, 261.

Ewart. W, R. and LoGaN. 1. G. (1978a). The effect of desipramine on the noradrenaline mediated respones in
rat cortical cell firing rate. J. Physiol. (Lond.) 276, 77P.

Ewart. W. R. and LoGan. J. G. (1978b). The effects of noradrenaline and exogenous ATP on Na~ extrusion
from rat cerebral synaptosomes. J. Physiol. (Lond.) 281, 32-33 P.

Ewart. W. R. and Locan. J. G. {1978¢). A possible role for {(Na”. K*)-ATPase in monoaminergic synaptic
transmitter mechanisms. J. Physiol. (Lond.). 284, 132P.

EwaArT. W. R. (1980). The recovery time of inhibitory response to iontophoretically applied noradrenaline in
the somatosensory cortex of the rat. J. Physiol. (Lond.) 301, 36-37P.

FaARLEY. L. J. and HORNYKIEWICS, O. (1977). Noradrenaline distribution in subcortical areas of the human brain.
Bruain Res. 126, 53-62.

FincH. D. M., FELD, R. E. and BaBa. T. L. (1978). Effects of mesencephalic and pontine electrical stimulation on
hippocampal neuronal activity in drug-free cat. Exp. Neurol. 61 318-336.

FLoreY, E. (1967). Neurotransmitters and modulators. Fed. Proc. 26, 1164-1178.

FOOTE. S. L.. FREeDMAN, R and Ouiver. A. P. (1975). Effects of putative neurotransmitters on neuronal activity
in monkey auditory cortex. Brain Res. 86, 229-242.

Foote. 8. L.. Aston-JoNES. G. and Broom. F. E. (1980). Impulse activity of locus coeruleus neurons in awake
rats and monkeys is a function of sensory stimulation and arousal. Proc. natl. Acad. Sci. 'S4 77,
3033-3037.

FREDERICKSON. R. A, JORDAN. L. M. and PHiLLIs. J. W. (1971). The action of noradrenaline on cortical neurons:
effects of pH. Bruin Res. 35, 556-560.

FREEDMAN, R. and HoFFER, B. J. (1975) Phenothiazine antagonism of the noradrenergic inhibition of cerebellar
Purkinje neurons. J. Neurobiol. 6, 277-288.

FrReeDMAN. R.. Horrer. B. J.. Puro. D. and Woopwarp. D. J. (1976). Noradrenaline modulation of the
responses of the cerebellar Purkinje cell to afferent synaptic activity. Brit. J. Pharmacol. 57, 603 605.
FreeDMAN. R., Hofrer, B. J.. Woobwarp, D. J. and Puro. D. (1977). Interaction of norepinephrine with

cerebellar activity evoked by mossy and climbing fibers. Exp. Neurol. 55, 269-288.

FreeDMAN. R. and Marwara. J. (1980). Effects of acute and chronic amphetamine treatment on Purkinje cell
discharge in rat cerebellum. J. Pharmacol. exp. Therap. 212, 390-396.

FriepMAN. S. and KaurMaN, S. (1965). 34-Dihydroxyphenylethylamine f$-hydroxylase---Physical properties.
copper content, and role of copper in the catalytic activity. J. biol. Chem. 240, 4763-4773.

FueNnMAaYOR. D. and GONzALEZ-VEGAS. J. A. (1980). Effects of altered thyroid state on the inhibition produced
by locus coeruleus in Purkinje cells in the rat. Experientia 36, 841-842.

FuNG. S. J. and Barnes. C. D. (1980). Facilitation by the locus coeruleus of lumbar motoneurons in cats. Fed.
Proc. 39, 592.

GAHWILER. B. H. (1976). Inhibitory action of noradrenaline and cyclic AMP in explants of rat cerebellum.
Nature 259, 483-484.

GuperT. J. C.. WyLLIE. M. G. and Davison. C. {1975). Nerve terminal ATPase as a possible trigger for
neurotransmitter release. Nature 255, 237-238.

GODFRAIND. J. M. and Pumain. R. (1971). Cyclic adenosine monophosphate and norepinephrine: effect on
Purkinje cells in rat cerebellar cortex. Science 174, 1257-1258.

GODFRAIND. J. M. and Pumam. R. {1972). Cyclic AMP and noradrenaline iontophoretic release on rat cerebel-
lar Purkinje cells. Arch. int. Pharmacodyn. Therap. 196, suppl. 131-132.

GONZALEZ-VEGAS, J. A, (1971). Antagonism of catecholamine inhibition of brain stem neurones by mescaline.
Brain Res. 38, 264-267.

GONZALEZ-VEGAS. J. A. and WOLSTENCROFT. J. H. (1971a). Actions of 3.4-dimethoxyphenylethylamine in re-
lation to the effects of catecholamines on brain stem neurones. Brir. J. Pharmacol. 41, 395-396P.

GONZALEZ-VEGAS. J. A. and WOLSTENCROFT. J. H. (1971b). Antagonism of noradrenaline and dopamine inhi-
bition of brain stem neurones by bulbocapnine. J. Physiol. (Lond.) 214, 16-17P.

GOTHERT. M.. POHL. 1.-M. and WERKING. E. (1979). Effects of presynaptic modulators on Ca®”-induced nor-
adrenaline release from central noradrenergic neurons. Noradrenaline and enkephalin inhibit release by
decreasing depolarization-induced Ca®*-influx. Naunyn-Schmiedebery’s Arch. Pharmacol. 307, 21-28,

GR7ZANNA. R Morrison. J. H.. Covie. J. T. and MotLiver. M. E. (1977). The immuno-histochemical demon-
stration of noradrenergic neurons in the rat brain: the use of homologous antiserum to dopamine-f-
hydroxylase. Nenrosci. Lert. 4, 127-134.

GrzaxNa. R.. MOLLIVER. M. E. and CovLE. J. T. (1978). Vizualization of central noradrenergic neurons in thick
sections by the unlabeled antibody method: A transmitter-specific Golgi image. Proc. natl. Acad. Sci. US A
75, 2502-2506. )

GrzANNA. R, and MoLLIVER. M. E. (1980). The locus coeruleus in the rat: an immunohistochemical delineation.
Neurosci. 8, 21-40.

HAEFELY. W. (1972). Electrophysiology of the adrenergic neuron. In. Catecholamines. Handbuch der experimen-
tellen Pharmakologie. Vol. 33. pp. 661-725. (Eds) BLascHKO, H. and MUscHOLL. E. Springer Verlag. Berlin.

Harpen, T. K.. WoLFE, B. B.. Sporx, J. R., Pouros. B. K. and MoLiNoFr. P. B. (1977). Effects of 6-hydroxydo-

pamine on the development of beta adrenergic receptor/adenylate cyclase system in the rat cerebral cortex.
J. Pharmacol. exp. Therap. 203, 132-143.

