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ABSTRACf 

ThIs work descnbes the neuromodulatory effects of norepinephnne (:\ E) on 

single neurons l~obted ln the somatosensory cortex of halothane-anae"thetlz~d cab 

In 46 animaIs, a sample of 465 isolated neurons were characterized accoflltng to the 

prelience or absence of penpheral mput, of spo:1taneous activlty anJ ..,en~ltI\ Ity to 

glutamate. The effects of 0:E \Vere exammed in 117 casc~ u~lng t\\O JlIlc.::rent 

paradigms: enher the receptive fields of neurons Jl~playmg pCrlpheLd l!1pUb \\ere 

'1timulated mechameally dunng :\E admim:-.tration or the effeer" of:\E \\l'lè ~lL1Jll'd 

on the respon:-e to lontophoretically-admJnIstered glutamate un neuron.., lack.lng a 

receptÏ\,e field. 

In the presence of :\E. 54('~ (63/117) of the neurons \'vere lI1hlhlted. 3()ré 

(42/117) dl,>played ~()me Jnerease m neuronal activity and lOCi:- (1:2/117) "'vere 

unaffected. Often, the mhlhltory eHeets of :\E \\ere more Important on the 

:.pontaneous actlvlty than on the mduced actl\'lty proJucmg an mcrea:-.e ln the '>Ignal

to-nOlse ratio in 7-+S'C (28/38) of neurons. In contrast, \\hen i\E proJuœJ ,>ume 

excitation. the signal-to-nol~e rallO \Vas increa~ed in only 3SC:-é lll/2l)) ut rlw'le L\l,>e:-. 

Inhlbtted neurons \\ere located predommantly in the mIJdle layer,> ot thè cortex 

\\hile e\clted neuron~ \\ere found ln upper and lower layer~ These rè,>ult.., "ugge ... t 

that NE ha~ different functlons in different layers of the somato:-.ensory cortex 

After the ce..,~atlOn of NE admInistration, the re~ponse to a pènpheral 

stImulus \Va~ increa..,ed for more than 5 min in 22% (2/9) of neurom In contra~t, 

lons-Ia~ting lncrea~e"i In the response to glutamate follo\\ed ~E aùmlnhtratlOn ln 

70SIc (31/44) of ca'e,> [n thiS latter group, NE al<;o produced !ung-I..htlng deucd'>c,> 
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ln the ongoing actlvlty in 39clc (9/23) of neurons and lOl'g-lastmg increases in the 

"lgnal-ta-nOise ratIO ln 59% (13/23). 

Pharmacological evidence suggests that the inhibitions were rnediated by Cl2-

and f3-recepwrs while the excitations and the long-lasting '.'lcreases in neuronal 

activity were: medlated by a,-receptors. 
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RESUME 

La pré~ente thè~e décrit les effets neuromodulateurs de 1..1 nmépmephnne 

(NE) sur les neurone') du cortex ~omatosensonel de chats anesthé~lé, ~l. l'halothane. 

Quatre cenH,OLXJnte-cmq neurone" ont été étudiés dan~ 4b animaux. Le~ cellule~ ont 

été caractérisées par la prb,ence ou l'absence d'une réponse pénphénque, leur 

activité de base am~1 quc par leur sensibilité au glutamate. Le" etfeb de la '\E ont 

été investlgués dan~ 117 cas. et deLLx paradigme~ expérimentalL\ ont éte utlll'\è-' Dans 

le ca~ de~ neUfl)ne~ répondant à la ~tlmulation pénphénque, 1.1 :.. [ et.llt aJlT11I1btr;;è 

pend~mt la ~tlmULitl()n mecamquè du champ récepteur 1:.11 Llll~ènl'e de ch:lmp 

récerneur, les effets de la :--.. E étalent étudiés ..,ur la réponse au glulamcltè. 

En pre~ènce de :\E, 5-l cé (63/117) des œllule~ of1t éte lllhlhée ... , 36 cé 

(·C/117) è\citée.., alor:- que locé (12/117) n'ont pa~ été atkctce" Le.., dfeh 

mhlbit,=urs de la >. E étalent fréquemment plu~ marql1é~ ~ur l':.ll'tl\ lIé "pont,lnet' que 

sur l'acl1\ ité é\oquée produI~ant amsl une augmentation du rapport ~Ign,d-hrult Jan~ 

740é (28/3R) des ca~ Par contre, le rapport Signal-bruIt n'a été augmenté que dam 

38~ (11/29) des ca~ où la 0:E prodUISait une excitation Les neurone" Inhibé.., par 

la ~E étaient loc;.tltsés pnnclpalement dans les couches méJlane~ du curte\ aldr.., que 

les cellules eXCitées ~e "Itualent plutôt dans les couches "upéncure" d Inkflcure'i. 

Ces résultats suggèrent que la fonction de la NE varIe ~elon le~ couche" corticale". 

Dans 22("( (2/1)) Jt:~ ca.." Icl réponse à la ~tIrnUlcltIun pérlphénljuè a été 

augmentée pendant plus ùe 5 mm "ulre fi l'aùmml"trallOn de :\E Un eHd ..,lfnil.lÎre 

a été observé "ur la répon~e :.lU glutamate dans 70C:-'é (31/4-+) de~ ca" Dcln'i ce 

derl1ler groupe, de" Inhlbltlor.S Cl long-terme ùe l'actIVité ~p()ntanée (Jllt égctlernent 
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été oh.,ervées dan~ 39\'0 (9/23) des cellules et une augmentation à long-terme du 

rapport ~Ignal-hrult dans 599é (13/23) des cas. 

Les données pharmacologiques obtenues, les effets inhibiteurs de la NE 

"eralent médlés pa:- les récepteurs a 2 et f3 alors que les excitatIOns et les effets à 

long-terme ~eraient Jus à une action de la NE sur les récepteurs a, 
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PREFACE 

Statement of originality 

The effects of lontophoretically-administered NE on the re:-.pon~e of 

somatosensory cortical neurons to natural somatic stimulus and ta iontophoretlcally 

administered glutamate have not been previously described 10 the cal. NE proJuœd 

bath inhibitory and excitatory effect~. These effects are de::.cribed ln detatl and are 

weil documented. The time course ot the effects on NE on buth the "'pontaneuus 

and peripherally e\oked act:.ities has been measured. The lammar Jbtnbutlnl1 uf 

the inhibitory and excitatory effects of "JE was also exammed to ~how th,lt the 

~ffects of NE differ accordlng to the layer in whlch a neuron i<; found Fln:.llly NE 

produced long-lastIng potentiation of the response to somatLc ..,tlI11Ul! anu ta 

glutamate and 10 sorne cases of the sign.l1-to-nOlse ratio. Thè~e are nm el 

observations that have sigmficant implications for the under~tam.lIl1g ut th\! 

noradrenergic modulation of somatie information. 

Assistance by others 

During the initiai 6 months of this project 1 was assisted by ~h. Laur., Buyan 

who performed the surgery. In the subsequent Il months. M. Serge Leclerc helpeJ 

by performing an occasional surgery. 1 performed the remainer of the expenment"', 

the data analysis anè the thesis preparation. Dr. Dykes provlded editorIal a~<"l~tance 

in the latter endeavour. 
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1. INTRODUCTION 

Tlm thesi~ de~cnbes the effects of iontophoreticaHy adminJ')tered 

noreplnephnne (;-';E) on ~Ingle ~omatosensory cortical neurons In halothane

anae~thetlzed cats ft tests the hypothesi~ that treatment with NE may !nduce long

Ia~ting change~ In cortlcai neuronal excitability and de~cnbes the charactenstics of 

the celb affecteu, includlI1~ their lamInar locations. These expenments were 

undertaken a~ part of an exploration of the me chanis ms of neuronal plastlcity In the 

~omatosemory cortex. 

In recent year~. it has been shO\vn that the somatosensory cortex of adult 

~lOlmals reorganlze~ follo\vmg restricted deafferentation Rt!organizatLOn occur~ 

through a change ln the c\cltab!lity of neurons In the deafferented cortex. Since !\'E 

i~ a putative neurotran~mltter lf1 the cortex whlch has been nnpllcated m long-lasung 

changes lf1 neuronal excltabdIty In other regions such as in \ lsual corte;;" \\ here It has 

heen "L1gge~ted to he a permissive agent for ocular dominance plastlclty, lt is a 

rea~onable canulùate for an active raie ln plasticny in the somatosensory system. 

A~ a [Irst 'itep ta te::,t the hypothesis that the noraùrenergic ~) stem might be 

In\oheu ln the pb'ltlcity of the somatosemory cortex the effecb of iomophorettcally 

admlnl~tered :\E \wre exammed wlth particular attentIOn belflg glven to any long

lastlI1g change') in the excltabllIty of somatosensory cortical neurons. In thls comext, 

the II1trouuctIon provides a brIef review of the literature conce-ning the presence, 

the effects and the roIe of NE ln the cortex. It does not attempt a comprehensive 

r~vie\\' of NE effect'l Ln the œntral nervous "ystem nor concern it~elf \Vith ~ E and 

plastint)' Ln other '1tructures ~llch ...l~ the hlppocampus (see Harley, FJ87) but 

cmphaslze, only the a~pects relevant ta the present study. 
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1.1 Norepinephrine in the cerebral cortex. 

1.1.1 Noradrenergic innervation. 

In a recent review, Fuote et al. (1983) related the detalled history of the 

growth of knov.ledge about the noradrenergic innervation of the neocortex. Only a 

brief avervlew of the hi:,toncal events are pre~ented here and the reader l~ ref~rred 

ta this excellent revie\v for further deuils. 

Fuxe (1965) \vas the fIrst ta show hlstologieal eVIdence of the eXI~tt:nce of 

noradrenergic fibre~ in the cerebrd cortex by using tluorescence techI1lque~ on 

freeze-dned tis'Iue sectlLlns to \ lsualize catecholamInes (Carlsson et al, 1962. Falck 

et al, 196~; Falck arlu O\l.man, 1965). This technique, kno\\n a~ the Falk technique, 

\\as used in conjUnctlOn \Vith lesions of bramstem structure~ to ~hü\'v that the "orl1..t 

of arigin of the ~E flbres tnneIï<ating cortex fibres v.ere located \I,lthtn thc2 bram.,tem 

In well-localized i\E-contalI1ing cell groups (Anden et al., 19(6) The.,e ftr~t "tudle~ 

were performed lI1 rats and revealed only a very sparse catechoiamlI1e Innervation 

of the neocortcx where It \vas thought the fibres were largely restricted to the 

molecular layer. 

Cngerstedt (1971), USIng a madified tluorescence technique c()mbIn~d \\Ith 

smear preparations and lèslOns, provided more eVldence that the 10Œs coerul~u" \vas 

the source af cortical noradrenergic fibres. He sugge~ted abo that noraùrenerglc 

innervation of the rat cortex was achieved hy a dorsal bundle of fIbre" that curvcd 

anteriorly through the septum, travelled caudally WIthl11 the cingulum bundle. anù 

furmshed laterally dlrected branches that Innervated the entIre cortex. 

2 



Since Ungerstedt's study, anterograde transport and more sensitive 

histochemical procedures have been used to develop a more detailed descnption of 

the cerulocortical projection (Bowden et al., 1978; Jones and Moore, 1977; Lmdvall 

and Bjdrklund, 1974; Maeda and Shimizu, 1972; Svensson and Thorén, 1979). It now 

~?r>ears that the pathway through the septai region may be only one of 3 major 

routes that noradrenergic fibres follow as they enter the cerebral cortex. A laterai 

route thrOl .. ~h the ventral amygdalofugal pathway and an intermediate trajectory 

through the vel'tral caudate and around the rostral portion of the external capsule 

have also been described in the rat (Jones and Moore, 1977; ShImIzu et aL, 1974; 

Tohyama et al, 1974). 

The inti oductlOn of the glyo:\)'hc acid histofluorescence method (Bloom and 

Battenberg, 1976; Lind\ al! and Bjorklund, 1974) revealed that the catecholamine 

IOnervation of the cortex had been greatly underestimated in earlIer 5tudie:,. \Vith 

this techOique the noradrenerglc innervation appeared more dense than that 

pre\- iously descnbed (Battista et aL, 1972) and was distributed over al! SIX layers of 

the neocoriex (Freedm~l.O et al., 1975; Levitt and Moore, 1978; Lldov et al, 1978a, 

h; Itakura et al, 19~ 1) 1 t 15 now clear that the locus coeruleus is the primary If not 

the only source of noradrenergic fibres in several neocortical reglOns of the rat 

(Dlvac et al., 1 Q77, Gatter and Powell, 1977; Huang et al., 1975; KIevlt and Kuypers, 

1975; Me"ulam et al., 1977; Mizuno et al., 1981). 

The use of antlbod!es directed against dopamine-l3-hydroxylase, the final NE

"yntheslZlng enzyme, has revealed an even denser noradrenergic innervatIOn of the 

cortex in rats (~1orn~on et al, 1978). The same technique shows that the pattern of 
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noradrenergic innervation possesses a geometric orderlmess and distinct lamll1~lr 

pattern of innervation through the tateral cortex. In contrast, the pattern of 

innervation in medial cortex varies regionally as does ItS density, changtng wlth 

cytoarchitectonic boundaries (Lewis et al., 1979; Morrison et al., 1(79). 

Using the same antibody, Morrison and collaborators (;vIorrison et al, 1982) 

found that the NE mnervation of primate cortex exhibited a greater degree of 

regional variation in density and pattern than that observed in the rat cortex 

although a strong tangential, intracortical trajectory similar to th:lt ob~ef\ed 111 the 

rat was a dominant feature of the noradrenergic mnervation of the pnmJte braln. 

In the somatosensory cortex immunoreactive fibres were present ln 0.11 b cortical 

layers. Layer 1 contained tangentlal, radial and oblique hbres. Rndlal flhre" \'.ère al50 

observed ln layers II and III but in addition, short tortuous axon 'Iegmenb a .. \',:ell 

as long tangential fIbres \"ere obsef\ed. The innervation appean~d den~e and 

terminal-llke ln layer~ IV and V and included axon segments of \arylng length and 

orientatlOn. Layer VI was characterized by a band of tangential fibres located dorsal 

to the \\ hlte matter. 

At an uttra",tructural level, the proportion of noradrenergic terminaIs that 

appear to form synaptlc contacts in the cortex varies greatly among dlfferent studies. 

Descarries and collaborators (Descarnes et al., 1977; lapierre et al, 1973; Séguéla 

et al., 19(0) found that in rat frontal cortex very few termmals formel! synaptic 

contacts. In single thIn sectIOns, only 5C:~ of noradrenergic vancmitle'i lahelled with 

tritlated NE appeared ta form synaptic complexes wlth thelr target celb (De\carnes 

et al., 1977). In contra~t, 50Q of unlabelled termInaIs \0 the same )èctIUn'l made 

4 



typlcal synaptic contacts. Recently these initial findings were confirmed using 

immunocytochemistry with an antiserum against NE (Séguéla et al., 1990); only 7% 

of immunostained varicosnies exammed in single sections formed synaptic junctions. 

The data extrapolated from the examination of serial thin sections suggested that not 

more than 17 ta 26% of the total noradrenergic varicosities actually formed 

junctional complexes. In comparison, 98% of unlabelled varicosities exarnined in 

senal ~ections appeared to form synapses. These data support the possibility of a 

diffùse release of cortical NE into extracellular space. 

Others have found that a mu ch [arger proportion of NE terminaIs formed 

~ynapses. Molliver et al (1982) reported that 40% of dopamine-I3-hydroxylase 

positive vancositles formed synapses in the rat somatosensory cortex. In the deep 

layers of adult rat vlsual cortex, a large proportion of terminaIs labelled with tritiated 

NE were found ta form synaptic junctions (Parnavelas et al., 1983, Parnavelas and 

McDonald, 1985). PapadopoulJs and collaborators (Papadopoulos et al., 1987, 1989) 

used the ~ame antlscrum as Séguéla et al. (1990) and found that 25% of 

noradrenergic termmab in single section formed synaptic contacts in contrast to the 

7% founJ by Séguéla et al. (1990). 

The dbcrepancles between the dlfferent studies appears to come From the 

differences betweerl the cnteria used to define synaptic contacts. Séguéla et al. 

(1990) ~eem to have applied very rigorous criteria and despite that fact found that 

98% of the unlabelled varicosities had characteristics of synaptic contacts, a faet 

"uggesting that their estimation might be doser to reality. 
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-~-- -------------------------------------. 

1.1.2 1 arnjnar distribution of noradrenergic receptors. 

Noradrenergic receptors are present bath in the periphery and in the central 

nervous system. The first evidence that there was more than one type of 

adrenoceptor was provided by Dale (1906) who suggested that adrenaline might be 

acting at two different 'myoneural junctions' ta produce its excitatory and inhibitory 

actions. Ahlquist (1948) was the first to introduce the subclassification of 

adrenoceptors as Ct- and J3-adrenoceptors based of the differences in potency of 

various catecholamines in a variety of tissues. In, 1967, Lands and coworkers (Lands 

et al., 1967) proposed a ~ubdivision of J3-adrenoceptors inta 13,- and 13 2-adrenol'.ptors 

based on the relative potencies of agonists. Their classification is sull ln u~e today. 

Langer (1974) proposeè that a-receptors should be classified according to 

their postsynaptic (a,) or presynaptic (a 2 ) location. Berthelsen and Pettinger (1977) 

proposed a classification according ta the function of the receptus, argul'1g that a,

receptors are excitatorv and a2-receptors are inhibltory. The presence of a,", 0: 2-, 13,

, and J3 2-adrenoceptors in the cerebral cortex IS welI documented and ail 4 subtypes 

have been found in significant numbers in several different cortical areas (see 

Reader et al., 1988 for review). The laminar distribution of adrenerglc receptors ln 

various regions of the cortex has been visualized in autoradlOgraphlc stmlles using 

specifIc labe lied ligands. 

In the rat somatosensory cortex, the binding of the ~peclflc Ct,"antagonlst 

[3H]prazŒm appe •. lred relatively high in layers 1 and V while 10w levels were found 

in layer VI (Rainbow and Blegon, 1983). The pattern appeared ~imll..l.r ln the motor 

cortex, but the levels of bmding were generally hlgher than ln the ~umatu"en~()ry 
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cortex. In rat vi~ual cortex, [3H]prazosin binding was significantly higher in layer 1 

and the lowest levels were found in layer II-III while layers IV to VI contained 

intermediate levels of binding (Schliebs and Godicke, 1988). Using a differem 

ligand, Jones et al. (1985) found a oenser band of labelling in layer V of rat frontal 

and parietal cortex corroborating the report of Rainbow and Biegon (1983). But in 

that case, labelling was present in two bands located above and below the soma of 

layer V pyramidal ce Ils, corresponding to layers Va anà Yb. In cat cerebral cortex, 

Palacios et al. (1987) reported that the laminar distribution of a ,-receptors was 

similar to that found in the rat with a characteristic dark band in layers 1 and V. In 

the ferret visual cortex, Goffinet and Rockland (1985) found a high level of a,~ 

receptors in superficial layers and in layer IV suggesting that there are variations 

between species (see also PalaclOs et aL, 1987). 

The distribution of a 2-receptors appeared similar tü that of a,-receptors in 

rat visual cortex (Schliebs and Godlcke, 1988). High levels of eH]clonidine binding 

were found in layer l, low levels in layers II-II! : :.d intermediate levels in layers IV 

through VI. Using (3H]p-aminoclonidine as a specific ligand, Young and Kuhar 

(1980) noted that in general, higher levels of a2-receptor bindir,g were found in the 

more superficial layers of the cerebral cortex. 

Levels of B-receptor binding appeared very high in layers 1 to III in cat visual 

cortex (Shaw et al., 1986). Law levels were found in layers IV and V while in layer 

VI binding was mtermeùiate. In rat visu al cortex, the dellsity of !3-receptors was the 

highest in layers 1 and l'v tollowed by layer II-III w~llle the lowest levels were found 

in layers V and VI (Schliebs and Godicke, 1988). In the rat frontoparietal cortex, 
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receptors labelled with the mixed l3-antagonist r~Ilpindolol were found ln about the 

same density in layer l, IV and VI (Rainbow et al., 1984). In that study, the indirect 

visualization of l3-receptors subtypes was made by the displacement of ['25 I1pmdolol 

with specifie 13 ,- and 132-reeeptors antagonists. The ûensity of 13 ,-receptors appeared 

to be higr-er th an 132-receptors in layers 1 and VI while the same proportion of [3," 

and J32-receptors was found in layer IV. In ferret visual cortex high levels of 13 ," 

receptor binding were present in supra- and infragranular layers whlle layer IV 

corresponded to a band a very low density of binding (Goffinet and Rockland, 1985). 

In the eat, the pattern of 13 ,-receptors was similar to that of the ferret and 13 2 -

receptors binding were found in high denslties in layers 1 to III anù bmding appeared 

evenly distributed in layers IV 10 VI (Aoki et al., 1986). Using an untiserum rUlsed 

against l3-receptors that appeared to bind mostly ta 132-ceceptors, Aoki et al. (19H7) 

found in the rat somatosensory cortex a distribution similar to the distnbution seen 

in the visual cortex. In rat somatosensory cortex, high levels of J3 2-receptors appeared 

to be specifically associated vnth the posteromedial barrel subfield (Vo~ et al., 1085) 

In general, a- and l3-receptars appear ta have different lamIn~l[ distrIbutIons. 

White high densities of both types of receptors were found in layer l, a ,-receptors 

appear 10 be present in large amounts in layer V of sensorimotor cortex and 13-

receptors were found in ~igOificant amounts in layers II-III whtle low levels of 13-

receptors were consistently found in layer IV. 
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1.2 The effects of norepinephrine in the cerebral cortex and in other areas of the 

cen traI nervous sy~,tem. 

12.1 Iontophoretic studies showIng predominantly inlubitory effects. 

Krnjevic and Phillis (l963b) studied the effects of several amines ln the 

cerebral cortex of cats anaesthetized with allobarbitone, ether or chloralose and in 

a few cases in unanesthetized 'cerveau isolé' preparations. Epinephrine was found 

ta depress both the spontaneous activity and the response to glutamate. They also 

noted that in contrast to dopamine, large amounts of epinephrine frequently 

produced a delayed excitation. NE was reported to produce effects similar to those 

observed with eptnephrine but that it was a much weaker agent. 

Foote and collaborators (Foote et aL, 1975) reported the effects of NE on 

acoustically evoked activity in auditory cortical cells of awake monkeys. The 

response~ were evoked by playing reC'crdings of various vocalizations of the species 

~tudled. The iontophoretic administration of NE inhibited both spontaneous and 

acoustically evoked activities in aIl 28 neurons tested. In 75% of the neurons, the 

decrease induced by NE was more important on the spontaneous than on the evoked 

activity and the authors concluded that one possible raie of NE might be to enhance 

the evoked activity to spontaneous activity ratio in the ou tput of the neurons. This 

concept is now weil known as the increase in signal-to-noise ratio produced by NE 

and it has been reported by a number of workers to occur in various regions of the 

brain. 

Waterhouse, Woodward and their collaborators (Waterhouse and Woodward, 

1980; Waterhouse et al., 1980, 1981) studied the effects of NE in the somatosensory 
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cortex of halothane anaesthetized rat. As in the auditory cortex of monkeys, a major 

effect of NE appeared to be its capaeity to increase the signal-to-noise ratio by 

producing a more important inhibition of the spontaneous aetivity than of the 

peripherally-evoked activity. Further, in 12 of 41 (29%) neurons studied, NE 

produced a net increase in evoked activity but these excitations rarely exceeded 25% 

of the control response. In 27 of 32 (82%) neurons teste d, NE also lI1creaseu the 

postexcitatory depression of activity that immediately followed the response to 

peripheral stimulation. The excitatory effeets of NE were observed in a larger 

proportion of neurons located in the lower layers than in the middle and upper 

layers while the other effeets of NE appeared to be evenly dlstributed in ail layer~ 

of the somatosensory cortex. The effects of NE usually lasted Jess than 5 mIn. The 

inerease in signal-ta-nOIse ratio appe,lred tG be the result of an activation of a:

receptors since the a:-receptor agonist phenylephrine mimlcked the effects of ~ E and 

because those effects coald be reversibly blocked by the a:-receptor antagonist 

phentolamine (\Vaterhouse et al., 1981, 1982). The increase in the poqexcltatory 

inhibition was mimicked by the 13-receptor agonist lsoproterenol and wa~ blocked by 

the /3-reeeptor antagonist sotalo1. Recently, Waterhouse et al. (ll)i)B) ~howed that, 

like the lontophoretic administration of NE, the el~etrical stImul:.lt!on of the nucleus 

locus eoeruleus 50 to 600ms before the stimulation of the reeeptive field enhanced 

the ~ignal-to-noise ratio and the postexcitatary irrblbition follol}, ing tactde ~tlmulatlon 

in the somatosensory cortex of halothane anaesthetized rats. 