HarIk. S. 1. La ManNa. J. C.. LiGHT. A. . and ROSENTHAL. M. (1979). Cerebral norepinephrine: Influence on
cortical oxidative metabolism in siru. Science 206, 69-71.

Harris. J. E. (1978). f-Adrenergic sensitive adenosine cyclic 3'-5-monophosphate accumulation in homogen-



THE CENTRAL NORADRENERGIC TRANSMISSION AND THE Locus COERULEUS 137

ates of the rat corpus striatum. A comparison with the dopamine receptor-coupled adenylate cyclase.
Biochem. Pharmacol. 27, 2919-2926.

HarTMAN. B. K. and UDENFRIEND, S. (1972). The application of immunological techniques to the study of
enzymes regulating catecholamine synthesis and degradation. Pharmacol. Rev. 24, 311-330.

Hauser. K. (1978). Beta-dependent-alpha-stimulated adenyl cyclase in rat cerebral cortex. Experientia 34,
924-925.

Hawkins. M. and MonTL J. M. (1979). Effects of pretreatment with 6-hydroxydopamine or noradrenergic
receptor blockers on the clonidine-induced disruption of conditioned avoidance responding. Europ. J.
Pharmacol. 88, 53-58. i

HeapLey. P. M., DuGGaN, A. W. and GRIERSMITH. B. T. (1978). Sclective reduction of noradrenaline and
5-hydroxytryptamine of nociceptive responses of rat dorsal horn neurones. Brain Res. 145, 185-189.

Herpst. T. J.. RaicHLE. M. E. and FERENDELLL J. A. (1979). -Adrenergic regulation of adenosine 3".5'-mono-
phosphate concentration in brain microvessels. Science 204, 330-332.

HERRLING, P. L. (1980a). Effects of ;-aminobutyric acid (GABA). dopamine (DA) and norepinephrine {NE) on
the transmembrane potential of cat hippocampal pyramidal cells in rivo. Experientia 36, 708.

HERRLING, P. L. (1980b). The effects of dopamine. norepinephrine, GABA and carbachol on the transmembrane
potential of cat hippocampal neurons recorded in vivo. Neurosci. Lett. Suppl. §, S161.

Hicks. T. P. and McLennan, H. (1978). Comparison of the actions of octopamine and catecholamines on single
neurones of the rat cerebral cortex. Brir. J. Phurmacol. 64, 485-492.

HiraNO. M. KM, J. S. Saito. M. UcHiMURra. H.. ITo. M. and NakaHara, T. (1978). Monoamine oxidase
activities for serotonin and tyramine in individual limbic and lower brain stem nucler of the rat. J.
Neurochem. 30, 263 268.

HoBson, J. A. McCarLEY. R. W. and Wyzinskl, P. W. (1975). Sleep cycle oscillation: reciprocal discharge by
two brain stem neuronal groups. Science 189, 55-58.

Horrer, B. J.. SiGGINs. G. R. and Broom. F. E. (1971a). Studies on norepinephrine-containing afferents to
cerebellar Purkinje cells of rat cerebellum. II. Sensitivity of Purkinje cells to norepinephrine and related
substances administered by microiontophoresis. Brain Res. 25, 523-534.

Horrer, B. J.. SiGGins. G. R, Oriver. A. P. and BLoowm. F. E. (1971b). Cyclic AMP mediation of norepinephrinc
inhibition in rat cerebellar cortex: A unique class of synaptic responses. Ann. N.Y. Acad. Sci. 185, 531349,

Horrer. B. L. SiGGINS. G. R., OLIvER. A. P. and Broom. F. E. (1973). Activation of the pathway from locus
coeruleus to rat cerebellar Purkinje neurons: pharmacological evidence of noradrenergic central inhibition.
J. Pharmacol. exp. Therap. 184, 533-569.

HOKFELT. T. (1968). In vitro studies on central and peripheral monoamine neurons at the ultrastructural level.
Z. Zellforsch. 91, 1-74.

HOKFELT. T., JoHANSSON. O.. Fuxe. K.. GOLDSTEIN. M. and PARk. D. (1976). Immuno-histochemical studics on
the localization and distribution of monoamine neuron systems in the rat brain. I. Tyrosine hydroxylase in
the mes- and diencephalon. Med. Biol. 54, 427-453.

Horn. J. P. and McAFee, D. A. (1979). Norepinephrine inhibits calcium-dependent potentials in rat sympath-
etic neurons. Science 204, 1233-1235.

Hosur L., Tesecis. A. K. and SCHONWETTER. H. P. (1971). A comparison of the effects of monoamines on
neurones of the buibar reticular formation. Brain Res. 25, 357-370.

IGARASHL S., Sasa, M. and TAkAORL S. (1979). Feedback loop between focus coeruleus and spinal trigeminal
nucleus neurons responding to tooth pulp stimulation in the rat. Brain Res. Bull. 4, 75-84.

[umma, K. (1977). Histochemical studies on the distribution of hexokinase and several enzymes related to
catecholamine production in the locus coeruleus of the squirrel monkey. Acta histochem. 60, 317-328.
luiMa. K. (1978). Histochemical studies on morphology of Golgi apparatus and its relation to catecholamine

biosynthesis in locus coeruleus of rhesus and crab-eating monkey. Acta histochem. 61, 229-247.

ToseLiant T. K. and DzHamaspisuviLL, D. E. (1979). Mechanism of the effect of the locus coeruleus on the
activity of visual neurons. Sooshshk. Akad. Nauk Gruz. SSR. 93, 693-696 (in Russian).

ItakurA. T.. ToHyaMA. M. and Nakal, K. (1977). Experimental and morphological study of the innervation of
cerebral blood vessels. Acta histochem. ¢ytochem. 10, 52-65.

IVERSEN. L. L. (1971). Role of transmitter uptake mechanisms in synaptic neurotransmission. Brit. J. Pharmacol.
41, 571-591.

IVERSEN, L. L. (1977). Catecholamine-sensitive adenylate cyclases in nervous tissue. J. Neurochem. 29. 5 12,

IVERSEN. L. L. (1979). Criteria for establishing a neurotransmitter. Neurosci. Res. Proy. Bull. 17, 406.

Jounson. E. S.. RoBerTs, M. H. T., SoBIESZEK. A. and STRAUGHAN, D. W. (1969a). Noradrenaline sensitive cells
in cat cerebral cortex. Int. J. Neuropharmacol. 8, 549-566.

Jonnson, E. S.. RoBerTs. M. T. H. and STRAUGHAN. D. W. (1969b). The responses of cortical neurones to
monoamines under differing anaesthetic conditions. J. Physiol. (Lond.) 203, 261-280.