Although NE wa~ llsually inhibnory in rat somatosensory cortex in vivo, when 

somatasensory cortic~l slices were maintained in vitro, NE potentiated the re\pon\cs 
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to glutamate in 51 of 54 (94%) neurons and ta ACh in 6 of 9 (67%) cases 

(Mouradian et al., 1988). In 8 neurons, iontophoretically adrninistered glutamate 

produced strong excitatory responses to pulses of glutamate in the presence of NE 

that were otherwise subthreshold. 1l1e potentiating effects of NE were blocked by 

the a-receptor antagonist phentolamine and could be mimicked by the iontophoretic 

administration of the prote in kinase C activator, phorbol 12,13 diacetate, suggesting 

that the potentiation was mediated by an a-receptor linked to the intracellular 

activation of protein kinase C. The potentiating effects of NE were also observed 

when NMDA receptors were selectively activated (Mouradian et al., 1989). 

In the visual cortex of cats and kittens anaesthetized with nitrous oxide and 

halothane, NE was found to inhibit 43 of 60 (72%) neurons responding to visual 

stimuli (Videen et al., 1984). In another 3 (5%) neurons an excitation was observed. 

In the visu al cortex of urethane anaesthetized rats, NE depressed the ongoing activity 

in 60 of 64 (94%) ce Ils and produced an increase in 6% of cases. In the presence 

of NE, the visually evoked activity was decreased in 97 of 118 (82%) and increased 

in 9% of neurons (Kolta et al., 1987; Kolta and Reader, 1989). The signal-to-noise 

ratio was increased hy more than 20% in 20 of 37 (54%) neurons tested and It was 

decreased in only 8% (Kolta and Reader, 1989). The effects of NE lasted for an 

average of 3.5 min suggesting that most of the effects of NE lasted less than 5 min. 

In that study, the Cl 2-receptor agonists clonidine and oxymetazoline and the 13-

receptor agonist mimicked the inhibitory effects of NE. But only the Cl 2-receptor 

antagonist idazoxan conslstently blocked the effects of NE while the J3-receptor 

antagonbt sotalol did not. The authors concluded that most of the inhibitory effects 
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of NE were mediated by Cl2-receptors although sorne inhibition might have been 13-

mediated. The mixed a,-Clz-receptor agonist vhenylephrine induced excitation more 

often (28% of 25 neuron~) than any other drug tested and since the effect~ meùiated 

by Cl2-receptors was inhibition. it was suggested that the excitation was probably 

mediated by Cl,-receptors (Kolta et al., 1987; Kolta and Reaùer, 1989). 

Other studies have also reported that the predominant effect of NE in the 

cerebral cortex was an inhibition of the spontaneous activlty (Olpe et al. 1980~ 

Reader et al. 1979). In the hippocampus, NE has also been shown tu produce mainly 

inhibitory effects (Curet and de Montigny, 1988a; Segal and Bloom 1974Ll, b) tha1 

appeared to be mediated by Cl 2-receptorwhen NE was administered ionrophoretlcally 

and by a'-receptor when the locus eoeruleus was stimulated (Curet and de Montigny 

1988a, b). 

1.2.2 Iontopboretic studi.es showing predominantly excitatory effects. 

In the studies reported above, the major effect of NE in the cerebral cortex 

was inhibition ,md excitatory effeets were observed in only a few cases. In other 

studies the iontophoretic administration of NE appeared to induce mainly excitation. 

In the somatosensory cortex of halothane-anaesthetlzed rats, Bevan et al. (1977) 

found that iontophoretieally administered NE produced an lncrease in the ongolI1g 

discharge in 66% of 194 neurons tested while depression in the actlvity was observed 

in 34% of cases. During the administration of the a-receptor agonists phen}kphnne 

(n=78) and methoxamine (n= Il) ail neurons were exciteJ "",hile in the pre'ience of 

the B-agonist salbutamol (n::: 16) only inhibition was observed The excitatory effects 

of NE and of the o:-reeeptor agonist were reverslbly bloeked by the o:-receptor 
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antagonists phentolamine and phenoxybenzamine. The G-receptor antagonist sotalol 

blocked the inhibitorj effect of the mixed a-G-receptor agonist isoprenaline, but in 

.!:lome cases, it could also antagonize excitatory responses to adrenoceptor agonists. 

The authors concluded that the excita tory effects of NE were a-mediated while 13-

receptors medlated the inhibition although it \\-as not clear if sorne of the excitation 

was not J3-mediated. In another study from the same laboratory, Szabadi et al (1977) 

found that, in halothane-anaesthetized cat somatosensory cortex, the ongoing activity 

was also increased in the presence of NE but that the probability of observing an 

excitation was negatively correJated with the level of spontaneous firing rate. For 

example, virtually al! neurons displaying spontaneous activity lower than 5 impulsesjs 

were excIted by NE while Jess than 60% of the neurom wnh an ongOlng dbcharge 

greater than 31 impulsesjs were excited. Sirnilar relationships were observed between 

the ongoing discharge and the excitatory effects of serotonin and mescaline. 

Armstrong-James and Fox (1983) reported that NE enhanced the ongoing 

activity in a 8 of 36 neurons located 800J.Lffi or more below the pial ~urface in the 

~omatosensory cortex of urerhane-anaesthetized rats. In that study, the concentration 

of NE at the tip of the electrode was monitor~d continuousJy and eXCitatIOn occurred 

only with very low concentrations of NE. In 6 cases higher concentrations reversed 

the effect ta an mhibItion. The effects of NE on peripheral input were not studied. 

Excitations have also been observed in other brain regions. In the lateral 

geniculate nucleus of chloral hydrate-anaesthetized rats, the spontaneous activity was 

increased at least two-fold in 175 of 191 (92%) celIs tested. The remaining neurons 

were unresponsive or displayed a smaller increase during the iontophoretic 
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administration of NE (Rogawski and Aghajanian, 1980). Sorne expenments were al50 

performed in an unanesthetized 'cerveau isolé' preparation where the re~ponses to 

NE were similar to those observed in anaesthetized animais, hO\vever 10 thls 

preparation neurons appeared ta be more sensitive to NE than ln the intact animal. 

From the relative potency of various adrenergic agonists and antagonists, the authors 

concluded that the excitations were mediated by cx,-receptors. In chloral hydrate

anaesthetized rats, Baraban and Aghajanian (1980) iontophoretically administercd 

NE to 44 neurons in the dorsal raphe nucleus and found that small amounb of NE 

produced mamly an Increase in the spontaneous actlvlty of dorsal raphe neurons 

while higher doses resulted in mhibition. The relative potency of aùrenerglc ùrugs 

suggested that the excitatory effects of NE were medlated by cx,-receptors. EVH..Ience 

that inhibttory effects were mediated by Cl2-receptor was reportèd in subsequent 

studies (Marawaha and Aghajaman, 198:2; Freedman and AghI1JUnl~.ln, IlJ8.+). In the 

rat facial nucleus, Menkes et al. (1980) found that suhthre~hold pube~ of glutamate 

induced a response in presence of NE and that this effect was mediated by cx

receptor. 

The responses ta the electrical stimulation of lateral preoptic arèl1 were 

enhanced in a majority of neurons in rat lateral hypothalamus in the prçsence of NE 

(Sessler et al., 1988). Neurons \Vith no or very low spontaneous actlvlty werè more 

likely ta be enhanced than neurans dlsplaying a high spontaneom di~charge. 

The differences between those studies showmg predominuntly excltatory 

effects of NE and thase showing predommantly inhibttory effects are ulfficult to 

reconcile, but several thmgs are consistent in bath ~ets of studles Flr~t, ll1hlblt!onl<i 
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attnbuted to 0'2- or f3-recepturs and excitation is attributed to QI-receptors. Second, 

excitation is more cornmon in deeper layers than in the more superficial layers of 

cortex. One step towards the reconciliation of the se sets of data is tu suggest that the 

studies finding predominantly excitation rnay have selected their neurons from 

deeper layers than those showing predominantly inhibitory effects. Another step is 

to recognize that the distribution and relative proportion of the receptor types found 

on cortical neurons vary in dlfferent cortical areas and layers. Further, the levels of 

rnonoamines 10 cortex can vary as much as a factor of 10 due to seasonal changes 

(Kabani et al., 1990) and tho~e changes might be paralleled by changes l!l receptors. 

Thus it is important ta recognize that there are several receptors for NE in cortical 

tissues and that complex interactions among them may determine the net effect of 

NE release in cortex. In addition it must be recognized that variables related tu the 

experimental deSign may 10tluence neuronal response and that adequate contraIs 

must he performed. 

].2.3 Intracellular studies. 

The ionic mechanisms of the response to NE have been extensively studied 

in rat hippocampal slice preparations. Segal (1981) found that the topical applIcation 

(5 to 20nl droplets on the surface of the slIce) of NE cau~ed a shght 

hyperpolarizat;on associated wlth a decrease i!1 input resistance ln CA 1 neurons. A 

decrease in the spontaneou~ discharge and a reduction of the excitatory post-synaptic 

potentials (EPSPs) produced by the stimulation of the Schaffer collaterals were also 

observed. Since the hyperpolarization tnduced by NE wa~ reduced in low Cl medium 
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and ouabain and low tempe rature also decreased markedly the response to NE, 

Segal (1981) conc\uded that two mechanisms were involved in the action of NE: the 

activation of a Cl conductance and the activation of a Na' -K' pump. The action of 

NE appeared also ta be independent of extracellular calcium concentration. The B

agonist isoproterenol mimicked the effects of NE and the 13-antagomst sotaIo! 

produced a reduction of the neuronal response ta NE suggesting B-mediated effects 

of NE. The membrane permeant cAMP analogue, 8-Br cAMP, also mimicked the 

effects of NE suggesting that cAMP was the second messenger. 

Madison and Nicol! (1982, 1986a. b) found that the accommodation of CAl 

pyramidal cells was markedly attenuated during the bath application of NE In the 

rat hippocampal shce preparation. The number of action potentials ob~erved \Vith 

a given pulse of depùlanzing current or of glutamate was markedly increased ln the 

presence of NE. In many cases NE produced a slight hyperpobriz .. won of 

membrane resting potenttJ.l associated with a decreas~ in input resislunce In sorne 

cases, the hyperpolanzation was followed by a depolanzation accompamed by a 

decrease in input resistance. The most striking efrect of NE was to markcdly reduee 

the slow calcium-aetivated potassium after-hyperpolarization that f<llloweJ a tram of 

action potentials (Madison and Nicoll, 198630). The calcium current was not ,üfected 

by NE suggesting that NE acted through a mechanism other th an blockmg the 

calcium channels. This effeet of i'iE appeared ta be medlated by J3,-reeeptors ~ince 

it was reversihly blorked by the 13,-receptor antagomst'i and mlmicked hy a 13,

receptar agoni~t whIle 0:- or J3 2-receptor drugs produced no effect. Furthermore, the 

a-receptor agonists phenylephrine anJ c10mdine mimicked the hyperpolanzing effeet) 
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of NE while the 13-receptor agonist isoprenaline produced a depolarization. These 

results suggested that the hyperpolarization was a-mediated and the depolarization 

was 13-mediated (Madison and Nicoll, 1986a). In a companion paper, Madison and 

Nicoll (1986b) found evujence that the effects mediated by B-receptors were linked 

ta the intracellular production of cAMP. The extracellular administration of the 

cAMP analogue, 8-Br cAMP, mimicked the depolarizing effects of NE and also 

produced a reductlon of the afterhyperpolarization without reducing calcium 

currents. The intracellular injection cf cAMP also mimicked these effects while 

extracellular administration faded to produce such effects. ll1ese effects of NE 

mediated by 13-receptors have been eonflrmed by other studies on CAl pyramidal 

neurons (Haas and Konnerth, 1983; Sah et al., 1985) and in granule cells of the 

dentate gyru~ (Haas and Rose, 1987) in the rat hippoeampal slice preparation. 

More recently, Foehring and collaborators (Foehring et al., 1989) examined 

the effects of NE on large pyramidal neurons in layer V of eat motor cortex in a 

brain slice preparation. In that preparation NE usually eaused a small depolanzation 

\vhile hyperpolarizations were seldom observed. Like the effeet found in the 

hippocampu~, NE reduced markedly the slow calcium-activated pota~sium after

hyperpolarization but the mput resistance was not affeeted. In addition, NE also 

blocked the sodlUm-dependent portion of the slow after-hyperpolarizatlOn. The net 

effect of NE was an increase in cell excitability; neurons exhibited steady repetitive 

firing ta depolarizing currents that were ineffective in the absence of NE. Results 

obtamed \Vith different noradrenergic agonists and antagonists suggested that as 

observed In the hlppocampus, the reduction of the slow calcium-dependent potassium 
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current was mediated by B-receptors. 

The ionic mechanisms underlying the actions of NE mediated by a-receptors 

have been studied in more detail in other regions of the braln. In locus coeruleus 

neurons recorded in vivo, the activation of C!2-receptors with clonidine produœù an 

hyperpolarization that was assocIated with a decrease in membrane input re~istance 

(Aghajanian and VanderMaelen, 1982). In rat locus coeruleus neurons recordeu ln 

vitro, Williams et al. (1985) found also that clonidine, hke NE, produced membrane 

hyperpolarization whkh was blacked by a2-receptor antag0nist~. An Increa~e in 

potassium conductance was suggested ta be the mechanism IInUerlylllg the 

hyperpolarization medlated by a.-receptors in locus coeruleus neurons (AghaJanian 

and VanderMaeler, 1982; Egan et aL, 1983, \Vliliams et " 1\)85). 

Hyperpolarizations mediated by a2-receptors were also demonstrateu In :,ympathetlc 

(Brown and Caulfield, 1979) and parasympathetic (Nakamura et al., 1984) neurons. 

The activation of a,-receptors caused a depolanzation associated \\ith a 

decrease in membrane conductance, presumably to potassium ions in motorneurons 

in the facial nucleus (Aghajanian and Ragawski, 1983). Nakamura et al. (19K-t) 

recording intracellularly in parasympathetic neurons fouml that the depolarizatiom 

produced by NE were medlated by a,-receptors Slnce they were blocked by the a,

receptor antagonist prazoslll. In voltage-clamp studies of dorsal raphe neurons In 

vitro, the activation of a-receptors with the mixed a-agonlst phenylephrtne was 

shawn ta suppress both the resting potassium current and an early tl amIe nt 

potassium current that resembled the previausly descnbed A-current (AghuJanian, 

1985). This effect was blocked by the Ct,-receptor antaganist prazo~Il1 :,ugge'itrng that 
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it was a-mediated. Using the same preparation and pharmaeological approaeh, 

Freedman and Aghajanian (1987) showed that the activation of (},-receptors 

increased also the duration of the afterhyperpolarization possibly by increasing the 

duration of th" calcium-dependent potassium cUITent, but the calcium current was 

unaffected. 

In summary, in vivo and in vitrQ studies yielded contradictory results. In bath 

neocortex and hippocampus (Segal and Bloom, 1974a, b) in vivQ, the inhibitory effect 

of NE appeared to be mediated by <l2- and B-receptors while <l,-receptors appear as 

a candidate mediator of excitation. In vitro excitation appeared to be mediated by 

/3,-receptor and inhibltlOn by a-receptor. The only exception i5 the report of Segal 

(1981) who found that NE produced mainly J3-mdiated inhibition in hippocampal 

sUce. The faet that NE was administered topically might explain the difference from 

the other ~tudies where NE was bath-applied. 

1.3 Intracellular effectors of noradrenergic receptors. 

Ali subclasses of noradrenergic receptors appear to use guanine nucleotide

binding proteins (G-proteins) as intermediaries in transmembrane signalling (see 

Gilman, 1987 and Stryer and Boume, 1986). The pathway consi5ts of 3 proteins: 

receptors, G-proteins and effectors. The receptor converts an external signal into a 

conformational change that initiates G-protein activation on the cytosolic face of 

the plasma membrane The binding of GTP appears to activate the G-protems whlle 

the hydrolyS1S of GTP to GDP mitiates its deactivatÏ0n. The dissocia'LÏon of GDP is 

slow in the absence of the excited receptor and is markeùly increased when the 
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receptor is activated so that the G-protein is more often in its active state. 

The B-receptor is associated with a G-protein stimulating an adenylate cyclase. 

The activated adenylate cyclase will convert ATP to cAMP thus mcreasing 

intracellular cAMP. One of tht; roles of cAMP is to activa te protein kinase A 

(Lefkowitz and Caron. 1988). In contrast, a 2-receptors are associated with an 

adenylate cyc1ase inhibitory protein and therefore the activation of cx[receptors will 

reduce intracellular cAMP. 

The effeet of a,-receptor activation appears also to be mediated via G

proteins and results in an increase in phosphatidylinositol hydrolysls in rat brain 

(Brown et al., 1984; Janowsk)' et al., 1984; Minneman and Johnson, 1984, Schoepp 

et al., 1984; Gonzales and Crews, 1985; Kl"mp and Downes, 1986). In this case, the 

G-protein activates a specifie membrane-bound phosphodiestera~e, the phospholtpa~e 

C (Stryer and Boume, 1987). The phospholipase C hydrolyses pro~phatid) ltnùsitol 

4,5-biphosphate into two mtracellular signal molecules, dlacylglycerol (DAG) and 

inositol 1,4,5 triphosphate (IP3) (Nishizuka, 1984; Berndge and Irvine, 198'+) DAG 

activates protein kinase C and 1P3 triggers the release of Intracellular C:.llclUm IOns 

into the cytosol. Recently, Crews and coworkers (Crews et al., 1988, Gonz:.lles and 

Crews, 1988) found evidence that a,-receptors also stimulate a calClum-dependè;lt 

phospholipase C through the opening of calcium channels in neurons. In rat dorsal 

raphe neurons, 1P3 has been shown to mimic the increase in duratlOn of the 

afterhyperpolarization produced by the activation of al-receptor~ whtle the activation 

of prote in kinase C antagonized the receptor-rnediated actlv:ttlon of the neurons 

(Freedman and Aghajanian, 1987). 
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1.4 Norepinephrine and plasticity. 

1.4.1 Long-lasting effects of norepinephrine. 

NE has been shown to produce long-lasting increases in neuronal excitability in 

several brain areas. Armstrong-James and Fox (1983) observed an increase in the 

spontaneous activity of 60% of neurons (n=90) located from 800 to 1400,um under 

the cortical surface in rat somatosenscry cortex that lasted for at least 3 min 

following the cessation of NE. In about 25% of these the increase lasted more than 

20 min and in sorne cases spontaneous activity was still elevated an hour after ending 

the iontophoretic administration of NE. In contrast, long-lasting effects \\ere not 

observed on the spontaneous acttvity of any neurons located above 800 ,um. 

NE produces long-lasting increases of neuronal excitability ln the hippocampus 

and in other limbic areas (see Harley, 1987 for review). In the hippocampus, 

iontophoretically applied NE potentiated the population spike measured from the 

field potential in the dentate gyrus induced by the stimulation of the perforant path 

with biphasic constant Ct.:rrent pulses at a.1Hz (Neuman and Harley, 1983). The 

magnitude of the potentiation ranged from 20 to 400% and in 16 of 41 case~ (39o/c) 

they were long-lasting (over 30 min to several hours) even if NE \Vas administered 

only for a short period of time. The population EPSP was usually not increased 

unless high stimulating currents were used, suggesting that i'iE did not produce a 

potentiation of synaptic input ta the dentate gyrus but rather brought a l::uger 

number of neurons ta thre-;hold (Neuman and Harley, 1983). These in vivo ~tudies 

\vere confirmed by \Vimon and Dahl (1985) using a similar paradigrn but, in that 

case, long-lasting increases were also observed when the inactive enantiomer d-NE 
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was used suggesting a non-specific effect. Long-lasting potenuation of the population 

splke of the dentate granule eells could be reproduced by activation of the locus 

coeruleus with pressure-ejected glutamate in the vicinity of the nucleus (Harley and 

Milway, 1986). Since proçanolol attenuated the enhancement it was suggested that 

the effects were mediated by f3-receptors. The electrical stimulation of the locus 

coeruleus also produced long-term increases in the population spike ln the dentate 

gyrus elieited by perforant path stimulation but in contrast to the activation with 

glutamate, the long-lasting effects were not blocked by a il-antagontst suggesting that 

another J3-NE-independent system was involved (Harley et aL. 1989). 

In hippocampal slice preparations. bath application of NE for 10 min tnduced 

similar potentiations but only m 25% of the slices (Lacalile and Harley, l SlH5). The 

long-lasting potentiation could be prevented by timolol but not hy phentolamine 

thereby suggesting that they were mediated through l3-receL:~rs In contra~t to the 

in vivQ preparations, the population EPSP was potentiated as \Vell as the population 

spike in slice preparations (Lacaille and Harley, 1985). Using a "imilar paradlgm, 

Stanton and Sarvey (1985) were able to produce long-lasting potenttattnn tn every 

slice when NE was superfused for 30 min. The potentiation was blocked by the 13,

receptor antagonist metropolol and by the preincubation of the shce with tht.! protein 

synthesis inhibitor emetine suggesting that changes ln protem comtitutlOn were 

neces"ary for the mduction of long-lasting potentiatlOn medi:.lted by 13,-reccpto[s. 

The best-kno\',fll example of a long-lasting change in neuronal eXCItahtilty is 

the enhanced responsiveness that follows tetanic ~timulatIon of afferent~ co the 

hippocampus. This phenomenon, known as long-term potentiatlon (LTP), i~ also 
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affected by NE. Hopkins and Johnston (1984) recorded in the CA3 pyramidal ceU 

layer during an experiment in which they activated the mossy fibre at a high rate in 

rat hippocampal slices. Stimulation parameters that did not produce L TP by 

themselves when paired with the !'uperfusion of NE resulted in the induction of LTP. 

Wlth a ~tronger stimulation that cou Id induce L TP on its own, NE was found to 

increase the magnitude, the duration and the probability of induction of L TP. The 

l3-receptor agonist isoproterenol produced effects similar tG NE on LTP. In a 

~ubsequent report, Hopkins and Johnston (1988) showed that the adenylate cyclase 

activator, forskolin and the intracellular injection of 8-Br cAMP both enhanced the 

probability of induction of L TP suggesting that NE enhanced LTP by stimulating the 

production of cAMP. 

1.4.2 Functional plasticity. 

Kasamatsu and Pettigrew (1976) were the first to suggest that NE was necessary 

for the ocular dominance shift observed in monocularly deprived kittens (Wiesel and 

Hubei, 1963). They found that the treatment of the visual cortex with 6-

hydroxydopamine (6-0HDA), a compound WhlCh destroys NE terminais. prevented 

the ocular dominanœ shift. FollO\ving this initial experiment, it was shown that 

infusion of NE could restore plasticity 10 monocularly deprived kittens previously 

treated with 6-0HDA (Kasamatsu et al., 1979) and that the rate of recovery at the 

end of one week of monocular deprivation was also increased (Kasamatsu et al., 

1981). Further, increa~lIlg cortical NE appeared to increase plasticity 1Il the visual 

cortex even in the absence of monocular deprivation (Kuppermann and Kasamatsu, 
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1984). Other experiments suggested that these effects en the visual cortex plasucity 

were mediated via 13-receptors (Kasamatsu and Shirokawa, 1985a, b). 

Severallaboratories (Trombley et al., 1986; Daw et al., 1985; Adrien et al., 1985) 

attempted to reproduce these interesting obsetvations with sllght variations in the 

experimental design, but with rnixed success. When 6-0HDA treatm~nt W3S adJusted 

at levels that depleted most of the cortical NE, shift in ocular dominance still 

occurred but it was of a smaller magnitude than that reported by Ka~amat~u and 

Pettigrew (1979). These authors suggested that sorne factor other than the Jepletlon 

of NE was responsible for the loss of plasticity. Bear and Singer (1986) round that 

neither the destruction of the noradrenergic inputs with 6-0HOA lnJt:ct!on in the 

dorsal noradrenergic bundle nor of the cholinergic input with N -metltyl-l)L-;l~partate 

injections inta the basal farebrain prevented the plasticity ln the vi~uul cortèX. Only 

when both inputs \vere lost was the shift in ocular dominance blocked. BeGl.u\c both 

fibre systems travel in the cingulate gyrus, surgicallesions of the cmgulate gyru\ were 

also effective in depleting the density of acetylcholine esterase positive <L1(On~ in the 

':isual cortex and the level of endogenous NE. ThIS procedure a\'io prevented the 

ocular dominance plasticity. These experiments sugge~ted that the Integnty of elthcr 

the noradrenergic or cholinergie system \\'a~ sufficient for plastlclty to occur ThIS 

study a1so offered an explanation ta rationalize the fmdmgs of Ka'iamahu and 

coworkers since it wa~ 'Ihown that iontophoretically aJmmi~tered 6-0HDA 

antagonized the enhancement of the visual response produced by ACh on cortical 

neurons suggesting that 6-0HDA could mterfere with the actIOn ut ACh Tbe 

current status of the hypothesis is that both NE and ACh are thougbt to gate the 

plasticity in the visual cortex of kittens. 
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15 Somatosensory system. 

15.1 Cutaneous projections to the somatosensory cortex. 

The somatosensory cortex is organized to receive, process and relay sensory 

information from the skin, muscles and presumably from the internaI organs to 

higher centres of the nervous system. Mechanoreceptors Ioeated in the skin respond 

to mechanical displacements of the culaneous surface with two general categories 

of responses: rapidly adapting (RA) and slowly adapting (SA). RA receptors respond 

transiently 10 a steady stimulus applied on the skin while SA receptors display a 

su~tained response ta su ch stImulation. 

These sensory messages travel among primary afferent fibres whose eell 

bodies are located ln the dorsal root ganglia of the spinal cord. Their axons make 

up the cIassic long fibre pathway projection via the dorsal columns to the dorsal 

column nuclei where they synapse on second order neurons. The neurons of the 

dorsal column nuclei project through the contralateral medial lemniscus to synapse 

in the ventroposterior complex of the thalamus. Thalamic neurons relay the 

cutaneous information to the primary somatosensory cortex, primanly in layer IV 

and in the bottom of layer III (Martm, 1985). 

The somatosensory reccptor sheet is represented in a topographical manner 

at each level in the central nervous system. Marshall and collaborators (Marshall et 

aL, 1941) were the first ta demonstrate the topographical organization of the 

~omatosensory cortex by studying the pattern of evoked potentials recorded from the 

cortical surface. They illustrated the sites where cutaneous information arrived in the 

cortex from different body parts by a distorted map of the body that was ~aid to 
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represent the somatotopic order of inputs to the primary somatosensory cortex 

Later, Mountcastle (1957), using extracellular recording technique for ~ingle celb 

showed that an individual cell in somatosensory cortex had a smgle, moJ~dity-~pecJtlc 

receptive field on the skin surface and that adjacent cells had nearby receptlve fields 

confirming the presence of the orderly somatotopy and establishing tht: concept of 

the cortical column which served one point on the body surface. 

More recently, Kaas, Merzenich and their collaborators (Kaas et al, 1979; 

Merzenich et al., 1978) used fine grain mapping techniques to demonstrate that there 

were actually four independent and fairly complete maps of the body ~urface m 

primate somatosensary cortex, one within each of Brodmann's areas 3a, 3b, 1 and 

2 with each area being dominated by input from a partlcular clas~ of receptors. 

Areas 3a and :2 respand primarily to Input from muscles \vhile area~ 3b ami 1 

respond to cutaneous input. AddltiOnal functional subdlvi~lons are ahu tOUI1Ù \Vnhln 

each regian, for example in area 3b there are separate "tripS for RA and SA 

submodalities (Sretavan and Dykes, 1983) and Merzenich et al. (1978) have argued 

for cortical divisions related to input from dlfferent parts of the body. 

In the ca!, the pnmary samatosensory cortex IS located ln [he po~terior 

sigmoid gyrus and is divided in 4 cytoarchitectonic areas llke that of the monkey 

(Hassler and Muhs-Clement, 196 .. ). Area 3a is located rostrally adjacent, to the 

cruciate su\cus while area 3b is on the exposed bank of the gyrus. Area 1 l~ found 

posterior ta area 3b and area '2 is lacated on the posterior wall of the 'llgmolu gyrus 

delimitated by the ansate sulcus. 
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Dykes (1978) argued for multiple maps in eat somatosensory cortex whereas 

Felleman et al. (1983) suggested that there was only one. Sretavan and Dykes (1983) 

explored the representatiol1 of the forearm regian in the cat somatosensory cortex 

showing that the somatosensory input ta that regian is organized in a manner slmilar 

ta that described :n the monkey; cutaneous inputs were found primarily in areas 3b 

and 1 while urea 3a contained primarily input from muscle. This information was 

used in the present sludy ta lacate the cutaneous representation in the cat 

samatosensary cortex and to place the penetrations in the cortical regian receiving 

input from the skin of the forearm and paw. 

1.52 Plasticity in tbe somatosensory cortex. 

For a long time the topographie organization of the representation of the 

bady surface in the somatosensory cortex was though to be stable throughout 

adulthood. Howe<,er, ln recent years, it has been demonstrated that the ordered 

arrangement could be modifled follO\\ lOg restricted deafferentatlOn procedures or 

by behaviounal tasks (see Wall, 1988 for review). 

The fmt evidence that somatosensOIY cortex could reorganize was provided 

by the work of Kalasb. and Pomerantz (1979) wr.o deafferented the forepaw of cats 

and klttens and then recorded in the prim:lfy somatos~nsory cortex weeks or months 

larer. Detaded ~tudle~ following restricted deafferentation of part of a limb saon 

showed that reorganization also occurred in primary somatosens1)ry cortex of adult 

raccoon (Ra~mm~on, 1982; Kelahan and Doets,ch, 1984), monkey (;vlerzenich et, 

1983a, b, 198~) and rat (Wall and Cusick, 1984). From those studies it appears that 
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immediately after deafferentation most of the deafferented cortex is sile nt, although 

a few inputs from adjacent skin region can be found. In the following days and 

weeks. silent areas gradually develop responses to adjacent skin reglOns until a ne\'-, 

apparently stable, somatotopic order is found in the deafferented cortex. When 

larger areas of the cortex are deaffercnted, sorne of the deafferented cortex may 

remain silent. 

More recently, the somatotopic organization has been shawn to he remodelled 

III normal adult monkey trained to perform a task which required that a Itmited 

sector of skin be stimulated ln a behaviourally motivated til~k (Jenk!n~ et al. 1990) 

After several months of stimulation, the stimulated ~kin ~urface \\~.h overepre:::.ented 

in the ~omatosensory cortex demonstrating that neuronal pb~tlclty nllght be an 

mtrinsic attribute of the :-,omatosensory cortical m:1p and that the somatotoplc order 

may be modlfied by use throughout the lifetÎme of the indlvldual. 

Today, the cellular mechamsms unJerlymg the neuronal pla::,tlClty reqlllred for 

reorganization of the ~omatosensory map are unknown. Yet it i~ apparent from the 

work reviewed aboVè that the excitability of certain neurons ll1 the ~omato..,ensory 

cortex can be altered ~o that they \Vill respond to previously :,ubthrc'ihuIJ Il1put" The 

mechanisms unùerlying the plasticlty of ~ynaptic connectlün'i 111 the ,,()matt)"èl1~ury 

cortex may invülve nèuromüJulatory ~ubstances such as ~E Rcœntly It hJ'l ht:en 

demonstrated that another neuromodulatory substance, ACh, produCèu long-Ia"ung 

enhancement of somatosensory cortical neuronal excltabtllty when lt \\<l~ either 

iontophoretically aummistered (Metherate et al, 1987, 19SRh) or ,,:maptlC:llly 

released by the electr:cal ~timulation of chülmcrglc neurons Iocated ID the ha~al 

forebrain (Tremblay et al., 1990a, b). 
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1.6 Rationale. 

There is substantial evidence that NE might play a role as a neuromodulatary 

substance in the somatosensory cortex. Although there is sorne information on the 

effects of NE in rat somatosensory cortical neurons as reviewed in the preceding 

sections, no data are availacle on the neuromodulatory effects of NE on the somatie 

input in the cat somatosensory cortex. Since, NE has been implicated in long-lasting 

changes In excitability in several regions of the brain it is a reasonable candidate for 

a substance that might be involved in the long-lasting changes in excitability seen in 

the somatosensory cortex. The present study was designed to study the effects of 

IOntophoretically applied NE in cat somatosensory cortex and ta explore the 

neuromodulatory effects of NE on neuronal excitation induced by peripheral inputs 

and by iontophoretically admmistered glutamate. The hypothesis that NE induces 

long-la~ting changes in the excitability of single neurons was also carefully examinecL 
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2.0 METHODS 

2.1 The technique of microiontophoresis. 

It was over 30 yeJrs ago that Curtis and Fccles (1958a, b) first u~èd 

microiontophoresis to study the effects of drugs on neurons in the central nervDus 

system. Since then, knowledge concerning the responsivene::.s of neuron~ in the 

presence of pharmacological substances in the central nervou~ ~ystem has expanded 

enormously, in a large part because of the use of this technique, whlch remalIlS even 

today the best methoù available to mimic the synaptic release of il compound. 

Extensive rev le\\s of the theoretical and methouologlcal a'lpects of 

microIOntophore"l~ are available (c f. HICk~, 1984, Krnjè\'\c, 1971, Stone, 191'\:') l'he 

following section Jis(Us~es only bnetly the general prmclple:-, ut ffilcrOluntophore..,ls 

and d\l;ells more on the aspects relevant to the present study The ll1tere~ted reaùer 

is referred to the clted Itterature for a more detaileu ulscu:-,sion of a"pecb heyond 

the scope of this study. 

2.1.1 Principle of microiontophoresis. 

The method of microiontophoresis is based on the fact that electnc charge.., 

of the same polarity repu Ise one another. This principle l~ med to èJèct lOI1IZed 

~lIbstances in ~olution from a microplpette tip hy applytng a charge uf the 

appropriate polarity For exumple, NE hydrochloridè In ')o!ut!on al pH -+ () I~ 

positively charged anu will be ejected from an electrode by appl) mg a po~·,/tIve 

charge to the Oppos,Itè end. In contrast, negatl\'e current \1, III mOl,e the lon ~may t'rom 

the tip and pre\ ent its free Jiffusion in the \'ICInity of the tip of the pipette The 
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former is referred ta as the ejection current and the latter the retention current. 

by: 

The malar flux (Q) of ions in solution produced by an ele~tric current is given 

Q=lL 
FZ 

where F is the Faraday's constant, Z is the valency of the ion, ! is the current and 

t is the transport number, i.e. the fraction of applied current carried by the partlcular 

ion. This equation reflect~ the amount of drug released from the micropipette by 

iontophoretic expubion (Stone, 1985). Although this simple relationship should 

describe the .=jection of ions from micropipettes by an applied current, a number of 

factors reduce the mdulness of the equation. For example, the transport number 

varie~ from pipette to pipette and complex mteraction~ may occur between the 

~olUlions and glass at the tlp of the electrode, making it Ji~'flcult ta estimate the 

actual :lmount of Ion eJf'cted. Bec::mse of these uncertaintIes ~tnd bec:.luse of the 

gènerally linear relation~hlp obtamed between the flow of current and 

microiontophoretrc rèlèa~e from a given micropipette barrel (Zieglgansberger, 1969), 

dü~es of a sltb~tance are generally reported in terms of the applled current rather 

than in terms of the moles of substance released. 

ReproduclbilIty of the amount delivered is usually good with a given barrel, 

however since retalOing currents of lO-20nA are routinely used between ejection 

periods, the ions of tntere~t are dra\vn away from the tip of the pipette to a degree 

proportlonal to the tlme that the retaming current was applied. Consequently, the 

fir:-.t current pubes \\ dl eject less dmg than the subsequent ones :--.revertheles5, after 

thê\ê flrst fe\v ejecttons, the amount of the substance ejected stabilizes, becoming 
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relatively constant for a given amount of current. 

2.1.2 Advantages of the technique. 

A chief advantage of the rnicroiontophoretic method is that with multibarrel 

pipettes it is possible to examine the effects of several different drug~ upon single 

neurons in vivo under conditions in which the drug ejected lS limited to a ~mall 

volume immediately surrounding the electrode tip, thus preventing effects on the 

whole of the nervous system or on other physiological proce~ses (Aghujaman, 1972), 

a major disadvantage of systemlc admInistration. Other advantagc;s of 

microiontophoresis are that the hlood-brain-harrier i5 aVOlded (Curtl,> and El:de~, 

1958a, b) and a series of different cornpounds, both agonists and antagoni::-.ts of 

neuromodulatory substances, can be tested rapidly and their effects compJred \\Ith 

relative ease. 

2.1.3 Disadvantages of the technique. 

The absence of Information on the actual concentration of drug at Its reœptor 

is usually consldered one of the primarj disadvantages of the rnicrolOntuphoretlc 

technIque. Further, the drug concentratIOn will vary along a "paœ-tlme contInuum, 

bemg less concentrated as lt spreads farther from the tlp of the pIpette For c\ample, 

lt is impossible to know If the receptors for a particular dmg are !ocated on a nearby 

cell body or on di~tant dendrItes and the eJection of the ~ame amuunt ot drug to t\VQ 

different cells mlght suggest that one is more sensitive than the other \\ hcn Jn fart 

they are equally sensitive but have different geometnes with re"pect to the eJectrode. 
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Thus it may become necessary ta take into account other parameters of the drug 

response such as the deIay to onset of a response ta infer the proximity of the 

receptors to the pipette. Another problem with the technique is that a small cclI 

must be approached more closely than a Iarger one ta obtain a suitable signal-to

noise ratio. This may result in a higher drug concentration at the surface of the 

smaller ceII. Further, if the eIectrode tip is very close to the cell membrane, tte 

passage of current may modify the cell excitability giving faise positive results. 

Current artifacts normally appear more quickly th an true drug effects and can be 

distinguished from drug effects by passing an equivalent current through a barrel 

contaming sodium chIoride. 

The pH of mmt drug solutions is adjusted to improve the chemlcal stabIlity 

of the Jrug and/or ta increase its ionization. For exarnple, NE and related drugs are 

often used at the reIativeIy Iow pH of 3.5-4.0. Therefore, there is a possibility that 

during the catlOnic ejection of ionized NE, the simultaneous ejection of hydrogen 

ions rnay Influence the behaviour of the neuron under study. This issue remams 

controverstai and there is even sorne disagreement about the effects of hydrogen ions 

themselves on neuronal firing (Bevan et al., 1973b; Krnjevic and Phillis, 1963a; 

Hewes and Frederickson, 1974) but nevertheless it appears that 'Lf,ese effects may 

only be important for ejections of solutions of pH 2.5 or kss (Krnjevic and Phillis, 

1963:·). When there are such concerns, artifacts attributable to pH may be tested by 

ejecting low pH Hel solutIons ln sodIUm chloride (Metherate et al., 1988a; Tremblay 

et al.. 1990a). 
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2.2 Electrodes. 

Low impedance glass microelectrodes (A-M Systems) containing a seven

micron diameter carbon fibre were used to map the somatosensory cortex tu find 

areas responsive to stimulation of the skin of the forearm. The carbor'l fibre was 

inserted in the glass capillary using air suction and was then pulleù ir. a vertical 

puIler (Narashige, PE-2). The pulled electrode was filled with Nael (3~1) and the 

protruding carbon fibre was eut at its junction with the glass using microsurgical 

scissors under the microscope. 

Seven-barrel microfilament capillary glass pipettes (A-M Systems) were pulled 

on the vertical puller and used for microiontophoresis. The tlp of the pu\led 

electrode was broken under the mIcroscope ta a final diameter of 10-13 ;.Lm. Then 

the pulled end of the pipette was bent in a microforge (CH BeaU<.10UII1, modd (l-+7) 

at an angle of 15-30° wlth the elbow at least 4mm away from the tlp. A 'lll1gle 

microfilament glass capillary (A-M Systems) was pulled and glued to the 

microiontophoresis electrode with light-cured dental adhesive (3),,1. #5502Y mixed 

with #7533L and #75335 or #9350 mLxed with #7)33L) that \\..lS po\ymerized \VIth 

a high intensiry \isible llght (3~I, Visilux 2). The tip of the single dectruJe protruded 

20-40j.Lm beyond the muid-barrel electrode and was used to recorù smgle unlts 

during microiontophoretic experiments. It was filled WIth 2% PontamlI1e 'iky blue 1I1 

NaCl lM. After breaking the tip of the recording electrode slightly, the impedance 

at 1Khz was usually between 2 and 3.5Mn. 
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2.3 Equipment. 

2.3.1 Recording and data collection. 

The electrode was held in a microdrive (Narashige) and linked with a single 

shielded cable ta a preamplifier (Princeton Applied Research, model 113). The 

preamphfied signal was led ta an amplifier (Tektronix, AM 502) and filters were 

adjusted to provide a band·pass of 1 ta 3KHz. The gain of the preamplifier was set 

at 10 and the amplIfier usually at 2K. The amplified signal was direeted to an 

oscilloscope (TektronLx model 5113 equipped with the 5A18N. 5A14~ and 5B12N 

modules) via a voltage discriminator that consisted of a rate meter and an audio 

monitor t Winston Electronics, RAD-Il-A). Thil) equipment \Vas sufficient for 

mappmg the somatasensory cortex (see section 2.6.1). 

During microiontophoresis, single action potentials were counted using the 

voltage discrimin~ltor and led ta an interface (Cambridge Electronic Designs. model 

1-+01) controlled by an IBM compatible computer employmg a ~0286 microprocessor. 

The data were stored on the hard disk of the computer for later analysis as spike 

trains and lime interval hlstograms. AlI the software was written by Philippe Therien. 

2.3.2 Microiontophoresis. 

Several noradrenergic drugs have been tested in the course of these 

expenments. AlI solutions were made with deionized water containing 0.1 % ascorbic 

acid 10 prevent their oxidation. The pH was adjusted with NaOH or HO and the 

solution~ \vere frozen Immrdiately at -300 for later use. In each of the expenments, 

harrel'i \\ere f!lled with l-NE hydrochlaride (Sigma Ine.) 0.5M pH 4.0, dl-glutamate 
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(Sigma Ine.) O.SM pH 8.0 and NaCl 0.9% pH 7.0 for current balancing. The 

remaining barrels cou Id be filled elther with oxyrnetazoline hydrochloriùe (Sigma 

Inc.) O.lM pH 4.5, idazoxan (Reckitt & Colman) a.OlM in NaCI 0.9(é pH .f 5, 

yohimbine hydrochloride O.OlM in NaCl 0.9% pH 5.5, dl-isoproterenol hyùrochIoriùe 

D.2M pH 4.5, sotaIoI hydrochloride (Mead-Johnson) a.lM pH 4.7, tllTIolo\ maleate 

(Sigma) O.1M pH 4.2, benoxathian hydrochloride (Research Biochemicals Inc.) 0.05 

pH 4.0 and in most expenments one barrel was filled with an HCI solution pH 4.0 

in Nael 0.9% to control for H+ ions and current cffects. 

A five-channel ionrophoresis unit (MedIcal Systems Corp., BH-2 ~ystel11) 

produced the currents for drug ejection and retention. Ejection currents ranged from 

5-200nA and retalOing currents were normally set between 10 and ISnA. elre \vas 

taken to ensure that the effects observed v.ere due to drug ~H.lmInl:,tri.ltlOn anù 

artifacts due to current or to the eJection of H' ions were controlled in t\\O \ ... ays 

First, current balancing was used routinely throughout the expenments. Seconù, .1 pH 

4.0 solution of HCl in 0.9% NaCl was administered using positive currents of the 

sa me magnitude as thase used to administer the drugs allowing the control of both 

current and H' ions. Further, since the tip of the micrOlontophoretic electroùe W:1S 

2D-40J,Lm behind the tip of the recarding electrode it was les~ llkely th;.!t the (urrent 

produced by drug ejection would intluence the firing rate than in ~ome electrodes 

where the recordtng electrode IS the S:.lme length as the ejectlon electrod~s FJn:.llly, 

since current artifacts dlsappear rapldJy upon remaval of [he current, effects 

outlasting the penod of drug application were probably attnbutable tu drug effect~. 
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2.33 Tactile stimulation. 

When a cell with a receptive field was isolated, quantitative stimuli were 

presented by positioning the tip of a tactile stimulator (Chubbuck, 1966) over the 

œntre of the receptive field. Each stimulus consisted of a square indentation of the 

~kin (0.5 to 1.0mm) on which was superimposed, 0.25 later, a lü-40Hz sinusoidal 

vibration that lasted 0.65. The indentation was ended 0.2s after the end of if ~ 

vibration 50 that the entire proced'.lre lasted LOs. The indentation was controlled by 

a digitimer (Medical Systems Corp., model 04030) and the sinusoidal vibration was 

produced by a sweep generator (Interstate Electronics Corp., model F44). The 

digitlmer was controlled by the computer and each sequence of the stimulation was 

~tored in the computer simultaneously with the action potentials. 

2.4 Animal preparation. 

Experiments were performed on 46 adult mongrel cats of either sex. The 

animal was first anaesthetized in a closed environment contaimng halothane vapours. 

Once aref1exic ta the pinching of the forepaw, the neck was shaved and a 

tracheo~tamy was performed quickly while the animal was still breathmg halothane 

vapours from a beaker containing cotton swabs soaked \Vith halothane. Following 

this, the animal was ventilated artificially (Harvard Apparatus Respirator); the 

inspired air contamed 2% halothane du ring the surgery and was lowered to 1-1.5% 

during recording sessions. 

The animal was then placed on a thermostatically-controlled heating pad and 

body temperature maintained at about 37SC. Once the head was mounted in a 
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stereotaxie device, the head. the neck and left forearm were shaved. The ~klO over 

the cranium and the upper neck was incised along the midline and the temporalts 

muscles reflected to expose the bone after incision of their tendlOOU~ IIN~rtlons The 

cisterna magna w~s opened to drain the cerebrospinal tluid ami the Ilmer tor~o \Vas 

suspended with a vertebral clamp attached ta a spiny proces~ in the lumbar region 

to minimize brain movements. A dnll bit was used to make a hole through the 1 ight 

frontal bone ta expose the frontal sinus which was then filled \Vith bone .... a.x to 

preveot the leakage of liquid iota the respira tory tract. 

A craniotomy was performed over the nght somato')en~ory cortex. U nder a 

binocular mIcroscope, a hole was carefully drilled through the bone do\\ n to the 

dura. Rongeurs were used ta enlarge the craniotomy in order ta preyent damage to 

the cortex caused by excessive vibrations and heatmg produced by the dnll. The 

posterior and lateral margins of the opening generally corre'lpond~d ta the cu;:-\'ature 

of the ansate sulcus where the postenor aspect of area 3b and part Df area l 

represented the body at the level of the forearm. 

Low melting point dental impression compound (Kerr) \vas med to form a 

weil around the craniotomy. During thi,; procedure. the expo~ed dura \\as (0\ ~rcd 

with severallayers of gaze soaked with warm salme to prevent damage CJllscd by the 

oearby point of the soldenng Iron used to melt the compound The \\ cil \\ a~ fJlled 

with warm Elliot's solution (Abbott Laboratories) to prevent coolmg J.nd dl) mg of 

the exposed tissue. The dura was eXClsed under the microscope \Vlth nllcro~urglcal 

scissors by elevating the meningeal tissue with forceps to prevent uamage to the 

cortical surface as the dura wa~ reflected. 
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2.5 Experimental paradigms. 

2.5.1 Location of the forearm somatosensory cortex. 

Prior tl) insertion of the microiontophoretic pipette, the somatosensory cortex 

was mapped using carbon fibre electrodes to find a region receiving inputs from the 

skin of the forearm that was easily accessible to the mechanical stimulator. Generally 

5 ta 15 descenb in the c.,uprasylvian gyrus were sufficient to find a suitable recording 

site having receptive fields in the region of the dorsal wrist or forearm. 