Jongs. B. E.. Harper. S. T. and Hararis, A, E. (1977). Effects of locus coeruleus lesions upon cerebral
monoamine content. sleep-wakefulness states and the response to amphetamine in the cat. Bruin Res. 124,
473-496. .

Jongs. R.S. G. (1978). Noradrenaline sensitive adenylate cyclase in rat cerebral cortx: effects of antidepressant
drugs. Newropharmacol. 17, 771-774.

JorpaN, L. M. and McCRrEa. D. A. (1976). Analysis of the effects of p-methoxyphenylethylamine on spinal cord
motoneurons. Brit. J. Pharmacol. 57, 191-199.

JorpAN, L. M., McCRrEA. D. A, STEEVES, J. D. and MEenzies. J. E. (1977). Noradrenergic synapses and effects of
r}x;;ajll'gnaline on interneurons in the ventral horn of the cat spinal cord. Can. J. Physiol. Pharmacol. 55,

KANT._ G. J.Az_md MEYERHOFF, J. L. (1977). Release of endogenous norepinephrine from rat hypothalamus in
vitro. Life Sci. 20, 149-154,

KANT. G J. and MEYERHOFF. J. L. (1978). Release of endogenous norepinephrine and dopamine from rat brain
regions in vitro. Life Sci. 23, 2111-2118.



138 PauL A. M. vaN DONGEN

KarLaN, G. P, HarTMAN, B. K. and CreVELING, C. R. (1979). Immunohistochemical demonstration of cate-
chol-O-methyltransferase in mammalian brain. Brain Res. 167, 241-250.

KEeBaBIaN, J. W. and CALNE, D. B. (1979). Multiple receptors for dopamine. Nature 277, 93-96.

KirsTeN, E. B. and SHARMA, J. N. (1976). Characteristics and response differences to iontophoretically applied
norepinephrine, D-amphetamine acetylcholine on neurons in the medial and lateral vestibular nuclei of the
cat. Brain. Res. 112, 77-90.

Kopa, L. Y., Wisk, R. A. and BrLooM, F. E. (1978a). Light and electron microscopic changes in the rat dentate
gyrus after lesions or stimulation of the ascending locus coeruleus pathway. Brain Res. 144, 363-368.
Kopa, L. Y, ScHULMAN, J. A. and BLoom, F. E. (1978b). Ultrastructural identification of noradrenergic termin-
als in the rat hippocampus: unilateral destruction of the locus coeruleus with 6-hydroxydopamine. Brain

Res. 145, 190-195.

KOoRF, J., AGHAJANIAN, G. K. and RoTH, R. H. (1973). Stimulation and destruction of the locus coeruleus:
opposite effects of 3-methoxy-4-hydroxyphenylglycol sulphate levels in the rat cerebral cortex. Europ. J.
Pharmacol. 21, 305-310.

KoRrF, J. and SeBens, J. B. (1979). Cyclic AMP in the rat cerebral cortex after activation of noradrenaline
neurons of the locus coeruleus. J. Neurochem. 32, 463-468.

Korr, J., SEBENS, J. B. and PosTema, F. (1979). Cyclic AMP in the rat cerebral cortex after stimulation of the
locus coeruleus: decrease by antidepressant drugs. Europ. J. Pharmacol. 59, 23-30.

KRNIEVIC, K., LAMOUR, Y., MAcCDONALD, J. F. and NISTRL. A. (1978). Intracellular actions of monoamine
transmitters. Can. J. Physiol. Pharmacol. 56, 896-900.

KURAISHL Y., HARADA, Y. and TAkAGL H. (1979). Noradrenaline regulation of pain-transmission in the spinal
cord mediated by a-adrenoceptors. Brain Res. 174, 333-336.

LAKE, N. and JorDAN, L. M. (1974). Failure to confirm cyclic AMP as second messenger for norepinephrine in
rat cerebellum. Science 183, 663-664.

LANDER, J. and AusTIN, L. (1976). Subcellular distribution of dopamine-f-hydroxylase and inhibitors in the
hippocampus and caudate nucleus in sheep brain. J. Neurochem. 26, 661-674.

LANE, J. D. and Aprison, M. H. (1977). Calcium dependent release of endogenous serotonin, dopamine and
norepinephrine from nerve endings. Life Sci. 20, 665-672.

LEGER, L. and DESCARRIES, L. (1978). Serotonin nerve terminals in the locus coeruleus of adult rat: a radicauto-
graphic study. Brain Res. 145, 1-14.

LeGGE, K. F., RANDI¢, M. and STRAUGHAM. D. W. (1966). The pharmacology of neurones in the pyriform
cortex. Brit. J. Pharmacol. 26, 87-107.

Lemowitz, S. F., ARcoMaNO, A, and HamMmer, N. J. (1978). Potentiation of eating associated with tricyclic
antidepressant drug activation of x-adrenergic neurons in the paraventricular hypothalamus. Prog. Neu-
ropsychopharmacol. 2, 349-358.

LevIN, B. E., Sapowsky, C. H. and SToLk, J. M. (1976). Axoplasmatic transport of norepinephrine in the rat
brain. Life. Sci. 18, 837-840.

Levin, B. E. and StoLk, J. M. (1977). Axoplasmatic transport of norepinephrine in the locus coeruleus—
hypothalamus system in the rat. Brain Res. 120, 303-315.

LIN, M. T. (1980). An antagonism between 5-hydroxytryptamine and norepinephrine in thermally responsive
units in the rabbit hypothalamus. Exp. Neurol. 67, 611-620.

LinpvaLL, O. and BIORKLUND, A. (1974). The organization of the ascending catecholamine systems in the rat
brain, as revealed by the glyoxylic acid fluorescence method. Acta physiol. Scand. suppl. 412.

LIUNGDAHL. A., HOKFELT, T. and NiLsson, G. (1978). Distribution of substance P-like immunoreactivity in the
central nervous system of the rat. I. Cell bodies and nerve terminals. Neurosci. 3, 861-944.

Loy. R, KozieLL, D. A., LiNDsEY, J. D. and Moore, R. Y. (1980). Noradrenergic innervation of the adult rat
hippocampal formation. J. comp. Neurol. 189, 699-710.

LUNDBERG, J., BYLOCK, A., GOLDSTEIN, M., HaNssON, H.-A. and DAHLSTROM, A. (1977). Ultrastructural localiz-
ation of dopamine-f-hydroxylase in nerve terminals of the rat brain. Brain Res. 120, 549-552.

MARCHAND, R., FANTINO, M., DaNKoOVaA, J. and Poirier, L. J. (1979a). Correlations histopathologiques et
neurochimiques en fonction de lésions de la region du locus coeruleus chez le chat, part 1. Can. J. neurol.
Sci. 6, 27-38.