2.5.2 Cbaracterization of the aeuroDS. 

Following the mapping procedure, the carbon fibre electrode was replaced by 

a recording-microiontophoresis electrode assembly. Under the microscope, the tip 

of the electrode was p!aced about 200J.Lm above the cortical surface and the artificial 

cerebro~pinal fluld was replaced bya solution of 3% agar in artiflcial ccrebrospinal 

~olution at 37°. Once the agar had hïrdened, it was covered wlth artificial 

cerebrospinal solution to prevent drying and shrinkage of agar during the recording 

session 

The dectrode was advanced by small steps of 5-10,um and pul"les of glutamate 

were delivered regularly to excite othemise quiescent neurons. At the sa me ume, 

the skin of the forearm, especIally around the location of the receptlve fIeld region 

found in the eartier mapping, was stimulated by gentle tapping. Once a unit \Vas 

i~olateJ, its Jepth on the micrometer was noted and it was characterized by the 

presence or absence of a receptive field. When present, the receptive field was 

characterized by its modality and submodahty in the following way: (1) a receptive 
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field was said to be located m the skin when the light touch of the skin \\-!th a hand

held, fire-polished glass probe and/or the flicking of a few halrs eliClt~J a clear 

response over the background; these cutaneous receptive fields were furthcr 

characterized as bemg either slowly adapting (SSA) or rapldly adaptmg (SRA) 

according to whether they responded or not to a sustained stimulus applicJ on thclr 

receptive field; (2) a receptive field was c1assified as being Deep when the neuron 

appeared to respond only to the stimulation of subcutaneous structure~ 1 è. to the 

palpation of the underlying muscles or to joint movement and (3) in ~e\'eral case~ 

receptive fields were clas~ified as T AP when the unit reqU1red a ligbt tapplng of the 

skin to respond to every stimulus. In many cases the ~hape anJ :-,IZC ut the rcœptlve 

fields were assessed manually with the glass probe and repre~enteJ on a ~tJnJard 

drawing of the cat forearm. 

In the somatosem,ory cortex a large proportIOn of neurom Jo not dl'>play a 

receptive field (Dykes and Lamour, 1988a). Those neurons \~ere a'>'ie~~ed lor the 

presence of a recepti\e field during the admini~tration of ~ubthre~llOIJ J()~es of 

glutamate. These neurons \\-ere claSSlfied as having no receptl\c lield (0.uRF) or as 

having a receptive field only in the presence of glutamate (Glut-RF). 

Neurons were also charactcrized by the presence or ab~cl1ce of ~pol1taneou~ 

activity. Stnce spontaneou~ acmity was usually very low, the neuron \\as Idt 

unstimulated fGr at lea~t one minute before a declslOn \\-:'1'> m:..tue In man) ca~e~ 

where an ongoing di~charge \\as pre~ent, the frequency of thl~ actl\lty \\J~ èl,':..tluated 

either by counting the action potentials wah the windmv uI,>cnmlnator for al lea~t 

1005 or by the use of data stored on the computer during the control penoJ of a 
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~enes of somatie stimuli or pulses of glutamate. AlI neurons displaying an ongoing 

discharge of less than O.lHz wert' considered ta be sile nt. 

For many neurons, the threshald current of glutamate necessary to produce 

a response was determined by setting first a current that elicited a clear resronse 

and then by decreasing it III small step~ until no dear response was observed. Then 

the current was slightly increased in steps until a response \Vas detected over the 

background and this current was noted. In sorne cases glutamate faUed ;0 elicit a 

re~ponse even with currents up ta SOOnA suggesting that these units were lacking 

glutamate receptors and/or that they might have been fihres. 

2.53 Effects of noradrenergic drugs. 

For the quantitative assessment of the effects of noradrenergic drugs two 

different experimental paradlgms were used depending upon whether or not the 

neuron had a receptive fIeld. 

2.5.3.1 Neurons displaying a receptive field. 

For neurons displaying a receptive field the mechanical stimulator was placed 

Qver the centre of the receptlve fielu and the skin indentation was set ta produce a 

clear response ta each stimulus presentation. The stimulus was presentèd at 7s 

intervals and the activity was recorded 2s before and 2s after the ~timulus 

pre~entatlün. Prior ta any urug administration, at least 30 such tnals \vere recorded 

to establish the baseline of the response. Then NE was admll1istered \I,'lth currents 

rangtng from 5 ta lOOnA untll an effect on the response could be ob~erved. If no 
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effect was observed within the first 10-30 trials, then the èJecting current was 

increased while the receptive field was stimulated. Following the cess~tion of NE 

ejection, time for recovery was allowed during which the stImulation was continued 

and the activity recorded. 

Following recovery, other tests were performed with either NE or 

noradrenergic agonists or antagonists. Ta test antagomsts. the antagonl:-.t wa~ flrst 

ejected alone for varying periods of time and then NE was admmbtcred with the 

same current magnitude that had been effective before. Smce. in the cour~e of tbe:-,e 

experiments, it became clear that NE produced effecb that outla"teù lb applicatIOn 

for long periods of Ume. attempt~ to black these eEfects were performeJ by flr~t 

applying NE in the presence of the ant3ogonist and only l30ter \\a~ te~ting ~E alone 

to see if the result was different in the absence of the antagomst. 

2.5.3.2 Neurons lacking a receptive field. 

In the case of neurons without a receptive field a similar paralhgm \\'a~ u~eù 

but the peripheral ~timulation was replaced by glutamate pubes gLVèn al n~gular 

Intervals to excIte the nemon during the tests vvlth noradrener~IC drug::-. l\euronal 

activity was recorded in trIals lasting from 55 ta 1205. The ongolng actlvlty \Vas 

recorded in the first 10 or 20s of each tnal and then glutamate \\a:, turn.;ù on tor 30 

or 60s. The baseltne respome was establi~hed wlth at lea~t 3 tflJh prim tu the 

ejection of NE. The microiontophoretlc channels were control leu by the Cllll1puter 

during the te~ts. The aumimstration of noradrenerglc drug'l wa" ~tarteJ at the 

beginning of each tnal so that their effect on both :,pontaneou:, anu glutamate 
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mduced activity could be evaluated. In the case of antagonists, their administration 

was usually started one trial before NE and they were continuously ejected ta ensure 

that they were already present when NE ejection was started. 

2.6 Histology. 

When a significant a number of neurons were isolated in one penetration, 

pontamine sk.1' blue was ejected from the recording electrode in two locations 1000 

or 1500J.,Lm apart along the electrode track. The dye was ejected by passing a current 

of negatlve polarity usmg a lesion producing device (Stoelting #5804-1) modlfied to 

deliver currents in the .uA range in a stepwise manner: 5.uA for 5min, lOJ.1.A for Smin 

and than 20,uA for 10min at each location. Dunng the ejection, the current \Vas 

monitored continuously \\.'ith a \oltameter to make sure that the current wa~ passing. 

In cases of blockage, reversing the polarity of the current several urnes was often 

~ufflcient 10 unblock the pipette. Following the dye ejectlOn, t\\'o \\ ires were inserted, 

one on each side of the penetration 10 facilItate ilS locatIOn dunng ,ectlonmg. 

Pnor to the perfusion the halothane concentration ln the mspired air was 

raised to 4% for 10 to 15min. The ammal was perfused through the ascending aorta 

WIth 0.9% sahne followed by 10% buffered formalin. The brain was removed from 

the skull and placed in the same fLxative for several days before bemg crioprotected 

\'vlth 30~é sucrose. Eighty ,um thlck ~ections were eut through the somatO'iensoI) 

cortex on a cryostat and rnounted on gelatm-coated slides. The ~ectlOns \vere NIssl· 

..,tained \\ith cresyl violet W,lI1g standard procedures and coversllpped. 
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Camera lucida drawings of the sections comaining the dye spots were made 

at a 40x magnification and each neuron was attributed to its cortIcal 1a.yer and 

cytoarchnectonic area based on the cytoarchitectonic criteria of Ha~skr and Muhs

Clement (1964). The distance between the two dye ~pots was u~ed ta correct for 

shrinkage of the cortex during the hlstological processing. In sorne case!:' the dye 

could not be seen but electrolytic lesions were present. 

2.7 Data analysis and significance of the data. 

2.7.1 Data analysis of single neurons. 

Data ~tored in the computer could be retrieved as splke trains and mean time 

histograms. The sof1:\vare counted the action potentials recorded o'ler any t1fne 

interval chosen by the user. Several trials could be averaged and t.!l~ph) et.! a.., tlme 

interval histograms. Such mterval hlstograms were obtamed dunng the 'control 

period, the drug tn:atments and the recmery period for each r.euron. The [lumber 

of action potentwls recorded dunng the same periods were counted at the ~ame timt! 

for both spontaneom activlty and peripherally-or-glutamate induœt.! ~Ctlvlt1es. The 

number of action potentials counted during the drug at.!mlI11~tratlon and durtng the 

recovery pen0d were expressed as a percentage of the acm Hy ob~erved dunng the 

control pc dodo 

There l~ no statistical test suitable for microiontophoresis that can be applied 

to a single neuron and authors have often used a minimal ch:mge ln the neuronal 

activity to declde If a neuron \Vas affecteJ by a drug treatment (~ee Stone, lC)~5). ln 

the present study, an excitation was consldered to be slgmfil:antly mcrea~èt.! v. hen the 
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neuronal activity was at least 1.3 time the activity observed during the control period, 

an increase of 30%. In the case of inhibition, the activity had ta be at Jeast 1.3 time 

le~s than during the control period. a decrease of at least -23%. Any change within 

the interval of -23% ta + 30% was considered not ta be significant. These criteria 

have been applied systematically and whenever a neuron is qualified as excited, 

inhibited or not affected reference is made ta these criteria. An antagonist was 

judged as efficient in blocklng the effeet of NE when a significant effeet produced 

by NE alone was found to be not significant when NE was administered in the 

presence of the antagonist. 

2.7.2 Statistical analysis. 

Appropriate statistical tests were used whenever possible. The choice of the 

proper test to use \Vas based on the theoretical arguments of Sokal and Rohlf (1981). 

To test for proportIons dlffel ing from chance (i.e. a eomingency table) the G-::,tatlstlc 

\I;as used whenever the ~ize of the sample \l;as large enough. In sorne cases, classes 

dl~playing slmtlar charactemtics were pooled (e.g. lamlOar olstIlbution, distribution 

of the freqllencles of spontaneous actlvity and of threshold current of glutamate) to 

meet the prereqUlsne sample size of the test. In the case of 2x2 tables of small 

sample size, the Fi::,her's exact test was applied llsing the tables of Siegel (1956). In 

other cases no statlstical test \l,/a5 applted. 

\Vhen the analysis of variance was used, the assumptions of that test were 

fultilled Statlsttcal tests were comphcated by the fact that the frequencle~ of 

"pontaneous activlty and the iontophoretic Cllrrents used for bath ;-"':E and glutamate 
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were not norrnally distributed. Further, the vanances of the samples were ~eldom 

homogeneous. After a logarithITlic transformation, both spontaneou~ actlvity ilnd 

glutamate currents appeared to be normally distributed and to have homog~neous 

variances, 50 the analysis of variance was perforrned on the transformed data. 'nle 

geornetric means are reported instead of the usual arithmetic means ~lllce they give 

a better repiesentation of the data. The data for the activity evoked by cutaneous 

stimuli and the responses ta glutamate were norrnally distributed and their variances 

were homogeneous. In those cases the data did not need to be tran~formed :.l.l1d 

statistical tests were performed on the original data and the arithmetlc mean~ \vere 

used. 
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3.0 RESULTS 

The experiment~ are presented in 4 sections. The first section (section 3.1) 

concerns the generai characteristics of the sample and is followed bl' the laminar 

anall'sis of the sample of neurons located in the histology (section 3.2) while the last 

two sections descnbe the effects of NE on somatosensory cortical neurons during 

its administration (section 3.3) and in the period following the cessation of NE 

(~ection 3.4). 

3.1 The sample. 

3.1.1 Origin. 

Fort y six adult mongrel cats have been used for this study and the re~ponses 

of 465 neurons (see -,ection 3 1.2) \\ere examined m the pnmary somatosensory 

cortex aiong b6 electroue penetrations (Table 1). In 17 animais, the PontamlOe sky 

blue eJected at the end of the penetration or the electrolytic leslOns produced by the 

ejectmg current \\a~ uetected In the hlstologicai sectIons and 189 neurons were 

lncated 111 tho'le ~ect!()ns contall1lng the dye SpOb or the le~lOns (Figure 1). A 

relattvely large me~ln of 7.0 neurons were isolated per penetration, suggesting that 

the electroue~ Llsed had e\celient l~olatmg CapaCltles. In animaIs \\here ail 

penetratIons had fe\\ i:,o!ated neurons no effort was made to reconstruct the 

penetration from hl:,wlogy. Con~eqLlentIl' Table 1 shows that almost tWIce as manl' 

neurons \\ere found per penetratlon located in the hiswlogy compared to the sample 

not found in the histology. 
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Table 1: Origin of the sample. 

Found in Not found in Total 
histology histology 

Number of cats 17 29 46 

Number of penetrations 17 49 06 

Number of neurons isolated 189 276 465 

Number of neurons per 
penetration 11.1 5.6 7.0 
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figu r~ 1: Cre~yl-violet stained sagittal section through the somatosensory cortex and 

COlI c'>ponding reconstruction. 

'\. Sagittal ~ection through the ~omatosensory cortex. In that case, the Pontamine ski 

hlue depmit wa~ not seen hut the electrolytic les ions produced by the current used 

to eject the dye could he seen in layer IV and in the white matter 

B ('orre~ponùing rccon~truction ~howing the trajectory of the electrode penetration. 

1 he h.no\\n di~tance hetween the lesion \ .... as used ta correct for shrinkage. The 

ncuron" were located relative 10 the micrometer reading of the lesions and assigned 

!o a cortical layer. 
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3.1.2 Nature. 

Actually over 500 "mgle units \\'ere isolated in the somato~en50ry cortex. Of these, 

465 (H7t;'i) were founJ ta b..: 'iensitlve ta glutamate and were held long enough to be 

te~te<.l for the pre~ence of a receptive freld (Table 2A). Those umts sensltive ta 

glutamate could be comldered as neurons since fibres rack glutamate receptors. This 

suhset will constltute the core of the present report even though it 15 po:,slble that 

:,ome of the units unresponsive ta glutamate might have been neurons (Schneider 

and Perl, 1988). 

Onl} 23\( of the neurOlb dbpla)ed a recepme field. These \\ere subdJvided 

further accorumg tG the modallt) of thelr peripheral mput. Elghty-f1\e app~:'Hed 10 

recel\e input from the ~kln anJ of the~e, 82 were c13.~~ified a~ sktn raplJly aJaptlng 

(SRA) \vhereas only three h3.J the chu.ractenstics of :,km slo\',I} adaptatmg units 

(SSA) Only one neuron appeared 10 receive input from muscle receptors, 

re~ponJing tG the tlè\lO:1 of the :5'~ digit; lt \\'a:, cla"sl~'led a~ sef', mg 'lllbcu taneous 

reœptor~ (Deep) In 20 C:.l~es the moè3.hty appe3.red llncertal!1 because the~e 

neurons could have been cl.l"~lfleJ a~ high threshold cutaneous neL!run~ or low 

thre~hold neurons ln <Jeep ti:,~ue Since they responded ta Ilght tJppmg of their 

receptive fldds they \\ere claS<;lfIeJ TAP. 

In :,:è remalIllIlg 77~c of the ~ample, no eVldencè Dt penpheral ll1put was 

founu In thè ah"ence of an:- Jrug but ln 127 cases ~ubthresh(M amounts ot glutamate 

ranging from 4- tu \.)()p_-\ tgeometnc mean = 23.5 nA) \\ere 'lUfflClènt 10 l.Jncover 

recepuve tleld~ th.tt haJ I2haractenstlcs "imilar to those occurnng ln the absence of 

drug ... ; thèse nèuron" \\ ere c1a:,~lfleJ 0.<; having a receptlve field during glutamate 
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Table 2: Units isolated in cat somatosensory cortex (n=533). 

A; Neurons sensitive ta glutamate and assessed for the presence of a recepti\e tlclJ 
(n=465; 87% of the isolated units). Ta calculate the percentage of Glut-RF and ~()-RF 
neurons, the neurons that were not tested for the presence of a reœptlve field \\ ~rÇ 
proportionally distributed to these group~ before the calculation (~ee text) 

Witb a Receptive Field: 

SRA 

SSA 

TAP 

DEEP 

Total: 

Witbout a Receptive Field: 

Glut-RF 

~o-RF 

Receptive Field not 
tested v.lth glutamate 

Total: 

Found in 
histology 

42 (22%) 

1 (0.5%) 

7 (3.7*) 

o (0%) 

50 (26%) 

.+9 (330é) 

61 (.fliJe) 

(29) 

139 (74%) 

B: Other umts (n =68; l30é of the i~olated units). 

Not sensitive 10 glutamate 

Lost 'While isolating 

K!lled "en passant" 

51 

Not found in Total 
histology 

40 (1'+%) H2 (l~c,-c) 

2 (O.7Cfé) 3 ~O(){{) 

13 (.+.7"(;) 20 (-t 21 é) 

1 (OA':é) 1 (02 r é) 

56 (20%) 106 (23%) 

78 (35 C é) 

100 (-l-SSC) 

( 42) 

220 (80%) 359 (77%) 



lOntophoreSlS (Glut-RF neurons). [n the other 161 cases glutamate treatment fmled 

ta uncover peripheraI Inpl1t~ and these neurons were cIasslfied as Iackmg any 

receptive field (0.'o-RF neurons). In 71 case~ constnuting lSS'ê of the ~ample, no 

attempt wa.'> mad\'" to uncover a receptive field wlth glutamate. These \\ ere not 

constdered a legtttm3.tè cl3S~ ~lnœ the se cases were likely to be both Glut-RF and 

No-RF neurom :--:e\ertheless the~e neurùns had ta be accounteJ for In the 

computation of the proportions of the Glut-RF and .'Jo-RF classes. To do thls it was 

as~umed that thi~ group comained the same proportions of Glut-RF and 0o-RF 

neurons found lf1 the 0\ crall 'IJmple tested for recepm e fields \~ nh glutamate and 

they \Vere dt~tflbuted aeeurdJllgly ta the Glut-RF . .md !\o-RF grüup~, ylelolDg a 

proportion uf 4Y7c of the fleurons \I.lthout any èvidence of peripherallOput and 3411 

\\!th receptl\e ftelds unco\ered h~ glutamate Consequentlya grand total of 57(( of 

the ~ample appeared tu recet\ e sorne tnput from the penphery 

:able 2 al~() ~ho\\~ the numher of neurons for each cla~:-. found lfl the sample 

locateJ In htstology anJ 111 tho~e nnt located In the hl:-tulogy The proportions do not 

'vary much for an)' da:,., uf neurun~ hetween the 1\\0 ~amples àllJ no :-.ignlflcant 

dltterence \\a:, found (G-tè~t. G oc =-+.()77. debree~ ct t[ç~eJom (Jt)=3. p>U 1; SSA 

and Deep ela'i:,c~ \I.ère excludec t'rom the test), ~ugge~tlrg that the t\\O "amples 

helong ta the same population. Thçrefore it appears that no bia::, wa~ Introduced 

b)' locl\1ng sorne neurons ll1 the hlstology and that the total ~ample represents the 

be~t e~timate for the proportions of the dlfferent da'i~es of neurons oh~èr, ed In the 

foll()\\lI1g -.ect!O!1<', the nèuron~ \\ithout a recepti\e fIeld that \1. ère not te-.ted for the 

pre,ence of a receptI\e field \~Ith glutam:.lte v,IlI nùt he comldt- eJ for the rea~on 

52 

-~------. 



stated above, nor \tolU th~ SSA and Deep neurons be'-:mse they are relJ.tl\e\y \[11all 

sarnples of marf,mal Importance. Thus, the resul ts presented \vill re fer to th\! 

rernaining 390 neurons. 

Relatively llttle information is available about the other b8 units pr~"ented 

in Table 2B and what IS a\ailable is generally anecdotalll1 nature Of th~"et \l)('é 

were found to be insensltive to glutamate and were smpected tu be ltbre~ \~ here:.ls 

37CJc were lost before any IntormatlOn could be taken and 4.J.S'é \Vere Jepolanzed a~ 

the lip of the electrode impaled them. 

3.13 Spontaneous activity 

3.1.3.1 Proportion of spontaneausly active neurons. 

Of 3.+0 neuron.., te..,t~d for the presence of ongolng actl\It), 42 C( \\ère luunJ 

ta be spontaneou~l! aem e (Tahle 3) Both tho~e neurons found in the hl~tol()gy ,\no 

those not found ln the hbtO!Og: v,ere much more often ~pontanèou~\) actl\ e If they 

also had a recepme frèlo 74 l é (n=71/96) compared to 2l)l( (n=70,'2-+-+) ttlr the 

tot~ll sample. the f1ropOrtlOfb belng slgmflcam\y dlfferent (G-te-..t. Cl.", = ~~ ,~_:,~. dl = 1. 

p< <0,001) \Vhèn comp;.Hl~ons \\ere made \\lthln ~Ingk cla~'le" (lf ocur()o..,. thl.' lln!:. 

.significant drfference \I,as found ln the :\o-RF cl~b~ (G·te~t. G,",=b4;-';:;. 01=1. 

P < u.025) \\ here (Jnly 17 C 'c of thO~è neuron~ founJ ln the hht()l()g) \~èrè 

spontaneously J.ctl\e compareJ ta 3Yé ln the sampk not \ncate.:o ln thl.' hl~t()ll)g} 

(Table 3) It is not p()~sIhle tn determlne whether the.: proportlun of \pIHlLlnl.'()ll~!y 

active neurons ha~ heen unJère~tlmateJ in one ~ample or O\ere~tlm..1ted ln the ()tht:r. 

but in the Glut-RF gmup thèse proportiOns \\cre revero.;eù from the \u·RF ~ample 
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Table 3: Proportions of neurons spontaneously active (adj, Williams correction; df. degrees 
of freedom). 

With a Receptive Field: 

SRA 

SSA 

TAP 

DEEP 

Total 

Found in 
Histology 

29/39 (74%) 

1/1 (100%) 

3/6 (50%) 

o 

33/46 (72%) 

Without a Recepüve Field: 

Glut-RF 13/]'~ (34%) 

No-RF 8/':"8 (17%)· 

Total 21/86 (24%) 

Whole sarnple 54/132(41%) 

Not found in 
Histology 

28/35 (80%) 

2/2 (lOOSC) 

7/12 (58%) 

1/1 (lOO~/c) 

38/50 (76%) 

15/66 (23%) 

24/92 (370é)* 

49/158 (31%) 

87/208 (42%) 

* Significantly dlfferent, G-te~t, Gad} = 6.483, df = l, P < 0.025. 

** Slgmficantly dlfferent, G-te~t, G.d } =53.837, df=l, p< <0.001. 
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Total 

57/7':" (77C:C) 

3/3 (lOo~c) 

10/18 (7-\.rc) 

1/1 (lOOQ) 

71/96 (74%)*' 

28/10':" (27q) 

..+2/1':"U (3OC'é) 

70/244 (29%)" 

141/340 (42%) 



(although in this case no slgnificant difference was found, G-test, G
adl 

= l.~~~, dl' = 1, 

P>O.l) 50 that the two effects canee lied each other v.hen the sample~ \\ere pooleJ 

It seems reasonable ta conclude that the sigruhcant dlt'fel enœ ln th~ :--;n-RF group 

was the result of a type 1 error, that IS the rejectlon of a true nu Il hyp()thl'\I~, le~l\ mg 

unaffeeted the major conclusion thJ.t cells wah a receptl\e ttèld :.ire much more 

likely ta be spontaneously active and that no overall dlfferenœ \Vas round bet\\een 

the sample found in hlstology and that not found in hlstology. 

3.1.3.2 Frequency of spontaneous activity. 

The rate of ongolng ulsch;uge \Vas mea~ur~<.i lf1 107 of 1·+1 (75 l)( i:) 

spontaneously actl\'e neuron~ \\!th frequencles rangll1g from 0 10 tu l~ ()~Hz The 

probabihties of encountenng cells ha'vIng a gl\ en freljUèncy 1:-. tllu)tratc.'d ln hgure 

:2A for the sample found ln the hlstology, the sample not found ln the hhtt)h)~: and 

also for the total ~arnple :\0 "IigmtlC.lnt JJ!'ferenœ \\~b found hct\\èCn the frequency 

distribution for tho~e found and thase not founJ lfl the hbt()lol!\' (G-le~l, 
~, 

Gadl = 5.b37, df = 4, P > 0 1). Ali thr~e dl~tnbutlons \I"ere ~tr()ngly ~J..e\\~J to the 100\.è,>t 

frequencles; 6:2 cé of the total 'lample had frequencie~ 100\er than 10Hz \\hcreJ:-' unly 

:200é had rates greJ.ter th:ln 20Hz 

The geometnc mean of the ongoing Jbcharge for the entlre ~arnple \va" 

O.77Hz (Table ...tA) anJ no "lgmflCJnt <.iltICf'o" > WJ~ tuunu be!\\èen œlh locdteù anù 

not located m hlSrology for ,-lny clJ~s of n,-Llron~. :\eur()n~ lÎl:-.pl,-tjl!1g ct reœpU\è rldu 

\Vere found ta ha\e ~Igmftcantly hlgher 'ipanlaneou'l rate~ than t!l()"Ie Id\..'~l!lg a 

receptive field (Table ~B). Thl~ dlfference appeared 10 he uue to the ta\..'t thdt tewer 
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hgure 2: DI~tflbutIon of the frequencles of ~pontaneous activIty. The \\ iJth of each 

cla~, i..., O.25Hz for frequencies below 2.1 Hz and 2.0Hz for values above 2.1 Hz. The 

llurnhcr of neurons in each cIa~s was expressed as a percentage sn that the 

dl,tlll~lltion~ of the different sample:-, could be rcaddy compareJ 

:\. Sall1ple~ of ncuron.., locateJ ln the lmtology, not locateu In the hbtology :.Incl tot..ll 

".I/llple . 

B \t-uron:-, di"playing a receptive field and neurons lacking a recepti\ e field 
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Table 4: Spontaneous activlty. 

A:. Mean frequencies of spontaneous activity (Hertz). 

With a Receptive Field: 

SRA 

TAP 

Total with RF 

Located in the histology 

Yes 

1.18 (n=15) 

0.55 (n=3) 

1.04 (0= 18) 

No 

0.97 (n=23) 

1.31 (n=6) 

1.03 (n=29) 

Witbout a Receptive Field: 

Glut-RF OA6 (n=8) 0.50 (n=17) 

No-RF 1.01 (n=7) 0.67 (n=28) 

Total without RF 0.67 (0= 15) 0.60 (n=45) 

Whole sample 0.85 (n=33) 0.74 (n=74) 

Total 

1.05 (n=38) 

0.98 (n=9) 

1.03 (n=47) 

0,49 (n=25) 

0.73 (n=35) 

0.62 (n=60) 

0.77 (,1 = 107) 

B: Anova table (df, degrees of freedom; SS, sum of squares; MS, menn square; n~, not 
slgnificant). 

Source of variation df SS MS F, 

RF vs without RF 1 1.3284 1.3284 5.0-1-6· 

SRA v~ TAP and 
Glut RF vS No-RF 3 0.4608 0.1532 0.583ns 

Wlthm subgroups 102 26.8503 0.2632 

Total 106 28.6395 

·p<O.Ol 
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neurons dlsplaymg a receptive field h:.lù very low spont:.lneous Jl~charge trcque:?ncles 

and more had higher frequencles \\ hereas both distributlon~ appe:?arèù ~1l11ilar ll1 the:? 

midrange of frequel1C\e'i (Figure 28). O\erall, the distributIOns \Vere not sigl11ftcantly 

different (G-test, Gad,=-+.71S, df=3, p>O.l). No ~Ignlficant olfferenœ \\a~ founJ 

among SRA and T AP cl:.lsse~ or among Glut-RF anù No-RF cla~:"6 (fable 4B) 

suggesting that the presence of a receptlve fieIJ l~ a determlnll1g fac[ur for the 

frequency of spomaneous actlvity but that the modalny is not. 

3.1.4 Sensitivity to glutamate. 

nie threshold current reqUired ra induce a discharge \I,'a~ dek[[TIln~J fur 3U l 

neurons and the adequ;.ne currents ranged from -+ ra ~~-+nA The dhtnhLltllllh lJf th~ 

effective ClIrrenb \\ere ~ke\\ed to the [eft (Figure 31\) Lmu no "lgnlflLant Jlttèrenœ 

was fOllnJ bemeen the neurons 10cated ln the hl~t()l()g) :lIlJ tho"e not ~(j-te~t, 

G adl =9.340. df=6. p>Ul). In the total ~ample. b5 cê ut the ne:?l!rons \\ere Jmen \\!th 

less than SOrL-\. of glutamate JnJ onl: b bCc neeùed 1OOn..\ or mnre The geuf1IdrlC 

means for the 4 clJ~~e.;; uf neurons r:.lnged from ~S ~n.\ tu 37 InA (Table 5 .. \) but 

no sigmficant dlfkrenœ:-, \\ère Jetc:cted (Table SB). 

Ta test the hypotheSI:i that ~pontJneou.;;ly actI\e neuron~ haù lo\\er !hrl'~h()ld~ 

of activation. gluwm:.J.tè currents u::,ed on ::,pontanèuusly acme nel.Jron.., \\ l're 

compJred ta those used un stlent neurons. ~lajor dl~fcrences \\ere found al bUlh tat! ... 

of the cllm:nt ùlstnbu!tuns ~Flgure 38)' 300c of ~pontanèou~!~ aCtl\è neurOll~ 1l\:edeJ 

le~~ than 20rL-\ ;mù only 9 1 ~é neeùed more than ()()nA \\ here"h the pldlll e \\a) 

re\ersed for neurons havlng no ongOlng actlvlty· l) lCé v.ere è\ClteÙ \\lth l~..,,, than 
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lIgule 3: Di~tribution and the magnitude of the threshold current of glutamate 

requlred to activate neurons . 

. \ ~amplcs of neurons located in the histology, not located in the histology and total 

"dl11ple. 

B \curon.., di~playing a receptive field and neurons lacking a receptive field. 

('. :\\ crage threshold current of glutamate u~ed on spontaneously acti\ e and silent 

SRi\, rAP, GlutRF, NoRF and total sample. The currents of glutamate are in nA. 

1 he \ crtlcal bar~ reprc~ent the 95% confidence limits whlch were calculated for 

lr,lIhturmed data and than oacktransformed (Sokai and Rohlf, 1981). 
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o SAMPLE WITH SPONTANEOUS ACnVrTY 
ra SAMPLE LACKING SPOOTANEOUS ACTIVITY 
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Table 5: Glutamate current required ta drive neurons. 

A; Mean current of glutamate (nA). 

Located in the histology 

Yes No Total 

With a Receptive field: 

SRA 28.6 (n = 14) 40.4 (n= 10) 33.0 (n=24) 

TAP 24.7 (n =3) 30.1 (n=8) ~8.5 (n = 11) 

Total 27.8 (n= 17) 35.4 (n= 18) 31.5 (n=35) 

Without a Receptive Field: 

Glut-RF 35.9 (n =46) 37.9 (n=71) 37.1 (0 = 1l7) 

No-RF 33.3 (n=57) 33.9 (n = 92) 33 7 (n = 14lJ) 

Total 34.5 (n= 103) 35.6 (n::.163) 35.5 (n=266) 

Whole sample 33.4 (n=120) 35.6 (n=181) 34.7 (n=301) 

B: Anova table (see abbreVIJtions table 4B). 

Source of variation df SS MS F. 

RF vs wtthout RF 1 0.0693 0.0693 O.765ns 

SRA v~ TAP vs 
Glut-RF vs No-RF 3 0.1426 0.0475 0.524ns 

\Vtthin ~llbgroups 29b 26.8376 0.0907 

Total 300 27.0495 
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20nA and 29% with 60nA or more; the difference between the t\\l) dl"trlhutluns 

was highly significant (G-test, G.d,=27.673, df=5, p<O.OOl). 

The geometflc me an of current necessary ta aCtlvate ~pontJneuu~IJ act!\'c 

neurons did not vary much J.mong the dlfferent classes of neuron~, rangmg flom 234 

to 29.8nA with an O'verall geometnc mean of 25 6nA (Table tlA and Figure )C) On 

average, 13.8nA more current v.a~ necessary to aem ate neurlllb that \\ t~rç not 

spontaneouslyactive \1ore \arW:I011S v.ere observeJ Jmong the JJtferent cla,,~e~ ot 

silent neurons because of the small "amples size for SRA (n = b) <lnJ TAP (Il = 5) 

neurons but \vhen these two cbs:-,e:-, '.\ere pooled, the l11èall \\;'1:'1 \èry c!u..,e tu thuse 

ob~erved for the Glut-RF anJ :\ù-RF c1a~ses. Thère \\as a 11lghly "lgl1ltlcant 

dlfference between the ~pont:llleOll'lly actl\c and the "dent IlèlJrO(1" \\ here,l" no 

difference was found bet\\een the four functltmal cl.1~~c" uf nèur()l1~ ( Lible (lIs) ~t) 

sigruficant correlatIOn was found betv.een the giutamate currents and the rate~ ut 

spontaneom dlscharge (r=-O 231, p>O 05, n=72) suggestlng that ongoJng dl"ctnrge" 

were not mistaken for g~lIt;..lm:.lte induced acti\lty 

It 15 interestmg to note th .. lt when spontaneolls and ~t1ent nellron~ \\ere pookd 

~s in Table 5. neurons dl~pla: mg a reœpti\e field \\..:r..: "ltghtly mure ~èINtl\e 10 

glutamate than tho::,.; lackmg a receptlve field (-4.0nA) \\ here<i~ the ~Jtllatl()n lS 

reversed for ~pont:..tne lusly aem e ne III ons and no dlfferenct! 1" ob~ef\ L'Li tor ,,!lent 

neurons (Table 6..-\), ~uggestlng that the dlfferenœ in the rooled data \',,1') due tu the 

faet that neurons dl~playmg a recèptive field \ 'ere more often spontancOlhly active. 
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Table 6: Glutamate sensniVIty of ail classes of neurons (sec text for classIficatIOn). 

A:. Means of glutamate current with 95% confidence hmits. 

SRA TAP Ali Glut-RF No-RF AlI Ali 
RF without RF sample 

Low. limits lK9 12.1 20.3 20.3 19.2 21.0 22.2 Spontaneously 
active Means 29.8 28.1 
neurons 

293 25.9 23.4 24.5 25.6 

Upp.limits 47.0 65.0 42.2 33.0 28.6 28.5 29.5 
(0) (16) (6) (22) (28) (37) (65) (87) 

Low. limits 22.3 6.8 20.5 
Non-spont. 

35.9 33.3 35.8 35.8 

active Means 50.6 29.0 393 41.6 37.8 39.4 39.4 
neurons 

Upp. limilli 114.7 124.3 75.3 48.2 43.0 43.3 43.4 
(n) (6) (5) ( Il) (70) (94) ( 164) ( 175) 
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B: Anova table for glutamate current used on neuron!:, with anJ \\lthoul ~pol1taneou ... 
activlty (see abbre\iations in table 48.) 

Source of variation 

Sp Act vs Silent 

SRA vs TAP \~ 
Glut-RF vs ~o-RF 

Interaction 

Within subgroups 

Total 

*p< <0.001 

dt 

1 

3 

3 

254 

2b! 

62 b 

SS MS F • 

2.0306 2 U30b 25 179 c 

0.1 b 71 () US57 o ()l) 1 fl'i 

o 1 Y4 7 o Oo4lJ o su) 11'i 

20"+850 o OS07 

22.8775 
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3.2 Laminar analysis of the sample found in the bistology. 

In the prevlOu~ ~ection, the ~ample found in the hhtology and that not located 

10 the hlstology have been compared for severai parameters. SlOce they app':;,i.ïcd 

quite homogeneou,; they couid be confidently pooled to obtain better estlmates 

however, the sa me :-.tati:-.ucs abo ~uggest that the sample located 10 the hi~tology is 

a fair representation of the \1, hole sample and that conc1u~lOns drawn from lt may 

be extended ta the \I,hole sample. ln the present sectlOn, modality, glutamate 

~en~itiVIty, and ~pontaneous actlvIty are analyzed as a functIon of lammar location. 

3.2.1 Cytoarchitectonic location of the sample. 

The C) toarchItcctonic and larIllnar locations of 189 neuron~ \\ere detcrmmed 

from 17 penctrauom recO\cred ln tbe histalogy. Bet\\èen :5 and 19 neurons \\cre 

l\olated per penetr,lt!on Onl:. t\\u neurom appeared ta be l'îcated In the \I.hlte 

matter. These \\cre dl~carded leavmg a :-.ample of 187 fleurons. Ten of the 

penetratlom \'.ère locateJ In arca 3b COmprlSIng 59'Së of the sample \\ hereas '27 cé 

of the sample wa~ located in area 1, leavmg only P9é of the sample in Jreas 3a and 

2 (Table 7) No signIflc,mt JIfference was found bet\\een the proportIons of neurons 

\\lth and \\'lthout receptivè ftelds among the different cortl..:al arèa~ (G ad,=-+ 757, 

df=3, p>O 1) ~() the neuron~ from the dlfferent area~ \\ere pouled. 
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Table 7: Cytoarchi:ectonic location of the penetrations and of the t1euron~ found In the 
histology. Numbers between parentheses indicate the number of penetrations that entered 
more than one cytoarLhitectonic area. 

Cytoarchitectonic Areas 

3b 1 3d. 2 liaI 

Number of penetrations: 10 (1) 2(4) 1 (3 ) 17 

Neurons with RF: 

SRA 31 9 l 1 42 

TAP 3 2 -') U 7 -
SSA 0 0 0 

Total with RF: 3S 11 3 50 

Neurons without RF· 

Glut-RF 29 12 4 J 49 

No-RF 31 20 b J 61 

RF not tf'sted 
with glutamate 15 8 1 5 29 

Total without RF: 75 40 11 11 137 

Whole sample 110 51 14 12 187 
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3.22 Laminar distnbution. 

The laminar dhtribution of the ~ample located in the histology is !:lhown in 

Figure 4A. The 'iample In each layer came from 7 to 12 penetratIons (mean = 9.0) 

<,uggesting that the ~ampling was quite even through the depth of the cortex. Indeed, 

10 of the 17 penetrations covered the entire cortical depth, for 6 penetratIons the 

'lampling was located ll1 the middie and lower byers whereas one penetration 

~ampled only the upper l:lyers. In one of the penetrations which was located in the 

po~tenor bank uf the posterior ~IgmOld gyrus, 17 of the 1 q neurons that \vere 

I~olated. were located in the mIdd!e of layer VI (midVI) aimost doubllOg tht> ~ample 

of neurom In this bycr. The rema!ning t\vo neurons were 10cateJ In 10""èr layer VI 

(loVI) Becau~e ot thi~ Important hlas, that penetr.mon \\a'l remO\èJ from the 

lam,nar analy~i:" IcJ\lng a ~ampk of 168 neuron:, \'vlth an a\èrJge of 15 3 neuron~ 

~a;npled per layer. The !:lmJlle~t '1ample \\as found In the upper part of layer III 

(upIII) v,hich cnntaIned 10 neurons and the biggesr !:lJl11ples \'vere loc,lled ll1 la) er:, 

IV and mldVI \\.nh 1S neUIOn~ each (Figure -lA). The lamlOar dl!:ltnhutlon of the 

dlfferent da!:lse:, of lkU~()n'l are '1hc)\\. n lI1 Figures -lB. C and D. 

3.2.2.1 Classes of neurons. 

Pnor to e\aluating the probabdltIt"s of isolating neurons \-vIth and \vithout a 

receptive field, the neurons that \."ere n0t te~ted with glutamate for the pre'lence of 

a receptIve field \\ ere dhtrlbuted to the GluL-RF and :"o-RF ~amples (~ee ~ection 

3.1 2) The pfl)habIlltIe~ of tlnding neurons \\lth a recepu\'e tlelJ ,ire "hO\ .. n III FIgure 

5..\ ,md ~lI1œ the ~Jlllplç contJlI1eJ only 7 T AP anJ l SSA Ileurull~. the<;e \vere 
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Figure 4' Laminar di!ltribution of neuron~ located i'l. the Iw,tnlogy. Th·~ \l'rtll'al h,II~ 

rt:;lre"ent the me an number of neuron, of al! laver'-. 

. \ .-\11 neurons located ln the hl"tology 

B '\curon" d!~playlllg a rçCepU\è fIelù 

C ClutRF neurons 

D '\oRf neurons 
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Flgur~ 5: Laminar di~tributlon of the probahilities of tmdmg a cla~:-. oC Ill'lIfl)ll'> III 

~ach layer. The vertical lines represent the average prùhabillty of fimling a l'l'II III 

ail Ia\ ers. 

A \'eurom ùisplaying a recepti\e field. 

13. GlutRF neuron~. 

C ~()RF neurom. 

[) "curun~ \\ ith evidenœ of ~omatic lllpub (l1euron~ dl:-.play1l1g a rccepu\ l' tll'Id and 

GlutRF j 1eurons). 
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pooled with the SRA neurons. ylelding 47 neurons displaying a receptl\ e tleld. The 

highest incidences of neurons di~playing a receptive field were found lI1 the lTIldJle 

layers and in la VI whereâs no neuron displaYlng a receptive fIeld \'vas fuund 111 uplIl 

and low proportions were present m la/ers II and midYI Glut-RF n\!uron:, \\ere 

more often present in layers upIII and loV but they appe:.l.led very seldom 111 layers 

1. midIII. upYI û.~d loYI (Figure SB). In layers 1 and upYI, more th:..tn one half of 

the neurons gave no evidence of penpheral input \\h~reas ln th\.! mldllle layers the 

absence of som:lt1c input was Jess cornmon (Figure SC) FIgure :'D ~h()\\'i the 

probabulties ellcüuntenng neuron~ ''vIth a receptive field and Glut-RF nèUW!b a~ :1 

function of th<;, Jayers; the probdbditles of fmding neu[on~ \qth t;!\ llknœ of 

penpheral mput \\ere much higher In the middle layer~ than in the upp~r and lower 

Jayers. 

3.2.2.2 Spontaneously active neurons. 

The highest Incidences of spcntaneously active nellron~ \\ere found ln the 

mlddle layers; Iayer~ IDIII and IV JI'lplayed the hlghe~t pruhJbIlltlc,> \\here~.., ln 

layers 1 and upVI nl'U[U[1:, \I,ere often "dent (Figure bB) For neurU[1:-' dhplJylng a 

receptive field. the lo\',c:>t probahl ity of heing ~pontaneou\ly Lletl\C (1) "(i) fUlmL! ln 

layers 10V and up VI \\hereu:, JI;110'l a11 the neurOI1S III layer~ luIl! :..tnd 1\' wt:re 

spontaneously active (tlgure he), The maJonty of neurom, wlthout a reet.'ptIvè field 

were silent. Layer~ up VI and 10 VI containèd only :,I\ent neu! orh and kw 

~p0ntaneou"ly active nl'uron.., were found in layer') I. loIlI and IV (Figure bD) The 

highe~t probability uf fll1ding )pontaneolls!y active nClirO!1\ was found 1/1 l.lyer upIIl 

\VIth aIl Incidence uf 0.50 full()\\cd hy 0..+3 ln layer ID\' 
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l'igure 6: Laminar distribution of ~pontaneously active neurons . 

. \. ·\11 ncurom, locateu in the hbtology. The '.enieal line~ represents the mean 

11111l1hèr of neurom in ;.tll layer~, 

B Pl ()bahIlltles of finull1g ~pontaneou~ly active neurons in each layer. The vertical 

Illle rèpre~ent~ the average pruh;.tbillty of finding the se aeross ail layer~. 

('. ProbahIlrtie~ of fll1ulng spontaneomly active neurons displaying a receptive fi el LI 

111 èdCh bya. The vertical line represent the average probability of finding these 

ael (h,> ,LlI layer",. 

J) Pr\lh,lhrlltlC" of tlI1Ull1g ~pontancull"ly acme nellrDn~ laeking a receptive field in 

1:.I\.11 layer The vertical lll1e repre"lents the average prohability of finding the~e 

:!\.T(),>,> ail la!cr~. 
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3.223 Discharge frequencies of spontaneously active nemons. 

The rate of spontaneous activity was measured in 32 of 53 (60A%) 

spontaneously active neurons. Because of the small sample size no measures were 

available for layers upY and loYI and there was only one measure for layers l, 

midIII and upVI. F')r the remaining layers, averages were obtained from 4 ta 6 cells 

and the geometric me ans and 95% confidence lirnits are presented in Figure 7 A. 

The geometric means for aIl the layers but two were within the confidence limits of 

the overall sample: layer midIII had an average above the upper limit and layer II 

was below the lower limit suggesting that thase two layers might be different from 

the remainder of the sample. 

3.22.4 Sensitivity to glutamate. 

Figure 7B presents the average current of glutamate used to excite neurons 

as a function of their laminar location. Since no difference had been found 

previously between neurons with and without a receptive field (see section 3.1.4), the 

data from the two groups were pooled. The neurons located in layers l, loIlI and IV 

were the least sensitive to glutamate and those located in layers II, midIII and upV 

were the most sensitive. The mean values for the remaining layers were withm the 

confidence limits of the sample. 
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f-igure 7: Laminar distribution of the geometric mean of the frequencies of 

~r()ntaneous activity and of the threshold currents of glutamate. The vertical line in 

each hl~togram repre~ents the geometric mean of the sample and the dotted lines 

the 95(,(, confidence limits. The numbers in the histogram represent the number of 

l1euron~ found in each layer. 

A. Frequencies of spontaneous activity. 

13. Threshold currents of glutamate. 
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3.3 Effects observed during norepinephrine administration. 

NE has been admimstered to 117 neurons in the cat somatosensory cortex 

using iontophoreuc currents ranging from 5 to lOOnA. lbe geometnc me an of 

currents capable of produclng a significant effect was 26.4nA. NE altered the 

excitablhty of almo:.t ail ~omatosensory cortical neurons dunng its iontophoretic 

ejection. In the presence of NE. inhibition was the most consistent effect observed, 

but during the minute following the cessation of NE eJection. the excitabilIty of an 

important proportion of neurons increased and III most cases this enhancement 

la~ted for as long as neuron'i \t,ere qUdled. This section concerns the effects observed 

during the ejection of NE while the following section (3.4) will deul wlth the effects 

that outlasted the presence of NE. 

3.3.1 Neuronal responses to peripberal stimulation and to glutamate pulses. 

The combination electrode used in the present study allowed a good isolation 

of ~ingle neuron~ ln cat ~omatosensory cortex and multiunit actIvity was very seldom 

observed (Figure 8). 

To test the effects of NE on neuronal activity a b?.)eline respome had to be 

obtained sa that any changes could be expressed as a deviation from control. ~E was 

te~ted on 31 neurons ""hile their receptive field was ~timulated mechanlcally (FIgure 

9). Twenty-nine of the'ie \\'ere 5pontaneously actIve; only two lacked this 

charactenstic. The effect'i of NE v,:ere assessed on both the spontaneous activity and 

peripherically evoked respome. In every case the stimulation of the receptive field 

produced a c1ear response over the spontaneous activity prior ta the admll1Istration 
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Figure 8: Oscilloscope traces of neurons isolated in the somatosensory cortex. Dunng 

the ejection of glutamate sorne neurons re~ponded with long inter-~pike intervab (A) 

or in short bursts (C). In a few cases the inter-spike intervals were less than one 

ms during a burst (0). In B is shown the discharge of a ~pontane()lI~ly actlve nClIron 

during the mechanical stimulation of its receptive field. The upper trace ..,ho\\,,, the 

analog ~ignal representing the displacement of the mechanical stlmulator and the 

100\er trace show~ the action potentials. The cutaneous ~timlllatlOn con..,l..,tcd ut an 

indentation on which wa~ ~lIperimposed 200ms later a vibration (20Hz In thl\ ca~e). 