MARCHAND, R., CHAUVEL, P.. FANTINOG, M. and POIRIER, (1979b). Etude histopathologique et neurochimique
suite 4 des lésions unilaterals du locus coeruleus chez le rat et de la region postlocus chez le chat, part 2.
Can. J. neurol. Sci. 6, 113-122.

MarsHALL, K. C. and ENGBERG, 1. (1979). Reversal potential for noradrenaline-induced hyperpolarization of
spinal motoneurons. Science 205, 422-424.

Mason, S. T. (1979). Noradrenaline and behaviour. Trends Neurosci. 2, 82-84.

MCcNAUGHTON, N. and Mason, S. T. (1980). The neuropsychology and neuropharmacology of the dorsal
ascending bundle—A review. Prog. Neurobiol. 14, 157-219.

MELAMED, E., LAHAV, M. and ATLas, D. (1977). B-Adrenergic receptors in rat cerebral cortex: histochemical
localization by a fluorescent S-blocker. Brain Res. 128, 379-384.

MINNEMAN, K. P, WoLFE, B. B.. DiBNER. M. D. and MoLINOFF, P. B. (1979a). §,- and B,-adrenergic receptors in
rat cerebral cortex have different endogenous input. Fed. Proc. 38, 592.

MINNEMAN, K. P., DIBNER, M. D., WoLFE, B. B. and MOLINOFF, P. B. (1979b). ;- and f8,-adrenergic receptors in
rat cerebral cortex are independently regulated. Science 204, 866-868.

MOLINOFF, P. B., WEINsSHILBoUM, R. and AXELROD, J. (1971). A sensitive enzymatic assay for dopamine-j-
hydroxylase. J. Pharmacol. exp. Ther. 178, 425-431.

NAGATsU, L, INAGAKL S., KonDo, Y., Karasuwa, N. and Nagatsu, T. (1979). Immunofluorescent studies on
the localization of tyrosine hydroxylase and dopamine-f-hydroxylase in the mes-, di- and telencephalon of
the rat using unperfused fresh sections. Acta histochem. cytochem. 12, 20-37.

NAHORSKI, S. R. (1978). Heterogeneity of cerebral f-adrenoceptro binding sites in various vertebrate species.
Europ. J. Pharmacol. 51, 199- 210.



THE CENTRAL NORADRENERGIC TRANSMISSION AND THE Locus COERULEUS 139

NakalL Y. and TakaorL S. (1974). Influence of norepinephrine-containing neurons derived from the locus
coeruleus on lateral geniculate neuronal activity of cats. Brain Res. T1, 46-60.

NATHANSON, J. A., FrReeDMAN, R. and Horrer, B. J. (1976). Lanthanum inhibits brain adenylate cyclase
and blocks noradrenergic depression of Purkinje cell discharge independent of calcium. Nature 261,
330-332.

NATHANSON. J. A. (1977). Cyclic nucleotides and nervous system function. Physiol. Rev. 57, 157-256.

NaTHANSON, J. A, and Graser. G. H. (1979). Identification of f-adrenergic-sensitive adenylase cyclase in
intracranial blood vessels. Nature 278, 567-569.

NELsoN, C. N.. Horrer. B. J.. CHU. N.-S. and BrooM, F. E. {1973). Cytochemical and pharmacological studies
on poly-sensory neurons in the primate frontal cortex. Brain Res. 62, 115-133. ’
NicotL. R. A.. PaDJEN. A. and BARKER. J. L. (1976). Analysis of amino acid responses on frog motoneurons.

Neuropharmacol. 15, 45-53.

NIMITKITPAISAN, Y. and SkouNICK, P. (1978). Catecholamine receptors and cyclic AMP formation in the central
nervous system: Effects of tetrahydroisoquinoline derivatives. Life Sci. 23, 375-382.

NisHiNo, H. and Koizumi, K. (1977). Responses of neurons in the suprachiasmatic nuclei of the hypothalamus
to putative neurotransmitters. Brain Res. 120, 167-172.

O1sHi, R.. WATANABE, S.. OHMORI, K., SHIBATA. S. and UEKI, S. (1979). Effects of stimulation of locus coeruleus
on the evoked potential in the amygdala in rats. Jap. J. Pharmacol. 29, 105-112.

Ovre. H. R.. GLATT, A.. Laszro. J. and SCHELLENBERG. A. {1980). Some clectrophysiological and pharmacologi-
cal properties of the cortical noradrenergic projection of the locus coeruleus in the rat. Brain Res. 186,
9-20.

ORrrEGO. F. (1979). Criteria for the identification of central neurotransmitters. and their application to studies
with some nervous tissue preparations in vitro. Neurosci. 4, 1037-1058.

Oumet. C. C. (1979). The ultrastructure of norepinephrine-containing varicosities in the cerebral cortex of the
turtle Pseudemis scripta. Anat. Rec. 642.

Pavracios. J. M. and Kunar, M. J. (1980). Beta-adrenergic-receptor localization by light microscopic auto-
radiography. Science 208, 1378-1380.

PaLkovits. M., LEvanTH. C.. ZABORSKY. L. and BROWNSTEIN. M. J. (1977). Electron microscopic evidence of
direct neuronal connections from the lower brain stem to the median eminence. Bruin Res. 136, 339-344.

PatToNn. H. D. (1965). ‘Spinal reflexes and synaptic transmission™. in ‘Neurophysiology’. pp. 153-180. (Eds.) T.
C. RucH, H. D. PaTTON. J. W. WOODBURRY and A. L. Towg: Saunders Company. Philadelphia.

PERKINS, M. N. and WHITEHEAD. S. A. (1978). Responses and pharmacological properties of preoptic-anterior
hypothalamic neurones following medial forebrain bundle stimulation. J. Physiol. (Lond.) 279, 347-360.

PerLow. M.. EBERT. M. J.. GORDON. E. K.. ZIEGLER, M. G.. Lake, C. R. and CHast. T. N. (1978). The circadian
variation of catecholamine metabolism in the subhuman primate. Brain Res. 139, 101-114.

Percow. M. J., Criven. C. C,, Lake. C. R. and WyaTT, R. J. (1980). Increased dopamine and norepinephrine
concentrations in primate CSF following amphetamine and phenylethylamine administration. Bruin Res.
186, 469-473.

PHiLLis, J. W. and TeBecis, A. K. (1967). The response of thalamic neurones to iontophoretically applied
monoamines. J. Physiol. (Lond.) 192, 715.

PuiLLis, J. W., TeBecs. A. K. and York, D. H. (1968a). Depression of spinal motoneurones by noradrenaline.
5-hydroytriptamine and histamine. Europ. J. Pharmacol. 4, 471-475.

PaiLus, J. W, TeBEcis, A. K. and York, D. H. (1968b). Histamine and some anti-histamines: their actions on
cerebral cortical neurones. Brit. J. Pharmacol. Chemother. 33, 426-440.

PHiLLIs, J. W. and LiMacHER. J. J. (1974). Effects of some metallic cations on cerebral cortical neurones and
their interactions with biogenic amines. Can. J. Physiol. Pharmacol. 82, 566-574.

PriLLis, J. W. (1976). *An involvement of calcium and NA,K-ATPase in the inhibitory actions of various
compounds on central neurons’, In *Taurine. pp. 209-224. (Eds.) R. HUXTABLE and A. BaRBEAL. Raven
Press. New York.

PriLLis. J. W. and KosTtorouLos. G. K. (1977). Activation of a noradrenergic pathway from the brain stem to
rat cerebral cortex. Gen. Pharmacol. 8, 207-211.

PriLLis. J. W. and Wu. P. H. (1979). Failure of vanadate contamination to account for noradrenaline stimu-
lation of Na”".K™-ATPase in rat brain homogenates. J. Pharm. Pharmacol. 31, 556-558.

PickeL. V. M. Jon. T. H. and REts, D. J. (1977). A serotonergic innervation of noradrenergic neurons in nucleus
locus coeruleus: demonstration by immunocytochemical localization of the transmitter specific enzymes
tyrosine and tryptophan hydroxylase. Bruin Res. 131, 197--214.

PORCHE, E. and STeraNovicH, V. (1979). Concerning the influence of pentifylline and theophylline on the
reaction kinetic of rat brain ATPase stimulated by norepinephrine. Naunyn-Schmiedebery’s Arch. Pharma-
col.. 307, supp. R68.

Purves, R. D. (1976). Function of muscarinic and nicotinic acetylcholine receptors. Nuture. 261, 149-150.

PutkoNeN, P. T. S., LEPPAVUORL A. and STENBERG, D. (1979). Paradoxical sleep inhibition by central alpha-
;drse3n2%ceptor stimulant clonidine antagonized by alpha-receptor blocker yohimbine. Newrosci. Lett. suppl.

Ramm, P. (1979). The locus coeruleus. catecholamines and REM sleep: A critical review. Behar. neural Biol. 25,
415-448.

RAMON-MoLiNeR. E. (1974). The locus coeruleus of the cat. I1I. Light and electron microscopic studies. Celf
Tiss. Res. 149, 205-221.

Rasmussen, H. and GoopbMan., D. B. P. (1977). Relationships between calcium and cyclic nucleotides in cell
activation. Physiol. Rer. 57, 421-509.

READER. T. A. {1978). The effects of dopamine, noradrenaline and serotonin in the visual cortex of the cat.
Experientia 34, 1586-1588.

READER, T. A., FERRON, A.. DESCARRIER. L. and Jasper, H. H. (1979). Modulatory role for biogenic amines in
the cerebral cortex. Microiontophoretic studies. Brain Res. 160, 217-229.



._
B
[=

Paur A M. vaN DoONGEN

REcHES, A., EBSTEIN, R. P. and BELMAKER, R. H. (1978). The differential effects of lithium on noradrenaline and
dopamine-sensitive accumulation of cyclic AMP in guinea pig brain. Psychopharmacol. 58, 213-216.

RoBERTS, M. H. T. and STRAUGHAN, D. W. (1968). Actions of noradrenaline and mescaline on cortical neurones.
Naunyn-Schmiedeberg’s Arch. Pharmacol. 259, 191-192.

RosinsoN, S. E., MoBLEY, P. L., SMrtH, H. E. and SELSER. F. (1978). Structural and steric requirements for
B-phenethylamines as agonists for the noradrenergic cyclic AMP generating system in the rat limbic
forebrain. Naunyn-Schmiedeberg’s Arch. Pharmacol. 303, 175-180.

RoGawski, M. A. and AGHAIANIAN, G. K. (1980a). Activation of lateral geniculate neurones by norepinephrine:
mediation by an a-adrenergic receptor. Brain Res. 182, 345-360.

RoGawsKl, M. A. and AGHAJaNIAN, G. K. (1980b). Norepinephrine and serotonin: Opposite effects on the
activity of lateral geniculate neurons evoked by optic pathway stimulation. Exp. Neurol. 69, 678-694.
RoGawskl, M. A. and AcGHaJaniaN, G. K. (1980c). Modulation of lateral geniculate neurone excitability by

noradrenaline iontophoresis or locus coeruleus stimulation. Nature 287, 731-734.

Ross, R. A. and Reis, D. J. (1974). Effects of lesions of locus coeruleus on regional distribution of dopamine-f-
hydroxylase activity in rat brain. Brain Res. 73, 161-166.

RUTLEGDE, C. O. and JONASON, J. (1967). Metabolic pathways of dopamine and norepinephrine in rabbit brain
in vitro. J. Pharmacol. exp. Ther. 157, 493-502.

RutLEDGE, C. O. (1968). Effect of metabolic inhibitors and ouabain on amphetamine- and potassium-induced
release of biogenic amines from isolated brain tissue. Biochem. Pharmacol. 27, 511-516.

SAAVEDRA, J. M., BROWNSTEIN, M. J. and PaLKovITs, M. (1976). Distribution of catechol-O-methyltransferase,
histamine-N-methyltransferase and monoamine oxidase in specific areas of the rat brain. Brain Res. 118,
152-156.

Saito, M., HIRANO, M., UCHIMURA, H., NAKAHARA, T. and Ito, M. (1977). Tyrosine hydroxylase activity in the
catecholamine nerve terminals and cell bodies of the rat brain. J. Neurochem. 29, 161-165.

Sakal, K. and Jouver, M. (1980). Brain stem PGO-on cells projecting directly to the cat dorsal lateral
geniculate nucleus. Brain Res. 194, 500~505.

SAKUMOTO, T., TOHYAMA, M., SaTOH, K., KIMOTO, Y., KINULAGSA, T., TANIsawa, O., KuracHr, K. and SaiMizu,
N. (1977). Fine structure of noradrenaline containing nerve fibers in the median eminence of female rat
demonstrated by in situ fixation of potassium permanganate. J. Hirnforsch. 18, 521--530.

SaLMOIRAGHI, G. C. (1966). Central adrenergic synapses. Pharmacol Rev. 18, 717-726.

Sasa, M. and TaKaory, S. (1973). Influence of the locus coeruleus on transmission in the spinal trigeminal
nucleus neurons. Brain Res. 55, 203-208.

Sasa, M., Munekivo, K., IKEDA, H. and TAkAORi, S. (1974a), Noradrenaline-mediated inhibition by locus
coeruleus of spinal trigeminal neurons. Brain Res. 80, 443-460.