The vibratory stimulus was applied for hOOms and the ~timulator wa~ rcmoved trom 

the ~kin 200ms later. The neuron lesponded ta the indentation of the ~kin ami abo 

to the superimposed vibration but not to each cycle. The trace'> in A and 0 are a 

single sweep and 3 sweeps in Band C. The dotteù line in A, C anù D i:- the 

threshold for detection by the window discriminator. In B the trace l'rom the \\ I!1dow 

di~criminator is located below the baseline trace. 
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Figure 9: Examples of receptive fields mapped on the forelimb for neurons bolateLi 

ln the somatosensory cortex. The receptive field~ A, C and 0 were urawn t'rom 

dlfferent animais and those from Band Ecorne From the ~ame animal but from 1\\0 

different penetrations. 

A. Receptive field with SRA modaltty of a neuron located in layer 10 V of area 3b 

The re~ponse of the neuron to the mèchanical stimulation of the rcœptlYe field h 

..,hO\\ n in FIgure lOA and B \\ hile lhe effecb of ;-..JE are pre-.ented Ir1 Figure 1 Il 

B SRr\ receptive fIeld of a neuron located \11 layer lTIldIII of arc.! :;11 The Ill'uwn 

cou Id not he Isolated adequately to he ~tLldied. This receptl\e fièld \\ .l'" Jr.l\\ Il frum 

the ... ame animal as the receptive fIeld In E but during a dlfferent penetrdtlon tl1.lt 

\\as located approximately 2mm lateral ta receptive field E. 

C. SRA receptive field of a neuron ~ituated in the middle layers. The admini..,tratlOI1 

of NE to the neuron produCèd a decrea~e of both the ongoIng aCtlVlty anJ ut the 

re~ponse to the peripheral ~tImulus. The ~ignal-to-noi~e ratlo \I,/~b Increa ... eJ hl,' an 

~l\'\;rage of ..j.10c du ring NE eJcction. 

D. SRA receptive field of a neuron located in layer IV of area 3b The effech of :\E 

on thls neuron are pie~ented in FIgure 20. 

E. TAP receptive field of a ncuron that was not located in the hlqol(}~ry nor l'ro!ll 

the micrometer reading. The re"pome of the neuron ta the .,ttmulation Dt ih 

receptive field was not stahle and it \vas not studied with t\E. 
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of NE. During thiS penod, the stImulus produced an aver Jge of 10 5 :!:: l 3 action 

potentials per stimulu~ presentation (measured over l 05:..) In contra:..!, the geoll1etrIc 

mean of ongoing actIvity '\as only 0 8Hz dunng the control penod yieldIl1g a good 

signal-ta-noise ratIo An example of a recording generated as splke trall1S and lime 

lnterval histagram of a neuran displaying a receptive field is shawn ln FIgure lOA 

and B. 

In 86 cases ~E was applied ta neurans lacking a receptive fIeld \\ hIle they 

were excited with iontophoretic pulses of glutamate (Figure 10C and D) rDrty-t\\I) 

(49o/c) .. vere spontaneou:..ly Jcti,e and 44 (51 S"0) \\ere :..tlent ln the .tb..,cI1œ of 

glutamate. ThIS .. ample lncluded 33 Glut-RF neuron'>, )-+ :\o-RF !leu! ()'l'l .t!ld Il) 

neurons for ,'. hlch the pre~ence of a receptlve fIeld \\ lth glutarn.tte llJJ not heen 

tested. ~o sigmflC3.nr dlfferènce cautd be found bemeen the etteCh ut '\E Or) tll~..,e 

3 groups of neurons :\s a result, lt \\as po:"slble ta puol the delta and tu prc-.enr the 

effects of ~E onl1' for the pooled oata. During the control pefloo ut -'puf1t..1I1euu-.ly 

active neurons, the geometric rnean of ongomg activtty ,'.as O.9Hz aml the re"lpoIl'le 

ta glutamate ,\:l,S 67 :!::O 8Hz yleldmg a signal-to-nOl'\e ratio of 7 5 The magnitude 

of the response 10 glut.tmate for ~tlent neurom \\el:.. 6 9 ~ 11Hz pnor to the 

admimstration of \'E 
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f-Igure 10: Computer generated spike trains and time interval histagrams during the 

control period. 

;\ ~euron having a receptlve field which was stimulated mechanieally 30 times 

dllring the control period. The activity was recorded for 5s and there wa~ an interval 

nt two <; hetween each trial. The ~pontaneous activity was recorded for 25 prior tu 

thc -.t1l11ulus presentation and the aetlvity after the ~timulation \\a::. not eon"lùereù 

Laeh ùot represent one or ~everal action potentlals. The neuron respondeù elearly 

to each stimulu~ presentation v .. hIle the spontaneous actIVlty wa:, ù!'.tflhuted 

randol11ly. The time Interval histogram is the average of the 30 tnab anù the 

rc"p()n~e to the ~timulatlOn IS clearly seen over th~ background aem Ity. Bln \\ lùth 

::lOIn... 

13 The sa me neuron as in A but only the Interval from 2.0 ta 3.0s IS shown on an 

è\panded lime seale (hin width, lOms). At this scale most of the actIon potentlab 

are represented hy one dot. The stimulus was applied at 2.0s and a response \\ as 

oh"Cf\CÙ 10 to 20ms later When examined at higher temporal re'iolution, the !ateney 

appeared to he 16m~ and a second peak m the histagram \\US ohserved at 3gms (not 

..,hm\ Il) The corre"pondence hetween the response and the vibration freqllency IS 

l'learly seen, very llttle acti\ ity was present between the stimulus cycles confirming 

the rapldly adaptatmg nature of the input ta this neuron. 
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C Spontaneou~ly active neuron lacking a receptlve field responding tu 30nA of 

glutamate during the control period. The ongoing activity was recorded for lO~ at the 

h~glnntl1g of each run and glutamate wa, administered from 10 to 4(h Three tu 4 

" aiter the begmnIng of glutamate ejection the actlvity of the neuron ~tarted 

tu Increa-.e and reached a plateau 15 to 205 bter. As \\'a~ typlcal of the~e cell". llpon 

the termlOation of glutamate. the act!\ lt) Wdllced b) glutamate dl"appeared \\ Ithm 

:;. ur ::;" \\ hlch 1" a tYPlcal re~pon~e tu glutamate. Thb neUfOl1 re..,pllnJed III bur"h 

and InUI\ Idual actlon potentlals are rarely seen in the :-.pike traIn at tl1l', "cale Bln 

\'.idth. 500m~. 

o Splh.e tram of the neLlfOn ~h(l\\ n ln (C) l'rom 33.0~ to 34.0s at a higher temporal 

rè~lJlution ~howing indi\ Iùual action putel1tlals as one ùot each Ollrll1g gllltJmate 

admini~tration thls neuron responùed In ~mall bllrsts of 2 to 5 actIOn potentluh \\ 1 th 

mter~pike intervals of 3 to bms. 
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3.3.2 General characteristics of the effects of NE. 

During its eJection, ~E affected 90% of the neurons studied lea\tng or.ly 

10% of the sample unaffected (Table 8). NE affected the neuronal excltabIlity in 4-

different ways while it was ejected frorT' the micropipette. The most common dfect 

of NE was an inhibitIOn of both the spontaneous and peripherally or glutamate-

induced activities; tht se pure inhibitory responses were observed in 54-q-é of neurons 

tested with NE. Also, NE produced excitation and those responses could be dlvlJed 

into 3 different classes. Flrst, in 15% of the sample, an excitation 'Aas obsened ut 

the begtnning of \'E ejection and it was followed by an inhibItion CUU"iIlg the 

dlscharge ta fall belm .. the control level as NE ejectlùn \"U~ continued, the~e 

responses \\ere c1assifteJ .1'3 btphasic. Second, in 19S-é of the cases. the e\CItatton \\a~ 

not accompanted by an tnhibItIon and those responses \\ere cla~slfied as eXCItation" 

because of thelr uI1lpha~lc nature And third, a few neurons re~ponueJ blpha~lcally 

but with :\E first producing a decreJse in neuronal acti\lty follQ\\eJ hy an tnCred~è. 

these responses \\ ere c1as~lfted as "other" and comprised only 2 bC'é of the ~amplè. 

\Vhen an excitation \\ as obser. ed. only ln a few case~ \\ ere both the ongotng and 

evoked activlties increased; usually the excitation affecteJ only the ongoing actIvi~y 

or the evol'I.ed response and the other compone nt usually decrea~ed In each ca'le, 

NE was equally likely to produce Jn effect on the spontaneous actl\lty J~ on the 

penpherally evokeJ re~ponse or ihe response to glutamate. Stamttcal te~h ~howed 

that each of the effecb produced by NE was ;ndependent of the type ot c,tl!1luluc, 

used ta excite the neuron. De~plte the stringent criterIa used ta Jecide If a l1ellrOn 

was or was not affectcd by ~E, only 10% of the neurons \\ere CL.l~c,IfleJ a~ 
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Table 8: Neurons affected by NE (n = 117). No significant difference was found between 
neurons displaying a receptive field and lacking a receptive field (G'

dJ 
= 1.190, df=2, p>0.5). 

Neuronal classes Inhibition Biphasic Excitation Other No effect Total 

Receptive field 19(61%) 6 (19%) 4 (13%) 0(0%) 2 (6.5CJc) 31 

Without a 44 (51 %) 11 (13%) 
receptive field 

18 (21%) 3 (3.5%) 10 (12%) 86 

Total 63 (54%) 17 (15%) 22 (19%) 3 (2.6%) 12 (10%) 117 
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unaffected by NE (Table 8). Only two neurons (6.5%) displaying a receptive field 

and one spontaneously active neuron lacking a receptive field (2.4o/c) were not 

affected by NE. Nine neurons lacking spontaneous activity (20%) \ .. ere not affected 

using current of NE ranging from 12 to 75nA with a geometrie mean of 27 7nA 

applied for 2 to 6 runs. Data from one of the cells that did not respond to NE are 

illustrated in Figure 11. Eaeh type of response to NE 15 described in detail below. 

333 Inhibitory effects of norepinephrine. 

333.1 Neurons displaying a receptive field. 

In 19 (61 S"'c) of the 31 neurons displaying '1 receptive field, NE produœd an 

mhibition when eJected with currents ranging from lü-100nA (geometrie mean of 

33.0nA). NE was applied for 1 ta 10 runs (mean 3.0) of 10 stimulus presentations 

but a significant decrease in neuronal activity was observed dunng the first 3 runs 

in a11 cases. 

In 15 of the se 19 inhlbited neurons, both the ongoing and e\okeJ activiueo;; 

were significantly decreased whereas in 2 cases only the spontaneous discharge was 

inhibited and in one case only the evoked acti\ity was affected. The re~ponse to 

stimulation of the receptive fleld of one neuron Iacking spontaneous :leu\ ity \\a~ also 

decreased. An example of mhibltion of both snontaneous and evoked actl\lty by NE 

in a neuron displaymg a receptive field is shown m Figure 12 (see also Figures 18. 

19, 22, 25 and 26). 

Because the effects of NE developed gradually it was not immediately ObVlOUS 

what measure to use to best de scribe the magnitude of the re~ponse to NE. 
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Figure Il: Neuron lacking a ref'eptive field not affected by NE. This neuron was not 

located in the histology. The baseline was established with 7 pulses of SOnA of 

glutamate (A). During the control period the average response ta glutamate was 

11.3Hz. NE was administered for two runs and no significant effects were observed 

(8). Following NE administration the response remained at the control level and 10 

to Il min later it was 98% of the control level (C). During the administration of a 

CLIrrent of +40nA through a pH 4.0 solution for two runs the response \,:as 96% of 

the control (0). The response remained at the controllevel during the following mm 

(E). The experimental condition is indicated on the left of each panel and the 

magnitude of the response relative ta the control is presented as a percentage on the 

nght of each panel. G, response ta glutamate; bin width, 600ms. 
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Figure 12: Neuron di~,playing a receptive field inhibited by NE. This neuron 

dbplayed a SRA receptive field and was not located in the histology. The baseline 

wa,', e .... tablished with 30 stimulus presentations (A). During the control period the 

ongoing activity averaged 0.95Hz and each stimulus presentation evoked 11.7 action 

potentials. NE 40nA was administered during 4 runs (B and C). During the first run 

both the ongoillg and the evoked activities were not significantly affected (B) while 

uuring the next 3 mns the ongoing activity was reduced to 32% of the control and 

the evoked activity ta 49% (C). The signal-to-noise ratio was increa~ed by 53% 

during this last period. Ounng the 2 first min followmg NE adrr:.iOlstration both the 

ongOlllg and evoked actlvnies remained lower th an the controllevel and the signal

lo-noise ratio was further increased to 192% of the control level (0). Ten ta 13 min 

following NE administration, the ongoing activity was 143% of the controllevel and 

the evoked activity 115% (E). Then ions H' were ejected with a current of + 75nA 

lor one run and produced no significant effect (F). Followmg one run of recovery 

(G) NE 40nA was aummistered again and produced effects ~imilar to the fir,',t test 

and the average of the 4 la .... t runs of NE administration is ~hown in (H). The 

recovery periods one ta two min (1) and 5 to 10 min (J) after NE admim .... tration are 

~ho\\'n. (See Figure Il; S, spontaneous activity; E, evoked activity; bin width, 50ms). 
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Consequently, both the average size of the response and the maximum effect of NE 

observed in a series of runs were compared to the control response as measures of 

the effects of NE. This examination suggested that both parameters were adequate 

indices of the effect of NE. Since discussing both measures would be rcdundant, they 

have been presented in the tables but they are discussed oruy in relation to Table 

9. Subsequent tables show both the maximum and mean effects, however, only the 

maximum values are dlscussed in the text associated with the other tables. 

Despite the faet that NE appeared to decrease spontaneous and evoked 

activlties ID an equal number of neurons, the magnitude of the decrease was more 

important on the spontaneous than on the evoked activity (Table 9A). The dlfference 

between spontaneous activay and evoked activity v.as 15.3% for mean dfects and 

20.8% when the inhibirory effects of NE reached thelr maximum. The distnbution 

of these effeets is shown in Figure 13A and B. The mean inhibirory effect of NE 

on the spontaneous actlvity \Aas a decrease of 50% or more lI1 67Cfc of the cases 

while on evoked activity lt was less than 50% in 61 % of cases. No :,lgmfIcant 

difference was found between the two distributions (Gad,= 1.816, df::::2, p>O.l) The 

maximal inhlbitory effeet on :\pontaneous aetivity \Va~ a decrease of more than 80% 

in b 1 % of the neurons. ln contra"t, the maximal deerease of evoked actlvity never 

reached that level and the twa di:,tnbutions were slgniflcantly dlfferent In this case 

(G.d,=8.608, df::::2, p<O.025) These results suggest that on average l\E produced 

an increase in the SIgnal-ta-noise ratio. This issue will be discussed In sectIOn 3.3.9. 
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Table 9: Magnitude of the inhibitory effects of NE normalized as percent of l.ontrol for 
spontaneous activity and peripherally evoked activity or response to glutamate. Mean effect~ 
were obtained by averaging the effects of the runs when NE was present for each ceil. 
Maximal de(:rea~es were ealculated by using only the run where the maximal mhibnory 
effeet of NE was observed for each neuron. 

A:. Spontaneously active neurons displaying a receptive field (n =:. 18). 

Mean effect Maximal decrease 

Spont. Act Evoked Act. Spont. Act. Evoked Act. 

-58.4 ± 5.9% -42.9 ±3.9% -77.5 ±5.5% -55.3 ±3.3S"c 

B: Spontaneously active neurons lacking a receptive field (n = 20). 

Mean effects Maximal decrease 

Spont. Act Response to glut Spont. Act. Response ta glut 

-45.4 ± 4.7% -30.5 ± 4.4% -68.0 ±5.2o/c -41.0 ±5 2Sé 

C: Silent neurons lacking a receptive field (n= 24). Inhibttory effects of:\E on the re"lpon~t! 
ta glutamate. 

Mean effects Maximal decrease 

-50.6 ±4.3% -64.2 ±4.2% 
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Figure 13: Mean and maximal inhibitory effects of NE on the spontaneous and 

lI10uced activities. A and H, neurons displaying a receptive field; C and D, neurons 

lad .. tng a receptive field. 
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3.33.2 Neurons lacking a receptive field. 

Eighty-sLx neurons laekmg a reeeptive field were tested with NE. Of the~e 20 

spontaneously active neurons and 24 laeking this characteristic during the control 

period were inhibited (Table 8). 80th the spontaneous activity and the response ta 

glutamate were deereased by NE in 18 cases whereas in 2 cases only the 

spontaneous actIvity was signifIcantly inhibited while the response to glutamate 

remained unchanged. The iontophoretie eurrent of NE used ta produce these effeets 

ranged from 5 ta lOOnA with a geometric mean of 24.3nA. A signifieant effeet on 

eIther spontaneous aetIVlty or glutamate response was observed In the fmt run m ail 

but one case where an effeet was observed in the 4th run after the eJeeting current 

of NE had been mereased from 6 ta 15nA. :-\..5 had been observed for the neurons 

displayif1g a receptlve fIeld, the spontaneous aetivlty was proportIonally affected 

much more than the response ta glutamate. The distributions of these effects are 

shown in FIgure 13C and 0 and their magnitude is presented in Table 98. The 

effeets of NE on the response ta glutamate of spontaneously actlve cells lackmg a 

receptive fIeld appeared ta be less than the effeet of NE on peripherally e\oked 

activity of cells wIth a receptive fIeld but the magnitude of the erfects of NE on 

spontaneous aetivity appeared ta be the same on both classes of neurons. 

The respome to glutamate of 24 (55%) sile nt neurons laeking a reeeptive 

field was inhIbIted with eurrents of NE ranging from 10 ta lOOnA (geometrie mean 

of 33 SnA). NE was Jpplted dunng 1 to 9 runs (mean 2.5) and in ail but 5 cases a 

sigmfieant inhIbItion was seen in the 1>1 run. The magnitude of the effeet on sIle nt 

neurons was more important th an it was on the response to glutamate of 
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spontaneously active neurons (Table 9C). This difference nught be a consequence 

of the higher currents of NE used on neurons lacking spontaneous activity. 

3333 Time course of the inbibitory effects of norepinephrine. 

When NE was administered continuously ta neurons displaymg a receptive 

field, the time course of the decrease could be evaluated easily smce NE was 

administered continuously and the peripheral stimulus was repeated at short tlme 

intervals so that a measure of the neuronal actlvity was taken every 7s. To ubwtn a 

measure of the tlme course of the ~E effect, the re~ponse of 14 neurom, th~t \~ere 

significantly affected during the fmt twenty stimul1 follo\\lng the begmntng of 0:E 

ejection were recorded for 140s The frequencies ofspontaneous aeu\-lty rangeJ from 

0.1 to 135Hz during the control period. In arder ta gi\e the sa me \I.elght ta al! 

neurons whether they had low or hlgh spontaneous actlVlty, the clau \\-ere 

normalized to percentages of the control period, and thase \. alue~ \\ere Ll~eJ lor the 

calculation. The averages fur the ~pontaneous and e\oked actlvity for the :\ la..,t 

eUlaneous stimuli of the control penod and for the ftrst 20 ~tlmult follm\ Ing the 

beginning of NE ejeetlOn are plotted m Figure 14A and B re~pectl\ ely. 

The results obtalOed for the ongolng actlvlty appeared to tluctuate .1 lot even 

during the control period (Figure 14A). The response clearly decrcases mer ume Dut 

because of the 'vuriJbility, the time course of the effect could not be evaluated 

accurately. The 'variability can be explained by the faet that the ongomg actJ\ lty was 

measured for only 25 in each trial and in many cases the frequency v, J~ helow ur 

close ta 1Hz 50 that 1 Impulse caused an important change ln the mean frequency. 
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fIgure 14: The average time course of the inhibitory effects of NE. 

A Spontaneom activlty. 

B. Pcripher.llly evoked activity 

C. Spontaneous activity, peripherally evoked activity and signal-to-noise ratio 

obtatned from travellIng means (see te::t). 

D Decrea~e of the evoked activity plotted as a function of the decrease In 

"p()nlaneOll~ activity (values plotted are the travelling me ans of both variables). 
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For the time interval tested, there was no spontaneous activity in several of the trials 

yielding 0% ongoing activity then when one or two action potentials were present 

in one trial the percentage was much greater than 100%. The curve is the result of 

these variations. 

Evoked activity \Vas much less variable and the time course cou Id be 

evaluated more precisely (Figure 14B). The response began to decrease 16s after NE 

was turned on and it appeared to decrease almost linearly during the follo\\ mg 80s 

when a plateau was reached and the response did not decre~sed further. A 

~ignificant decrease (-23~é) \Vas reached between 30 and 40s aftel the beginning of 

NE eJection. Over the 20 time periods studied during the ejection of NE, the 

~pontaneous actIvity \Vas ciecreased by an average of 56.5 :±:5.7o/c and the evoked 

activity by 37.7 ±'~.O% as compared ta the control period. A ~ignificant differenc~ 

was found between the decrease in spontaneous activity and the decrease in evoked 

activity (Wilcoxon's slgned-ranks test, Ts=24, n=20, p<O.Ol). 

To get a better picture of the time course of the effects of NE on the 

~pontaneous activity, the values used for Figure 14A and B \Vere averaged over 5 

consecutive time periods starting with the control period. The averages \Vere 

displaced by one time period to the right and were plotted as a functlon of the mean 

time of the 5 time periods used ta ob tain each value. The results of this process, 

shawn in Figure 14C, yielded mu ch smoother curves thereby giving a better estim~te 

of the time course. The time course of the dec1me in evoked activity appeared to 

be ~imilar to the curve \vithout smoothing shown in Figure 14B, still reachmg a 

~ignificant level of inhibition around 35s and a plateau after 80s suggesting that the 
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averaging process did not displace the curve significantly ta the righr and that a 

better estimate of the time course of the ongoing activity could be obtained \Il this 

way. 

The spontaneous activity appeared ta decrease more rapidly than evoked 

activity as NE was turned on and a significant Inhibition was reached after only 

about 7s. After that initial period, both the spontaneous and evoked aetl\ïtleS 

appeared ta decrease at the same rate for several seconds but the spontaneous 

activity appeared to reach a plateau about 20s later than the evoked actlvity The 

differences between the time course of spontaneous activlty ch3.nge~ and the time 

course of the response ta the stImulus was more obvious \l, hen the evoked Jetlv lty 

was plotted as a function of the spontaneous activity (Figure 14-0). Sp()ntaneou~ 

activity decreased more rapldly at the beginmng and then both :.pùntaneou:. and 

evoked activities decrea~ed at the same rate until evoked actlvity reached a plateau 

white spontaneous actl\ ity was still decreasing. 

The time course of the mhtbitory effects of NE on neurons lacking a receptlve 

field could not be assessed hecause by the nature of the experimental paraJIgm ;\E 

was already present for 10-205 before glutamate ejection was stJ.rted. Further, ooth 

NE and glutamate were ejected intermittently. Even if the rreci~e time COur~è of the 

inhibitory effect of NE on those neurons is not available lt can be mferred from the 

data that the action of NE occurred within a few seconds since, de~plte the facb that 

NE was turned on Just at the beginning of the recording of ongOlng actlvlty and that 

it was recorded for only 1O-20s, NE still produced a ~igmfi(.ant decrea~e of the 

ongoing activity that \\JS of the same magnitude a~ the decrea'le ob"erved on 
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neurons displaying a receptive field. This suggests that the action of NE was at least 

as fast as it had bet'n on neurons displaying a receptive field. 

33.4 Biphasic effects of NE. 

33.4.1 Neurons displaying a receptive field 

In 6 (19%) neurons displaying a receptive field, NE produced an increase of 

the ongoing and/or evoked actlvlty that was followed by a significant decrease. These 

effects were ob~erved when iontophoretic currents ranging from 10 ta SOnA 

(geometric mean 28.0rlJ\) were used. The excitatory effects were observed during the 

lot or 2nd run and the decreases appeared in the subsequent runs. In 3 cases bath 

the spontaneous activity and the response ta somatie stimuli followed this pattern. 