Sasa, M., Munekivo, K. and Takaori, S. (1974b), Impairment by 6-hydroxydopamine of locus-coeruleus-
induces monosynaptic potential in the spinal trigeminal nucleus. Jap. J. Pharmacol. 24, 863-868.

Sasa, M., Munekiyo, K. and TAKAOR}, S. (1975). Morphine interference with noradrenaline-mediated inhibition
from the locus coeruleus. Life Sci. 17, 1373, 1380.

Sasa, M., Munekiyo, K. and TAkAoRl, S. (1976). Antagonizing effects of B-adrenergic blockers on locus
coeruleus-induced inhibition of trigeminal nucleus neurons. Jap. J. Pharmucol. 26, 519-525.

Sasa, M., IGarasH], S. and TAKAOR], S. (1977a). Influence of the locus coeruleus on interneurons in the spinal

trigeminal nucleus. Brain Res. 125, 369-375.

Sasa, M., Funmoto, S. and Takaorl, S. (1977b). The role of locus coeruleus and dorsal raphe nucleus in
caudate nucleus neurons. Jap. J. Pharmacol. 27, 38P.

SasAa, M. and TAkAOR], S. (1979). f-Receptor in noradrenergic inhibition of spinal trigeminal nucleus neurons.
Neurosci. Lett. suppl. 2, S8.

Sasa, M., Funmoto, S., 1GarasHL, S., MUNEKIYO, K. and TAKAORIL S. (1979). Microiontophoretic studies on
noradrenergic inhibition from locus coeruleus of spinal trigeminal nucleus neurons. J. Pharmacol. exp.
Ther. 210, 311-315.

Sasa. M.. Funmoto, S. and TakaoRi, S. (1980). Inhibitory effect from locus coeruleus on cochlear nucleus
neurons. Neurosci. Lett., suppl. 4, S31.

SAaToH, M.. KawasRi, S.-1, Ukal, Y. and YAMAMOTO, M. (1979). Selective and non-selective inhibition by
enkephalins and noradrenaline of nociceptive response of lamina V type neurons in the spinal dorsal horn
of the rabbit. Brain Res. 177, 384-387. _

SCHAEFER, A., KOMLGs, M. and SeveGl, A. (1978). Effects of biogenic amines and psychotropic drugs on
endogenous prostaglandine biosynthesis in the rat brain homogenates. Biochem. Pharmacol. 27, ‘213—218.

SCHAEFER, A., KOMLOs, M. and SEVEGI, A. (1979). Studies on the effect of catecholamines and chelating agents
on the synaptic membrane Na*.K*-ATPase activity in the presence and absence of hydroxylamine.
Biochem. Pharmacol. 28, 2307-2412. _

SCHANBERG. S. M., SCHILDKRAUT, J. J., BReesg, G. R. and Korin, 1. J. (1968). Metabolism of nor;m:t;meph~
rine-H? in rat brain—identification of conjugated 3-methoxy-4-hydroxyphenylglycol as the major metab-
olite. Biochem. Pharmacol. 17, 247-254. .

SCHWARTZ, J. C., COSTENTIN, J., MARTRES, M. P., ProTals, P. and BAUDRY, M. (1978). Modulation of receptor
mechanisms in the CNS: hyper- and hyposensitivity to catecholamines. Neuropharmacol. 17, 665-686.

SEGAL, M. (1974). Lithium and the monoamine neurotransmitters in the rat hippocampus. Nature 250, 71-73.

SEGAL, M. and BLooM, F. E. (1974a). The action of norepinephrine in the rat hippocampus, I. lontophoretic
studies. Brain Res. 72, 79-97. ‘

SeGaL, M. and BLoom, F. E. (1974b). The action of norepinephrine in the rat hippocampus. I1. Activation of the
input pathway. Brain Res. 72, 99-114. )

SEGAL, M. {1976). Interaction of ACTH and norepinephrine on the activity of rat hippocampal cells. Neurophar-
macol. 15, 329-334. )

SeGAL, M. and BLoom. F. E. (1976a). The action of norepinephrine in the rat hippocampus. I1I. Hippocampal
cellular responses to locus coeruleus stimulation in the awake rat. Brain Res. 107, 499-512.



THE CENTRAL NORADRENERGIC TRANSMISSION AND THE Loctus COERULELS 141

SEGAL. M. and BLooM. F. E. (1976b). The action of norepinephrine in the rat hippocampus. 1V. The effects of
locus coeruleus stimulation on evoked hippocampal unit activity. Brain Res. 107, 513-525.

SEGAL, M. (1980). Effects of noradrenaline on rat hippocampal neurons studied in the slice. Neurosci. Lett.
suppl. 5, S454.

SHARMA. J. N. (1977). Microiontophoretic application of some monoamines and their antagonists to cortical
neurones of the rat. Neuropharmacol. 16, 83-88.

SHMizU. N.. OHNIsHL S., SaToH, K. and ToHyaMa, M. (1978). Cellular organization of locus coeruleus in the
rat as studied by the Golgi method. Arch. Histol. Jap. 41, 103-112.

Suimizu. N., KaToH, Y., Hipa, T. and SaToH, K. (1979). The fine structural organization of the locus coeruleus
in the rat with reference to noradrenaline contents. Exp. Brain Res. 37, 139-148. .
SiGGINS, G. R., OLIVER, A. P.. Horrer, B. J. and Broom. F. E. (1971a). Cyclic adenosine monophosphate and

norepinephrine: Effects on transmembrane properties of cerebellar Purkinke cells. Science 171, 192-194.

SicGINs, G. R., Horrer. B. J. and BLoom, F. E. (1971b). Studies on norepinephrine-containing afferents to
Purkinje cells of rat cerebellum. 111. Evidence for mediation of norpepinephrine effects by cyclic 3'.5"-ade-
nosine monophosphate. Brain Res. 25, 535-553.

SiGGins. G. R., Horrer, B. J. and Broom, F. E. (1971¢). Reply to Godfraind and Pumain. Science 174,
1257-1258.

S16GINs, G. R., HENRIKSEN, S. J. and Lanpis, S. C. (1976). Electrophysiology of Purkinje neurons in the Weaver
mouse: ionotophoresis of neurotransmitters and cyclic nucleotides. and stimulation of the nucleus locus
coeruleus. Brain Res. 114, 53-70.

SiIGGINS, G. R., HENRIKSEN. S. J. and BLoom, F. E. (1979). lontophoresis of Li™ antagonizes noradrenergic
synaptic inhibition of rat cerebellar Purkinje cells. Proc. natl. Acad. Sci. USA 76, 3015-3018.

SINNAMON, H. M., SHAW. B.. AMARAL. D. G. and WooDWARD. D. J. (1978). Cerebellar inhibition and ICSS from
stimulation in the area of the nucleus locus coeruleus. Bruin Res. Bull. 3, 193-202.

SKOLNICK, P. and DALy, J. W. (1976a). Antagonism of x and f-adrenergic-mediated accumulation of cyclic
AMP in rat cerebral cortical slices by the f-antagonist { —)alprenolol. Life Sci. 19, 497-504.

SKOLNICK, P. and DALY, J. W, (1976b). Interaction of clonidine with pre- and postsynaptic adrenergic receptors
of rat brain: effects on cyclic AMP-generating systems. Europ. J. Pharmucol. 39, 11-22.

SKOLNICK, P., STALVEY, L. P, DALy, J. W, HovLER, E. and Davis, J. N. (1978a). Binding of 2- and B-adren-
ergic ligands to cerebral cortical membranes: effect of 6-hydroxydopamine treatment and relationship
to the responsiveness of cyclic AMP-generating systems in two rat strains. Europ. J. Pharmacol. 47,
201-210.

SKOLNICK, P.. DaLy, J. W. and SEGAL. D. S. (1978b). Neurochemical and behavioral effects of clonidine and
related imidazolines: interaction with a-adrenoceptors. Europ. J. Pharmacol. 47, 451-456.

SLaDek, J. R, Jr. and WaLKER, P. (1977). Serotonin-containing neuronal perikarya in the primate locus
coeruleus and subcoeruleus. Brain Res. 134, 359-366.

SoLANO-FLORES, L. P., AGUiLAR-BUTURONI, H. U. and GUEVARA-AQUILAR. R. (1980). Locus coeruleus influences
upon the olfactory tubercle. Brain Res. Bull. 5, 383-390.

SONNHOF, U., GRAFE. P, KRUMNIKL, J., LINDER, M. and SCHINDLER, L. {1975). Inhibitory postsynaptic actions
of taurine, GABA and other amino acids on motoneurons of the isolated frog spinal cord. Brain Res. 100,
327-341.

SToNE. T. W. (1971). Are noradrenaline excitations artifacts? Nature 234, 145-146.

STONE. T. W. (1972). Noradrenaline effects and pH. J. Pharm. Pharmacol. 24, 422-423.

Stong, T. W. {1973). Pharmacology of pyramidal tract cells in the cerebral cortex. Naumyn-Schmiedebery’s Arch.
Pharmacol. 278, 333-346.

Stone. T. W, and TavLor, D. A. (1977). The nature of adrenoceptors in the guinea pig cerebral cortex: a
microiontophoretic study. Can. J. Physiol. Pharmacol. 88, 1400-1404.

Stone. T. W. and TavLor, D. A. (1978a). Interactions of SAMP and SGMP with neuronal responses to
noradrenaline in the cerebral cortex of rats. J. Physiol. (Lond.) 275, 45P.

Stone. T. W. and TavLor, D. A, (1978b). An electrophysiological demonstration of a synergistic interaction
between norepinephrine and adenosine in the cerebral cortex. Bruin Res. 147, 396-400.

StoNE. T. W. and TaYLOR, D. A. (1978c). Interactions between guanine derivatives and norepinephrine on
neurones in the mammalian cerebral cortex. Brain Res. 155, 187-191.

Stone. T. W. and TavLor, D. A. {1978d). Antagonism by clonidine of neuronal depressant responses to
adenosine, adenosine 5'monophosphate and adenosine triphosphate. Brit. J. Pharmacol. 64, 369-374.
Stone. T. W. and TAYLOR, D. A. (1979). The effect of adenosine on local and locus coeruleus evoked neuronal

inhibition in the cerebral cortex. Neurosci. Lett. suppl. 3, 242.

SwANSON, L. W. and HartMAN, B. K. (1975). The central adrenergic system. An immunofluorescence study of
the location of cell bodies and their efferent connections in the rat utilizing dopamine-f-hydroxylase as a
marker. J. comp. Neurol. 163, 467-505.

SwansON, L. W. (1976). The locus coeruleus: a cytoarchitectonic. Golgi and immunohistochemical study in the
albino rat. Brain Res. 110, 39-56.

SwaNsoN, L. W., CoNNELLY, M. A. and HARTMAN, B. K. (1977). Ultrastructural evidence for central monoamin-
egg(i: innervation of blood vessels in the paraventricular nucleus of the hypothalamus. Brain Res. 136.
1 173.

SZABé\SE;I.Sli‘(]‘)W}. Adrenoceptors on central neurones: microelectrophoretic studies. Newropharmacol. 18,

TakemoTo, [ Sasa, M. and TAKAORL S. (1978). Role of the locus coeruleus in transmission onto anterior
colliculus neurons. Brain Res. 158, 269-278.

TaNaka. C., INAGAKL C. and Funwara. H. (1976). Labeled noradrenaline release from rat cerebral cortex
following electrical stimulation of locus coeruleus. Brain Res. 106, 384-389.

TavLOR, D.. NATHANSON, J., HOFFER, B., Orson. L. and SEIGER, L. (1978). Lead blockade of norepinephrine-
induced inhibition of cerebellar Purkinje neurons. J. Pharmacol. exp. Therap. 206, 371-381.



142 PauL A. M. vaAN DONGEN

TeBECIS, A. K. (1967). Are S5-hydroxytryptamine and noradrenaline inhibitory transmitters in the medial genicu-
late nucleus? Brain Res. 6, 780-782.

TorACK, R. M., STRANAHAN, P. and HARTMAN, B. K. {1973). The role of norepinephrine in the function of the
area postrema. I. Immunofluorescent localization of dopamine-beta-hydroxylase and electron microscopy.
Brain Res. 61, 235-252.

TorDA, C. (1977). A modulator of some adrenergic processes. Naturwiss. 64, 45-46.

Torpa, C. (1978). Effects of noradrenaline and serotonin on activity of single lateral and medial geniculate
neurons. Gen. Pharmacol. 9, 455-462.

TsanG, D. and Lat, S. (1978). Accumulation of cyclic adenosine 3'.5'-monophosphate in human cerebellar

* cortex slices: effect of monoamine receptor agonists and antagonists. Brain Res. 140, 307-314.

Tsang, D., Tan, A. T, HENRY, J. L. and LaL, S. (1978). Effect of opioid peptides on L-noradrenaline-stimulated
cyclic AMP formation in homogenates of rat cerebral cortex and hypothalamus. Brain Res. 152, 521-528.

UHL, G. R., GoopMan, R. R. and SNYDER, S. H. (1979). Neurotensin-containing cell bodies, fibers and nerve
terminals in the brain stem of the rat: immunohistochemical mapping. Bruin Res. 167, 77-92.

UNGERSTEDT, U. (1971). Stereotaxic mapping of the monoamine pathways in the rat brain. Acta physiol. Scand.
suppl. 367, 1-48.