In 2 cases only the ongomg activity was increased whtle the evoked actlvIty was 

decreased in one case and not significantly changed in the other case. In the other 

case only the evoked activity was increased while the spontaneom activity was not 

altered. Ovt:'!'all, the spontaneow". activlty increased in S cases and the evoked activity 

in 4 cases. The magnItude of lncrease of the ongoing activity was proportionally 

more important than that of evoked activity (Table lOA). Following this excitatory 

phase, both ongoing and evoked activity decreased significantly in a fashion and to 

a level similar to that observed for neurons inhibited by NE. As observed with the 

inhibited neurons, in the biphasic cells the decrease in spontaneous activlty was aIs a 

more important than the decrease in evoked activity (Table 10A). Despite the fact 

that the percentage increase in ongoing activity was more important th an the 

percentage Jncrease in evoked activity, the absolu te increase in the ongoing activity 
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Table 10: Magnitude of the biphasic effects of NE expressed as percent of control for spontaneous activity and on 
peripherally evoked response or response to glutamate (see table 9). 

A: Spontaneously active neurons displaymg a receptive field (n=6). 

1. Spontaneous and/or evoked activities increased: 

Mean effect Maximal increase 

Spont. Act. 

-9.8 ± 13.6 

n=5 

Ev. Act. 

-23.0 ±5.3 

n=4 

SpontAct. 

+75.6 ±18.1 

n=5 

2. Spontaneous and/or evoked activity not increa~ed: 

Ev. Act 

+41.3 ±9.5 

n=4 

Maximal decrease 

Spont. Act. 

-77.4 ± 13.2 

n=5 

Ev. Act. 

-65.1 ±6.5 

n=4 

Mean effeet Maximal decrease 

Spont. Act. Ev. Act. 

-61.0 -21.5 :±12.0 

n=l n=2 

91a 

Spont. Act. 

-93.3 

n=l 

Ev. Act. 

-38.5 :± 2.1 

n=2 



--------2'<11) 

B. Spontaneously active neurons lacking a receptive field (n = Il). 

1. Spontaneous and/or response ta glutamate increased: 

Mean effect Maximal increase Maximal decrease 

Spout. Act. 

+ 17.8 ± 12.0 

n=9 

Glut. Resp. 

+ 14.5 ±9.0 

n=4 

Spont.Act. Glut. Resp. 

+ 115.6 ± 19.3 +47.3 ±9.4 

n=9 n=4 

Spout Act. 

-76.4 ±6.1 

n=9 

2. Spontaneous and/or response to glutamate not increased: 

Mean effeet Maximal decrease 

Spont. Act. Glut. Resp. Spont. Act. Glut. Resp. 

-43.0 ± 17.0 -43.1 ± 16.7 -83.0 ± 17 -68.9 ± 12.1 

n=2 n=7 n=2 n=7 

91 b 

Glut. Resp. 

-15.2 ± 19.9 

n=4 



was only 0.38Hz (from 0.50 to O.88Hz) whereas the absolu te increase in the re~ponse 

to the stimuli was 3.36 action potentials per stimulus (from 8.15 to Il 51). 

33.4.2 Neurons lacking a receptive field. 

Biphasic reSponses were observed in Il spontaneously active neurons lacking 

a receptive field while NE was ejected for :2 to 8 runs (mean 30) wlth current 

ranging from 5 to SOnA (geometric mean 28.1nA). In 10 of the Il Cdses, the 

excitation was observed during the l"t run and it occurred In the 2"d mn in the other 

case. In two case.;; a biphasic response occurred both in the ongolng actlvlty and in 

the response ta glutamate. In 7 Cdses it was observed only on the ~pontane()us 

activity while the response ta glutamate remained at the control le\el ln 3 of these 

cases and was signiflcantly decreased in the remaining 4. cases In:2 neurons only the 

glutamate-irlduced excitation was biphasic whlle ongoing dlseharge \',a~ uneh: . .tngeJ 

during the excitatary phase but decreased later. Ove raIl, NE produced a blpha~ic 

effect on the ongoing discharge in 9 cases and on the response ta glutamate 1ll -+ 

cases. A biphasic response ta NE IS shown in Figure 15. 

The magnitude of thcse blphaslc responses are snown in Table lOB. Whereas 

the mean effect was the sa me for both ongoing activlty ::md response ta glutamate, 

the maximal increase was proportlonally more important on spontaneou~ aet!\, Ity but 

in absolute terms it was increased by only O.79Hz (from 0 68 to 1.47HL) \vherea~ the 

response to glutamate "vas lncreased by 3.91Hz (from 826 tu 1217Hz) The 

spontaneous activity dccrea~ed more than the response to glutamate JUflIlg the 

inhibitory phase. Th!s also occurred when the spontaneous actlvlty and the re~pome 
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Figure 15: Biphasic response of a spontaneously active neuron lacking a receptive 

field to NE. No receptive field was uncovered by glutamate in this neuron situated 

in the deeper layers based on the micrometer readmg. The baseline was establi~hed 

\\ lth -+ con"ecutive pulses of glutamate (A). The frequency of spontaneou-; actlvity 

wa~ 3.9Hz and the response to glutamate was 15.6Hz during the control period. NE 

()OnA wa~ admmi<;tered during 2 rum (B and C). Ouring the first run, the ongoing 

activlty wa~ increa"ed by 9% and the response to glutamate by 43% producing an 

increa"e in ~lgnal-to-n(me ratio of 31 ~'é as compared to the control period (B). In 

COl1tra~t, during the second run, the spontaneous activity was reduced to 29Slc of the 

control period and the response to glutamate to 51 % (C). In that ca~e the slgnal

to-nOl"e ratio was increased by 76%. Ouring the 2 min following NE administntion, 

the ollgomg activity remained Iower than the control while the respome to glutamate 

had tully recovered and the ~ignaI-to-noise ratio was still 148SIc above the control 

k\el (0). (See Figure Il and 12; bin width 500ms). 
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evoked by glutamate were not mcreased (Table lOB.2). 

Biphasic responses were not observed in silent neurons. In 5 of the 9 cases 

where an excita tory response was observed (see followmg section), NE was 

administered for only one run. In sorne of these cases biphasic responses might have 

been observed if NE had been admmistered for a longer period of time. 

The tlme course of the biphasic as weil as the excitatory effects of NE was 

not evaluated bec~wse of the small sample size and because these effects were 

seldom observed on bath spontaneous and evaked activities in the same neuran. 

33.5 Excitatary effects of NE. 

33.5.1 Neurons displaying a receptive field. 

The activity of 4 neurons with a receptive field increased in the presence of 

NE and these mcreases IJsted for as long as NE was present. In one case, both the 

ongoing activity and the re~ponse to the peripheral sumulus were lI1creased as the 

current of NE was increased from 20 to SOnA (Figure 16). In two cases only the 

ongoing activity was increased significantly. In one of the se cases lOnA of NE \vas 

applied for only one run during which ongoing activity increased by 114% \\ hile 

evoked activity was unchanged and in the other case NE was applied for 4 runs (2 

Urnes at SOnA and 2 times at lOOnA) and ongaing actlvity was tncrea~ed (mean 

+84%) throughout \\hile evoked acttvity was decreased (mean -54%) The last case 

\Vas a silent neuron anJ the response ta the stimuli increaseJ progressively duriIlg 

3 consecutive runs reachmg a sigmficant level ( + 32%) in the 3 rd run. Ove raIl, the 

'1pontaneous actlvity \\a5 increased 3 times and evoked activity 2 urnes. The 
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Figure 16: Effeet of the l3-reeeptor antagonist timolol on a neuron dl~playing a 

receptive field that was excited by NE. This neuron displayed a SRA reccptive field 

and was loeated in layer loV of area 3b. The baseline was e,tahli~heJ \VIth 30 

~timlllu~ pre~entations (A). During the control period the frequency of :-.pontaneoll'> 

aetivity was 2.7Hz and the stimulus evoked an average of 11.7 action potel1tlab. 

Timolol was admini~,tered alone for one run and produced no significant effect~ (B). 

NE lOnA was added for two runs and in the first run (C) no significant effèct~ \verc 

oh"erved while in the second (0) the ongoing activlty decrea~ed to 61 (jé of the 

control and the evoked activity to 75 cfc produeing a ~light increa"e ln the "Ignal-to

noise ratio of 23%. During the 3 min following NE admmistration ln the pre"cncc 

of timolol the ongoing activlty averaged 91 % of the control level and the c\'uh.eJ 

aetivity 94S7c (E). The same amount of NE was aùminlstered alone anù produced an 

effeet of lower magllltude th:.ln ln the pre~enee of timolol (F and G). Dunng the 

second run (G), the ongoing actlvity was decreased hy only lYC;,c and the è\ oh.ed 

activity by 22t::{· as compared to the recovery penod preced1l1g the treatment (E) 

An attempt was made to ll1crease the inhibitory effeets of NE by lncrea,>ll1g the 

iontophOïetic current. Inereasing the cunent to 20nA for one run proùuccJ no 

further effeeb (H) hut with SOnA (I) the spontaneous aetivity increa~ed hy 132C:é and 

the evoked activity by 420/c a" comparcd to the control. OUfing tlm pcnot! thc '>lgnal

to-n()i~e ratio was decrea~èJ by 3Yt;'é. One to 5 min follo\ving 0.'E admllmtratJo/l, the 

ongoing activity \Vas still enhanced by 49% and the evoked actlvlty wa~ in the range 

of the control level (J). (See Figure Il and 12; hin wldth, SOm,,). 

95 



A 

8 

c 

o 

E 

F 

G 

H 

J 
z 
(!i 
c:.. 
~ 

30 
24 
, 8 
, 2 

06 

CONTROL S 100% 
E 100% 

O~~~~~~~~~~~~~ __ ~~~~~~ 

30 
24 

'8 
'2 
06 

T1M 10 5118% 

O~UL~a=~~~~~~UWU4~~~~~~~~ 

30 
24 
, 8 

'2 
06 

TIM 10 
NE 10 

S 96% 
E 87% 

OI~ttU~~~~~~~~~~~A,AU~~~~~ 

30 
24 
, 8 

t 2 

06 

T1M 10 
NE 10 

561% 
E 75% 

O~~~~~"~~~~~uy~~~~&Say~~ 

30 
24 
, 8 

12 

06 

RECOVERY 591% 
E94% 

O~--~~~~~~ilW~~~~~~~~~ 

30] NE 20 24 
18 

12 

006:: J.k _ <!!!t! ~ j~wij~ 

30 RECOVERY 
24 
, 8 
, 2 

06 

0 
0 2 

TIMEts) 

3 

• é ct. i 

585% 
E 100% 

581% 
E 73% 

5149% 
E 83% 

5 



magnitudes of these effects are summarized in Table lIA for spontaneously active 

neurons. Again, the ongoing activity was increased proportionally more than the 

response to the stimuli. 

3352 Neurons lacking a receptive field. 

Sustained excitation was observed in 9 spontaneously active neurons lacking 

a receptive field. NE was administered for more than one run in 7 cases (mean 3.4 

runs). The increase was seen in the 1" nrn in 5 cases and in the 2nd and 4th run in 

the other 4 cases. The current of NE used on these neur')ns rangeJ from 15 tu SOnA 

with a geometric mean of 24. InA. In 2 cases bath the spontaneous aetlv lty and the 

response to glutamate were slgniflcantly increased. In 3 cases where only the ongoIng 

discharge was increased, the (e~ponse to glutamate \\as decrea~ed in 2 cases and 

unchanged in the other case. Only the response ta glutamate was ll1crea~eJ lI1 4 

cases while the spontaneous activity was decreased In 3 of the se CU\èS amI 

unchanged in another. ~o slgnificant difference was found bet\\een the magnitude 

of the effects of NE on the spontaneous activtty and on the response to glutamate 

(Table llB). In absolute terms, the ongoing activity \Vas lncrea\eJ hy l.02Hz (From 

0.47 to 1049Hz) and the re~pon~e ta glutamate by 7.26Hz (from 3.R9 ta 11.15Hz). 

Nine neurons lacking ongoing activity were also excited ming currents of NE 

ranging from 10 to SOnA wlth a geometric mean of 206n}'. In 5 cases i\'E was 

applied during only one run proJucing a slgnificant increase ln the re:-,pon~e ta 

glutamate. In the 4 remaining cases, NE was administered for 3-8 run\ and the 

increase was ohserved in the l st run ln 2 neurons .md in the Y and ·f" run ln the 
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Table Il: Magnitude of the excitatory effects of NE expressed as percent of control 
(see table 9). 

A Spontaneously active neurons displaying a receptive field (n = 3). 

Mean effect Maximal increase 

Spont. Act. Evoked Act. Spont. Act. Evoked Act. 

+76.3 ±29.7 +4 + 141.3 ± 16.8 +51 

n=3 n=1 n=3 n=1 

B. Spontaneously active neurons lacking a receptive field. (n = 9). 

Mean effect Maximal increase 

Spont. Act. Glut. Resp. Spont. Act. Glut. Resp. 

+ 109.4 ±41.3 + 115.8 ± 65.0 + 218.0 ± 84.4 + 186.6 ± 61.4 

n=6 n=5 n=6 

C. Silent neurons lacking a receptive field. (n =9). Excitatory effects of NE on the 
response 10 glutamate. 

Mean effect Maximal increase 

+ 159.6 ±66.7 + 178 ±66.7 
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other cases. The mean increase of the response to glutamate was 150.b% and the 

maximal increase was 178.1% (Ta'Jlc llC). that is a maximal increase uf 11.36Hz 

(from 6.38 ta 17.74Hz). Those increases did not appear sig,nificantly different than 

those observed on spontaneously active neurons lacking a receptlve field (Table Il). 

An example of a neuron excited by NE is shown in Figure 24. 

33.6 Other effects of NE. 

In 3 cases neurons lacking a receptive field were initially inhibited and then 

the effects of NF changed to excitation. One of these cases was a sponti1neously 

active neuron; whlle NE 20nA was applied during 4 runs its ongoing activity wa~ 

decreased by 63% in the first run and then the discharge \\ as Increa~eù in the 

following runs reaching a maximum of 159% over control. In contra!:>t, the response 

ta glutamate was decreased throughout the test with a mean decrease of 32.5%. The 

two other cases lacked spontaneous activity and the response ta glutamate \Vas flfst 

decrease by 40% and 53% and then increased by 72% and 157C;~ respectl\ely over 

the control period. In bath cases the current of NE was increa\ed bet\~een the 

inhibitory and the excitatory responses. 
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33.7 Iontophoretic CUITent of NE required to produce inhibition and excitation. 

Since several authors had suggested that lower concentrations of NE produce 

excitation and that higher concentrations result in inhibition, this hypothesis was 

tested on our data. Although this possibility was not an a priori hypothesis used to 

design a specifie experirnent, sorne aspects of the data provide sorne insight into this 

question. In 29 neurons the NE current was increased from low ta a higher current 

during the test. In 21 of these cases the effect produced by NE was not changed by 

increasing the current of NE and in the other 8 cases the effect was reversed. In 16 

of the cases In WhlCh the sign of the response did not change, the cel! was only 

inhibited. The geometric mean of the initial current used on those neurons \Vas 

22.9nA. In these cases the current was increased ta an average of 52.9nA. For the 

5 cases where an excitation was observed, the current was increased from a 

geometnc mean of 17.2nA ta 57.4nA without converting any ot the excitations ta 

inhibitions. There was no slgnificant differences between the inhibited and excited 

neurons for either initial or final currents. 

In 5 of the 8 cases where the sign of the response change d, the neurons 

responded initially \Vith an excitation while the geometric mean of NE current was 

19.9nA. This reversed to inhibition when the current was increased ta 49.ÜnA. The 

3 other neurons dlsplayed an lnitIally inbibitory response which was followed by an 

excitatory response when the ~E current was increased. These were first inhibited 

with a geometric me an current of 2Ü.OnA and the excitatory response occurred with 

an average of -l-l 8nA. No significant difference was found between the two groups 

of neurons nor between the neurons shO\ving no change in the sign of their response 

99 



and those which responded to the increase of current by reversing the sign of thcir 

response. Taken together these results suggest that, in the present study, NE 

produced inhibition and excitation at about the sume concentration of NE and that 

low NE levels had no preferential excita tory effects. 

The mean currents of NE used to produce inhibition and excitation v" ere al'\o 

compared. The effects of NE were grouped as decreases (solely inhibition) and 

increases (either biphasic or purely an increase) and the currents used ta mduce 

these effects were compared for both the spontaneous activity anu peripherally 

evoked activity or response ta glutamate (Table 12). In ail classes of neurons, \vhen 

an increase was observed lower currents of NE had been used. No sigmflcant 

differences were found between the currents used for those ca.se~ ~howlOg e\cltation 

and those showing inhibition for the ongoing activity but a significant ulfference wa~ 

found for the induced aCl1vity. These findmgs show that excitation coulu be prouuceJ 

with lower currents of ~E than those producing an inhibitIOn. Thi~ 15 not ta be 

considered as direct evidence that indeed excitation was produced \Vith lower 

concentrations of NE as compared ta those producmg inhibItIOn (~ee above) 

Nevertheless, this suggests that the excitations were not artifacts produced hl' the 

iontophoretic current or the relatively low pH of the solution of NE since they were 

observed with lower currents of NE than the inhibitory effects. 
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Table 12: Geometrie means of iontophoretic current of NE used to produce 
inhibitory and excitatory responses. 

A: Spontaneous activity (not significantly different, analysis of variance, F. = 1.375, 
df = 1, 63, P > 0.2). 

Spont. active 
neurons with a 
receptive field 

Spont. active 
neurons without 
a receptive field 

Total 

Decrease 

33.5nA 
n=18 

24.4 nA 
n=25 

27.8nA 
n=43 

B: Evoked activity or response to glutamate. 

Decreased 

Spont. active 32.8nA 
neurons with a n= 19 
receptive field 

Spont. active 26.3nA 
neurons without n=25 
a receptive field 

Silent 32.6nA 
neurons without n=24 
a receptive field 

Total 30.2nA 
n=68 

Increase 

22.9nA 
n=8 

22.6nA 
n=14 

22.7nA 
n=22 

Increased 

26.0nA 
n=5 

20.9nA 
n=lO 

20.6nA 
n=9 

21.8nA 
n=24 

Difference 

-1O.6nA 

-1.8nA 

-S.lnA 

Difference 

-6.8nA 

-S.4nA 

-12.0nA * 

-SAnA** 

* Stgnificantly different, analysis of variance, F,=4.504, df=1, 90, p<O.04. 
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33.8 laminar distribution of the effects of norepinephrine. 

Thirty eight neurons studied with NE were recovered in the histology. Of 

these, 13 displayed a receptive field and 25 lacked this characteristic. Since NE 

appeared to produce similar effects in bath groups, the data were pooled to produce 

the larninar distributions shown in Figure 17. 

The laminar distribution of the whole sample (Figure 17 A) was ~Igmflcantly 

different than that of the who le sample recovered in the hi~tology (Figure .fA; 

GsdJ =1O.130, df=2, p<O.Ol). AImost half (45%) of the neurons stùdled \\Ith l'\E 

were found in layers 10III and IV and another peak was found ln layer 10 V ( H)cé) 

None were found ln layer 10 VI and the rema111der of the sample (3<:)(:é) wa~ qulte 

evenly distributed o'ler tht;: other layers 50 that each conta111èd 1 ta 3 neuron ..... The 

difference between this distribution and the total sample distnbutton lS a ~UbJèct to 

be explored in the discussion. 

When the neurons \\-ere grouped according to whether they responJed to NE 

exclusively by a decrease 111 activity or if sorne component of the rè~pon~è \\a~ 

excitatory, larninar dlfferences were noted. Of the 20 neurons \\ hlch had dl'lpla1 cd 

solely inhibitory re~ponse", 80% were located 111 layers ffildIII, 10III and IV anu the 

rest was located rather uniformly above and below the~e layers (Figure 17B) The 

neurons that displayed an 111crea~e on a component of thèlr re)pon .... e to \E \\ ère 

distributed in a contrastmg way and only 22% of the neuron~ loc.I.tèu ln layer JolII 

whIie none was found ln I:.iyers midIlI and IV Twenty eight percent \\ere tOlJl1U 1I1 

the upper layers and 50cé in the lQ\\-er Jayers (Figure l7e). A "llgmhcant dlfferencc 

was found bemeen the distributions of the effects of NE 111 upper (l, fI and upIII), 
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Figure 17: Laminar distribution of the effects of NE. The distribution of ail neurons 

tc"tcd with NE located in the histology (n=38) is shown in A. Neurons inhibited 

\Vere primanly found in layers rnid III ta IV (B) while the excited neurons were 

round in upper and lower layer~ (C). 
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mlddle (midIII, 10III and IV) and lower (V and VI) layers (Gadl = 12.917, df=2, 

P < 0.005) suggestmg that NE produced different responses in different layers. The 

probability of finding neurons inhibited by NE in the middle layers was 80% as 

compared to 29% and 18% in the upper and lower layers respectively. 

33.9 Effects of norepinephrine on the signal-to-noise ratio. 

The effects of NE on the signal-to-noise ratio were quantified in 68 

~pontaneously active neurons that responded to NE administration. Of these, 27 

could be excited by the penpheral stimulation of their receptlve field whereas In 41 

cases the cells did not dlsplay a receptive field and the effeet of NE was estimated 

on the response to glutamate. It was found to be useful for the purpose of thls 

analysls to divide the celh into those showing a decrease, those respunding in a 

biphasic manner and those showing a sustained excitation. Further, ~mce the 

response ta NE varied over ume, the 'iignal·to-noise ratio also changed during the 

same period ~o the signal·to-noise ratio was calculattd for the mean and maximal 

effects of NE. Bath the mean and maximal effects of NE were considered ta decide 

on the effects of NE on the ~ignal-to-noise ratio of oeurons (see table 14). As weIl, 

the Ume course of the change in the signal·oto-noise ratio was documented for those 

neurons displaying a receptive field which were inhibit\!d by NE. 
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33.9.1 Inhibited neuroIlS. 

The signal-ta-noise ratio was increased in mast of the neurons lilsplaYlOg a 

receptive field that were inhibited by NE. This occurred regardless of whether the 

mean or maximal effects of NE were used for the estImation but the magnitude of 

the increase in signal-to-nO\se ratio was much more important when the m:.Lxlmal 

effects were used (Table l3A). In the few cases where the slgnal-to-nOl~è ratio was 

decreased, the magnitude of the effect was mu ch less important than when an 

increase was observed. For example, with the maximal effect~ of NE, when 

increased, the slgnal-to-noise ratio was increased by a factor of 4,4,5 \',herea~ 111 the 

cases where it \va~ decreased, it was reduceù by a factor of only 1.32. l''ote also 

(Table 13A) that the decrease in evoked activJty was almost the ..,ame whether the 

signal-to-nolse ratio \\ a~ ll1crea~ed, decreased or not affected \\ herea" the 

spontaneous actJ<.,ity varied much more among the 3 lilffen:nt effecb ub..,er\cù An 

important inhibition of the ongoll1g activity corresponded \dth an Innea'le 111 ~lgnal

to-noise ratio while a smaller inhibition resulted 111 a decrea~e 111 the ~lgnal-to-nOl'le 

ratio Thus. the v~matlons of the effects of NE on spontaneous .lem lty appe.lred ta 

be responsible in a large extent for the v:.lnations of effècts of ;";E un the '>lgnal-to

noise ratio. 

Ove raIl, the signaI-ta-nOIse ratio was increased in 78<?c of the Inhlblted 

neurons displaying a receptlve field while the sig'~'11-to-nOlse ratio \va~ Jecrea~ed in 

only two cases and \ ... a~ unaffected In only two ca~es ;.11\0 (Table 14:-\) 

The time course of the innease In signaI-ta-nUIse rallO IS tllu,>tr Jteù 111 Figure 

14C for the inhibiteù neurons ùlsplayJI1g a receptIve field; Jt appeared to be a two 
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Table 13: Changes in the sIgnal-tü-noise ratIo produced by NE in relation to the observed effects on the spontaneous 
and evoked activities. The values are normalized as percent of the control period (SIN = signal-to-noise ratio). 

A: inhibited neurons. 