U’PricHARD, D. C. and SNYDER, S. H. (1979). Distinct x-noradrenergic receptors differentiated by binding and
physiological relationships. Life Sci. 24, 79-88.

VAN DoONGEN, P. A. M. (1980). The noradrenergic locus coeruleus. Behavioral effects of intracerebral injections.
and a survey of its structure. function and pathology. thesis, Catholic University of Nijmegen, The Nether-
lands.

VaN GISBERGEN, J. A. M., Grasnuis, J. L., JoHANNESMA, P. 1. M. and VENDRIK, A. J. H. (1975). Spectral and
temporal characteristics of activation and suppression in the cochlear nuclei of the anaesthetized cat. Exp.
Brain Res. 23, 407-423.

VETULANL, J., STAWARZ, R. J., DINGELL, J. V. and SULSER, F. (1976a). A possible common mechanism of action
of antidepressant treatments. Reduction in the sensitivity of noradrenergic cyclic AMP generating system
in the rat limbic system. Naunyn-Schmiedeberg’s Arch. Pharmacol. 293, 109-114.

VETULANL J., STAwARZ, R. J. and SULSER, F. (1976b). Adaptive mechanisms of the noradrenergic cyclic AMP
generating system in the limbic forebrain of the rat: Adaptation to persistent changes in the availability of
norepinephrine (NE). J. Neurochem. 27, 661-666.

VETULANL J,, LErTH, N, J., STawaRrz, R. J. and SuLser, F. (1977). Effect of clonidine on the noradrenergic cyclic
AMP generating system in the limbic forebrain and on medial forebrain bundle self-stimulation behavior.
Experientia 33, 1490-1491.

VOROB'EV, V. V. and NESTEROVA, 1. V. (1979). Recovery cycles of primary responses in rat visual cortex caused
by pharmacological and electrical effects on monoaminergic brain systems, Zh. Vyssh. nerv. deyat. im
LP.Parlova 29, 598-604 (in Russian).

WANG, R. Y., GALLAGER, D. W. and AGHAJANIAN, G. K. (1976). Stimulation of pontine reticular formation
suppresses firing of serotonergic neurons in the dorsal raphe. Nature 264, 365-368.

WATERHOUSE, B. D., Moises, H. C. and WoobwarD, D. J. (1980). Noradrenergic modulation of somatosensory
cortical neuronal responses to iontophoretically applied putative neurotransmitters. Exp. Neurol. 69,
30-49.

WEIGHT, F. F. and SaLmMoRaGHI, G. C. (1966a). Responses of spinal cord interneurons to acetylcholine. nor-
epinephrine and serotonin, administerd by microelectrophoresis. J. Pharmacol. exp. Therap. 153, 420-427.

WEIGHT, F. F. and SALMOIRAGHI, G. C. (1966b). Adrenergic responses of Renshaw cells. J. Pharmucol. exp.
Therap. 154, 391-397.

WEeIGHT, F. F. and SaLMOIRAGHI, G. C. (1967). Motoneurone depression by norepinephrine. Nuture 213,
1229-1230.

WeicHT, F. F. (1974). Physiological mechanisms of synaptic modulation. In: The neurosciences: third study
program, (Eds.) ScuMITT, F. O. and WorpeN, F. G. MIT Press, Cambridge, Mass.

WEINER, R. I. and GanoNG, W. F. (1978). Role of brain monoamines and histamine in regulation of anterior
pituitary secretion. Physiol. Rer. 58, 905-976.

WERMAN, R. (1966). Criteria for identification of a central nervous system transmitter. Comp. Biochem. Physiol.
18, 745-766.

WHITE, S. R. and NEUMAN, R. S. (1980). Facilitation of spinal motoneurone excitability by 5-hydroxytryptamine
and noradrenaline. Brain Res. 188, 119-128.

WINOKUR, A. and BECKMAN, A. L. (1978). Effect of thyrotropin releasing hormone, norepinephrine and acetyl-
choline on the activity of neurons in the hypothalamus, septum and cerebral cortex of the rat. Brain Res.
150, 205-209.

WISE. R. A. and HOFFER, B. J. (1977). Equal suppression of cerebellar Purkinje cell activity by amphetamine
stereoisomers. Physiol. Behar. 18, 1005-1010.

WOODWARD, D. J., Moises, H. C., WATERHOUSE, B. D. and FreeDMAN, R. (1979). Modulatory actions of
norepinephrine in the central nervous system. Fed. Proc. 38, 2109-2116.

Wu, P. H. and PHiLus, J. W. (1978). Effects of a- and B-adrenergic blocking agents on the biogenic
amine stimulated (Na*,K *)JATPase of rat cerebral cortical synaptosomal membrane. Gen. Pharmacol. 9,
421-424.

WU.P. H. and Puius, J. W. (1979). Receptor-mediated noradrenaline stimulation of (Na” K ")ATPase in rat
brain cortical homogenates. Gen. Pharmacol. 10, 189-192.

Yamamoto, C. (1967). Pharmacologic studies of norepinephrine, acetylcholine and related compounds on
neurons in Deiter’s nucleus and the cerebellum. J. Pharmacol. exp. Therap. 156, 39-47.

YARBROUGH, G. G., LAKE, N. and PHiLLIS, J. W, (1974). Calcium antagonism and its effects on the inhibitory

* actions of biogenic amines on cerebral cortical neurones. Brain Res. 67, 77-88.

YARBROUGH, G. G. (1976). Ouabain antagonism of noradrenaline inhibitions of cerebellar Purkinje cells and

dopamine inhibitions of caudate neurones. Neuropharmacol. 15, 335-338.



THE CENTRAL NORADRENERGIC TRANSMISSION AND THE Locts COERULEUS 143

YosHINAGA. T. and SHIMIZU, N. (1968). Histochemische Untersuchungen des firbbaren Zinks and Kupfer im
Gehirn des menschen. Acta histochem. 30, 90-95.

Young, W. S 11l and KuHAR. M. J. (1979). Noradrenergic x; and x, receptors: autoradiographic vizualization.
Europ. J. Pharmacol. 59, 317-319.

ZABORSKY. L., BROWNSTEIN, M. J. and PaLkoviTs. M. (1977). Ascending projections to the hypothalamus and
limbic nuclei from the dorsolateral pontine tegmentum: A biochemical and electron microscopic study.
Actu morphol. Acud. Sci. Hung. 25, 175-188.

Zecevic, N. R. and MoLLiver, M. E. (1978). The origin of the monoamipergic innervation of the immature rat
neocortex: an ultrastructural analysis following lesions. Brain Res. 150, 387-397.

ZIEGLER. M. G.. LakE. C. R, Woop, J. H. and EBerT, M. H. (1976). Circadian rhythms in cerebrospinal fluid
noradrenaline of man and monkey. Nuture 264, 656-658.