Effects on 
CeUs with a receptive field CeUs without a receptive field 

SIN Mean Maximal Mean Maximal 

Increased Spont. Activ. 28.9 :t4.5 9.1 :t3.2 39.4 :t5.3 23.6 :t4.5 

Evok. Activ. 56.6 ±5.9 43.4 ±5.8 71.4 ±6.9 61.1 ±5.1 

SIN 195.7 478.0 181.2 259.0 

n 12 12 9 14 

Decreased Spont. Activ. 85.5 :t 13.4 53 74 

Evok.. Activ. 64.0 :t 11.3 40 36 

SIN 74.9 75.5 48.6 

n 2 1 0 

Not changed Spont. Activ. 57.8 ±5.2 49.8 ±6.0 66.3 ±5.3 51.3 ± 11.0 

Evok.. Activ. 61.5 :t5.1 48.8 :t4.8 71.1 :t5.9 54.2 :t 14.3 

SIN 106.4 98.0 107.2 105.5 

D 4 5 10 6 

I06a 



B: Biphasic neurons. 

Effects on 
CeUs with a receptive field CeUs without a receptive field 

SIN Mean Increase Decrease Mean Increase Oecrease 

Increased Spont. activ. 41.0 ±2.8 11.2 ±6.4 60.7 ±9.6 97.0 ± 17.0 21.7 ±6.1 

Evok. activ. 72.5 ± 12.0 43.2 ±9.0 112.7 ± 14.6 142.0 ± 1.4 703 ~ 15.1 

SIN 176.8 385.7 185.7 146.4 324.0 

n 2 0 5 3 2 7 

Decreased Spont. activ. 107.5 :t3.5 183.0 ±21.5 64 138.6 ± 15.0 243.2 ± 19.5 52 

Evok. activ. 74.0 ±S.7 114.3 ± 14.5 47 37.0 ± 14.6 57.0 ± 17.5 31 

SIN 68.8 62.5 73.4 26.7 23.4 59.6 

n 2 4 1 5 6 l 

Not changed Spont. activ. %5 ±5.0 131.0 :!. 21.2 99.7 ±3.6 160.3 ± 13.4 13.7 ±H.6 

Evok. activ. Sb.O ± 1.4 149.5 ±23.3 111.0 ±2.6 145.0 ± 13.1 11.3 ±7.1 

SIN ~N.l 114.1 111.3 90.5 825 

n 2 ,.., 
0 3 3 3 
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C: Excited neurons. 

Cells with a receptive field Cells without a receptive field 

Effects on 
SIN Mean Maximal Mean Maximal 

Increased Spout. Activ. 73.5 ± 12.1 94.3 ±8.4 

Evok. Activ. 232.9 ± 101.0 269.5 ± 90.5 

SIN 316.9 285.8 

n 0 0 4 4 

Decreased Spont. Activ. 199.0 ±21.2 241.3 ± 16.7 199.3 ±53.0 305.3 ± 110.9 

Evok. Activ. 78.0 ±45.3 108.7 ±30A 101.0 ±26.5 116.5 ±23.2 

SIN 39.2 45.0 50.7 38.2 

n 2 3 4 4 

Not changed Spont. Activ. l31 250 369 

Evok. Activ. 104 213 344 

SIN 79.4 85.2 93.2 

n 0 1 

lOh c 
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step process. After NE has been turned on, the faster decrease of the spontaneous 

activity as compared to the decrease in the peripherally evoked activIty first 

produced an increase in signai-to-noise ratio of :!buut 30% within 7 ta 16s. Then the 

signal-to-noise ratio remained relatively stable during the interval of 70-805 \\ hen the 

spontaneous and evoked aetivities were decreasing at the same rate. As the Jeerease 

of the evoked activity reaehed a plateau, the ongoing actlvity cont1l1ued ta Jecrea~e 

causing a second increase in signal-to-noise ratio that was much more Important than 

the initial one. This second step of the increase in signal-ta-nOIse ratio explam~ why 

the ratio is mu ch more important when the maximal respome to NE 1~, L1~eJ tn 

evaluate the signal-ta-noise ratio as compared ta the mean respon~e (Table l3A). 

The changes in signal-ta-nOIse ratio calculated from the re~ponse 10 glutamute 

(n=20) were similar ta those found \Vith peripherally evoked acti\lty (Table 13A) 

The only difference was that the signal-ta-nOIse ratio \\ a~ unaffecteJ 111 

proportianally more ca<;e'i \vhen the mean effeet of ~E \va~ meJ. The dfèl.'b ot NE 

on the respanse ta glutamate v" ere about the ~ame \,,, htther the signai-to-no,..,e ratio 

was increased or unaffectèd. In contrast, the efft~cts of NE on the :-,pontane()u~ 

activity were bet\l,een -bD ta -75C:i- when the signal-ta-nOIse ratio \\a.., InCrèa..,eJ anJ 

only -34 to -4-9% ""hen the signai-to-noise ratio v.as unaffecteJ In tbe only ca~e 

where the signal-to-n01~e ratio"" as ùecreased, this effect wa~ due 10 both the relative 

resistance of the ongoing act!\ Ity to NE and ta the relau\e sen~lt1vlty of the re"'pon<;e 

to glutamate to the lOhibltory effecb of NE. Overall, 7()~é of the 20 neurun'l tc"teJ 

with glutamate and lOfllbiteù by I\E had their ~ignal-to-noise ratio InlTe~~"t'Ù \\ herea~ 

a decrease was observed in 5% of the cases and the slgnal-to-noi-,e ratio wa.., 
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Table 14: Number and proportions of the effects of NE on the signal-ta-noise ratio. 
Ta allow the effect of NE on the signal-ta-noise ratio for each neuron, bath the 
me an and maximal effects of NE on the signal-ta-noise ratio were considered. In 
those cases where the signal-to-noisf,~ ratio was unaffected for bath mean and 
maximal effects, a neuron was classified as unaffected. Whenever the effect on the 
~ignal-to-noise ratio had the same sign for bath conditions or if it was not affected 
for the mean or maximal effect and was affected for the other it was c1assified 
according ta the sign of the effect. 1l1e effect was classified as biphasic if the signal
ta-noise ratio was first decreased and than increased. SIN, signal-ta-noise ratio; Rev. 
biphasic, decrease followed by an increase. 

A:. Neurons displaying a receptive field. 

Effects OL. Oasses of Neurons 

SIN Inhibited Biphasic Excited Total 
neurons neurons neurons 

Increased 14 (78%) 2 (33%) 0(0%) 16 (59%) 

Rev. Biphasic 0(0%) 3 (50%) o (0%) 3 (11 %) 

Oecreased 2(11%) 1 (17%) 3 (100%) 6 (22%) 

Not affected 2 (11%) 0(0%) 0(0%) 2 (7.4%) 

Total 18 6 3 27 

B: Neurons lacking a receptive field. 

Effects on Classes of Neurons 

SIN Inhibited Biphasic Excited Other Total 
neurons neurons neurons ne uro ns 

Increased 14 (70%) 5 (46%) 4 (44%) 0(0%) 23 (56%) 

Rev. Biphasic 0(0%) 2 (18%) o (0%) 0(0%) 2 (4.9%) 

Oecreased 1 (5.0%) 4 (36%) 4 (44%) 1 (100%) 10 (24%) 

Not affected 5 (25%) 0(0%) 1(11%) 0(0%) 6 (15%) 

Total 20 Il 9 1 41 
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unaffected in 250/0 (Table 14B). 

33.92 Biphasic neurons. 

The effects of NE on the signal-to-noise ratio were assessed on 6 biphasic 

neurons displaying a receptive field (Table 13B). During the excita tory phase, the 

signal-to-noise ratio was increased in none of the neurons and it \\as decreased in 

4 of them (fable 13B). The reverse was observed during the inhlbitory pha~e, \ .. here 

the signal-ta-noise ratio was increased in 5 of 6 c~lSes and decrea~ed in only one 

case. As weil as for inhibited neurons, the different effects of NE on the ~lgnal-to

noise ratio appeared ta be dependent much more on the variabIlity of the effects of 

NE on the sponraneous actlvity th an on evoked actIvity. Overall, the ~ign,ll-[()-noi~e 

ratio followed a reversed biphaslc pattern (decrease followed by an lncrease) III the 

3 cases where both evoked and ongoing activities re~ponded blpha~lcally \\ hereas an 

overall increase was ohserved in 2 cases and a decrease in one CJ'le (T Jble l'+B). 

For the Il biphasic neurons responding ta glutamate, the sign~.tl-to-n(me ratio 

was decreased more often than it was increased dùring the excitatory pha~e (Table 

DB). But during the tnhibitory phase, the signal-ta-nOise ratio \\a~ tncrea'led in a 

majority of cases. When the SIgnal-ta-nOIse ratio was mcrea~ed, the tncr('a~e'l \\cre 

more important during the mhibltory phase th an dunng the excltatory pha'le Aho, 

the magnitude of the decreases were more important than thO'lè ohscrvcd on 

neurons dlsplayi[1g a receptive field. In the present case, the dlfferent effect:- of NE 

on the signal-ta-noise ratIO appeared ta be deper.dent on the effect of :--;E on hoth 

the spontaneous actJvity and the response ta glutamate. When the rnean dfcch of 
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NE were used, the effect of NE on the response to glutamate was the same whether 

the signal-to-noise ratio was lllcreased or not affected whereas the effects of NE on 

the spontaneous activlty was different between these two effects. In contrast, the 

decrea!les in the signal-ta-noise ratio were observed when the response ta glutamate 

was strongly mhibited and the ongoing acti·vÎcy excited. The same relatiop.ships 

between the effeets of NE on the ongoing activity and the response to glutamate was 

also observed during the excitatory phase. During the inhibitary phase, the 

unaffected cases corresponded ta very important decreases of both spontaneous 

activity and response tG glutamate (Table 13B). Ove raIl , reversed blpha5lic responses 

were observed in 2 cases whereas an increase was observed in 5 cases and a 

decrease in 4 cases (Table l..J.B). And again the effeet of NE on thi;! spontaneous 

activity seemed to he the primary determinant of the change occurnng in the signal

to-noise ratio. 

33.9.3 Excited neurons. 

Only 3 spontaneously active neurons displaying a receptive field were 

cIassified as excited and in ail cases the signal-ta-noise ratio was decreased (Table 

13C and l-lA) since the ongoing activity was markedly increased in each case and 

in the only case where the evoked activity was increased also, the ongoing activity 

was proportlOnally more increased thereby still decreasing the signal-ta-noise ratio. 

The magnitud::: of the decreases \Vere over 50%. 

In 1 \ "1 '1 'ihe ta glutamate, NE produced an increase in the signal-ta-noise 

, -+ of the excited neurons. A decrease was also observed in 4 cases and one 

110 

-

• 



neuron was not affected (Table Be and 14B). The effect of NE in those ca~es 

appeared to depend on whether the spantaneaus activity or the response to 

glutamate was increased the most. In the cases where the signal-ta-noise ratiO \ .... as 

increased, the spontaneous activity was not much affected whereas the response to 

glutamate was markedly increased (Table Be). In contrast when the signal-ta-nOise 

ratio was decreased, the response ta glutamate was only slightly increased and the 

ongoing activity was comparatively much more increased. 

One neuron responded ta NE flrst by a decrease of its ongoing activity that 

was followed by an increase white its respons,=, to glutamate was decreased prodU\:ing 

a decrease in signal-ta-noise ratio; this neuron has been included in Table 1-+8. 

The effects of NE on the signal-to-noise ratio in response ta peripheral 

stimuli and ta pulses of glutamate are summarized in the last column of Table 14A 

and B. Overall, the proportions of increases and decrease~ in signal-to-noise ratio 

were about the same for the two classes of neurons. An in<.:rease \va~ observeLi In 

aimast 60% of neurons while a decrease was observed in le~s than a quarter of the 

sample. 

3.3.10 Effects of noradrenergic agonists. 

Noradrenergic receptor agonists were administered ta 18 neurons and their 

effects were compared ta those of NE administered ta the same neurom. The u2-

receptor agonist, oxymetazotine was tested on 13 neurons and the G-receptor agoni~t 

isoproterenol on 5 neurons. 
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33.10.1 The effects of oxymetazoline. 

Oxymetazoline was administered ta 13 neurons using iontophoretic currents 

rangmg from 5 to 75nA. Neurons were affected with currents having a geometric 

mean of 16.4nA. The current of NE used on the same neurons ranged from 5 to 

lOOnA with a geometric mean of 19.4nA. 

In 4 cases oxymetazoline was applied on neurons while their receptive field 

was stimulated mechamcally. It mimicked the effects of NE in 3 cases while both 

drugs produced a decrease of both spontaneous and evoked activlties associated with 

an increase in signal-to-noise ratio. In tP p other case, oxymetazolint and NE 

produced both a biphaslc re~ponse on spontaneous actlvity and a decrease of 

peripherally evoked activity. In that case, the admirustration of oxymetazoline 

resulted In a decrease in signal-to-noise ratio whereas In the presence of NE the 

signal-ta-noise ratio WllS decreased during the excitatory phase and it was increa5ed 

during the inhibitory phase. Overall, oxymetazoline produced the same effects as NE 

on neurons displaying a receptive field with the exception that there was no effect 

on the signal-to-noise ratio of the biphasic neuron (Table lSA) One case where 

oxymetazoline mimicked the effects of NE is shown in Figure 18. 

In 5 ca!:les oxymetazoline was tested on the re~ponse to glut'lmate of 

~pontaneously active neurons lacking a receptive field. In 3 of these cases, NE 

produced a decrease of bath ongoing activlty and response ta glutamate. 

Oxymetazoline produced the 5ame effect in one of these cases and ln the two other 

ca~es only the ungomg llctivlty was sigmficantly decreased while the respunse ta 

glutamate \\as decreased but by only 21% and 14% in each case. The ~ignal-to-nOise 
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Table 15: Number of neurons affected by oxymetazoline. The effects of NE on the "ame 
neurons are indicated in brackets for comparison. 

A: Neurons displaying a receptive field. 

Spont. Activ. Evok. Activ. 

Decreased 3 (3) 4 (4) 

Biphasic 1 (1) o (0) 

Increased o (0) o (0) 

Total 4 (4) 4 (4) 

B: Spontaneously active neurons lacking a receptive field. 

Spont. Activ. Resp. to glut 

Decreased 3 (3) 1 (4) 

Increased 1 (1) 2 (1) 

Not affected 1 (1) 2 (0) 

Total 5 (5) 5 (5) 

C: Neurons lacking spontaneous activity and a receptIve field. 

Decrease 

Other 

Total 

Response to glutamate 
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4 (3) 

o (1) 

4 (4) 

SIN 

1 (0) 

o (1) 

3 (3) 

4 (4) 

SIN 

o (2) 

2 (3) 

3 (0) 

5 (5) 



ratio was increased in 2 cases in the presence of NE and decreased in the other 

case. On the ~ame neurons, oxymetazoline produced an increase in signal-ta-noise 

ratio in one case and no change in the two other cases. 

In one of the rem2ining two spontaneously active neurons lac king a receptive 

field bath NE and oxymetazolme produced an increase of the response ta glutamate 

while the ongolng activ!ty remained at control level; both drugs also produced an 

increase in signal-to-nOlse ratIO in that case. In the other case, both r--;E and 

oxymetazoline produced an increase of ongoing activiry but the response ta 

glutamate "",as decreasèd 111 the presen('e of NE and mcreased by 0\) metazoline So, 

with the exception of thiS latter case, oxymetazoline appeared ta proùuce dfects 

similar to NE but these effects of oxymetazoline \'vere not signiftcant on the response 

to glutamate 111 two ca:-,es (Table 15B). 

In 3 of 4- neurons lacking spontaneous activity and a receptive fIeld 

oxymetazoline mimlcked the effects of NE by producing a decrease of the response 

ta glutamate. In the other case, NE produced a decrease in the response dunng the 

first two rum and an increase in the subsequent runs whereas an inhibitIOn was the 

only effect observed \\lth oxymetazoline using the ~ame lontophoretlc current over 

the same number of run~ (Table ISe). 
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Figure 18: Effects of the a 2-receptor agonist oxymetazoline on a neuron ùbplaying 

a receptive field. This neuron had a receptive field that was c1assifled TAP al1li it 

\Vas not located in the histology. The baseline was estabh~hed \VIth 30 ~tlmulm 

presentations (A). The mean frequency of ongoing activity \Va~ 13 ~Hz and an 

average of 37.7 actions potentials were recorded at each stlinulLJ~ pre"entatlon 1\[ 

\vas admimstered with a current of 20nA during two contlnu{)u~ rUI1:-, of 10 '>tllm!lu,> 

pre~entation (B and C). During the fir~t run, the ~pontaneou~ activlty wa" decrea:-,ed 

to 4~% of the control period and the evokcù activlty by 7()~é wlllie the "lgnal-to

noise ratio was increa.,eù by '+6S'é (C). In the ~ec()nd run the '>pontaneou,> ueti, It}' \\a,> 

L:ccrea~ed further and repre\enteù nnly Y'c of the control \\ hile the è\oked ,ICU\ lty 

\\'J~ ~till 40% and this resulted In an lI1crea~e in "ignal-to-nol"'c r,lt!o ot 41 P ( a.., 

compared 10 the control level In that case both the ongomg anù e\'o!-"cd al'tlVlllC~ 

\Vere hack to the control level \vithin the following two mm (D) and then 

oxymetazoline \Vas aJministered for t\'·iO funs anù proùuced the sa me \.'ffect :1'> 1\[: 

(E anù F). In the first run oxymetazoline was started \Vith a currcnt ot ~()I1-\ \\ 11Icl1 

\\as dècrea~eù to lOnA aftt:r 5 ~timlJlu~ pre~cntatlon~ ..,mce It proùuœd a \cry .,trollg 

ll1hlbition. Dunng that run. the "pontaneou.., actlvity Vva~ ùecre~heJ tu 211(; ,tlld the 

c\okeù actLvity to 6Kê( re..,ulting ln an incrèa~è in ~lgr1al-to-[lol"e r,IIIU 01 1()2( { a,> 

compared to the penoù ju~t pnm to m.ymetazollne cjectlon (E) In the ,>cl'onu rLIll. 

both the ongoing anù evokeu activlty ùecrea..,cd further anJ the ..,lgnal-l()-1101'>C ratio 

\Va.., Increa'leJ by 3571/c (F). Tlm wa~ foll(l\\cd hy rccovery 3 II1ln after my,l1cta/olll1e 

(G) (See Figure 11 anù 12; bin wldth, 50m~). 
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3.3.102 Effects of isoproterenol. 

The B-agonist isoproterenol was administered to only 5 neurons \'. Ith 

iontophoretic currents ranging from 10 to SOnA with a geometric mean of 17.fIlA .. 

The current of NE applted to the ~ame neurons ranged also from 10 to SOnA anù 

the mean current was 17.8nA. 

Isoproterenol was te~ted on peripherally evoked activity in only one ca~e and 

it mimicked the effects of NE on that neuron. Both drugs produced a sigl1ltïcant 

decrease of ongoing and e\'oked activities. The magnitude of the effectc., wa" more 

important on ongoing aCtIVlty than on evoked activIty re~ultlng ln an lncrea.,e III 

signal-to-noise ratio. 

Two spontaneausly active neurons lacking a receptive f1elJ \'.ere tè~teJ \\ Ith 

isoproterenal and in both cases It produced a decrease of ongoing actlvlty and of 

response ta glutamate. 0:E proJuced the same mhlbttory effecb on tho\e neurons 

and one case is presented m Figure 19. Also both isoproterenol and \:E prllLluœLl 

an increase in sign;..tI-to-nol~e CHIO ll1 one ca~e and .1 decrea~è 1I1 the other ca~e. 

On two neurom lackmg ongoing activity and a recepm e fIc;lJ. r..,oprotereno! 

produced no sig,lifJcant eff~cts and did not mlmic the cffects of:\I::. In one ot the..,e 

neurons the response to glutamate was decreased by 21 Cc ll1 the: pre"r..:!1ce of 

isaproterenol while the ejectlOn of ;'\lE produced first a decrca~è lolI(med b)' an 

increase. In the other case, lsoproterenol produced an lIlcrea~e of Il C;'c In the 

response to glutamate \\ohIie NE produced a decrease of 84%. 
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Figure 19: Effect~ of the 13-receptor agonist isoproterenol. This neuron lacked a 

rcccptive field even in the pre~ence of glutamate. It was not locateà in the histology 

and could not be a~~igned accurately to a cortical depth from the micrometer 

reading. The ba~ellne was c~tabli~hed with 4 pulses of 20nA of glutamate (A). The 

re~ron..,e to glutamate averaged 31Hz and the frequency of spontaneous activity was 

O.Xi'{Ilz dunng that period. NE was then administered for two runs with a current of 

30llA (8) and for 3 runs using SOnA (C). Ouring the administration of NE 30nA the 

ol1golng actrvlty wa" reduced to 42S'é of the control penod and the re~ponse to 

glutamate to 74S'é re"lllllng 111 an increa~e in signal-to-nolse ratio of 76S'c. \Vnh 

Iligher current of NE the ongoing activlty \\as not further decr è:l,>ed whrle the 

re"pol1:o.c to glutamate wa:-. ùecreased to ·PC;,c and the ~ignal-to-noISè rJ.tlo retllrned 

10 the controllevel One 10 5 min after the cessatIon of NE, the ongoing activlty was 

at the controllnel while the re"pome to glutamate \Va~ rncrea~èÙ by 31 C:'ê ùuring the 

"ame perrod (0) Dunng the following of mrn the rc~pon:-.e 10 glut.tmate ùecrea:-'èd 

tn he only 20C é more than the control level whlie the ongoing actIvity Increa~ed to 

I~F (' of the controllevel (E). boproterenol SOnA was then aùmrnistered for 3 rlln~ 

and the ongorng aC11vl1y \\'as decreased to 54% and the response to glutamate tu 

.s 1 ('é of the penod preceding isoproterenol ejec1ion (F) In the pre~ence of 

I"oproterenol the "lgnal-to-noi:-.e ratio wa~ increased by SOSé. One to 4 min after the 

\.'c..,,,atron ot I"oproterenul admll1i"tratron 'JOth the ongoing and glutamate inùuced 

.let 1\ 1 tle:-. returned to the Ic\ t:l ob~er" ed ;Jrior I~oproterenol admlnr~tratron (G). (See 

l'igure II and 12, hm width, 500rm). 
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33.10.3 Effects of oxymetazoline and isoproterenol on the same neurons. 

Of the neurons tested with noradrenergic agonists, oxymetazoline and 

isoproterenol were admimstered on the same neuron in 3 cases. In one case, both 

oxymetazoline and isoproterenol mimicked the effects of NE and produced a 

decrease of spontaneous actÎVlty and peripherally evoked activity with an increase 

in signal-to-noise ratio. In another case where NE produced a decrease of both 

spontaneous activity and response ta glutamate with a decrease in signal-ta-noise 

ratio; isoproterenol mimicked these effects of NE while oxymctazolme produced only 

a decrease of ongoing actlvity resultmg in an increase in signal-ta-nOIse ratio. The 

last case lacked spontaneous activity and the response ta glutamate was decreased 

by bath NE and oxymetazoline but was not affected by isoproterenol. 

3.3.11 Effects of noradrenergic antagonists. 

In order to determine whieh receptors were activated by NE, attempts ta 

block the effects of NE on somatosensory cortical neurons "y'ere made using specIfie 

noradrenerglc antagonJ~ts. The effeets of NE in the presence of antagoOlsts were 

compared 10 the effects of 0iE al one 10 42 cases (Table 16). SpecIfie antagoOlst~ to 

3 different classes of noradrenerglc reeeptors were used The Cl 2-receptar antagonbts 

idazoxan and yohimbine were tested on 16 neurons, the !3-receptor antagomsts 

timolol and sOlalol were adrl11nIstered to 17 neurons and the Cl,-reeeptor antagomst 

benoxathlan \vas te~ted 10 9 ca~es Examples of neurons tested with antagonists are 

presented ln Figures 16, 22, 25 and 26. 
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Table 16: Numbers of neurons tested -with noradrenergic receptor antagomsts (n = 43). 

Neurons with a Neurons lacking a receptive field Total 
receptive field 

Spont. Active Lacking Sp. Act 

a2-antagonists: 

Idazoxan 2 9 ., 
13 

Yohimbine 0 0 3 " -' 

Total 2 9 5 16 

B-antagonists: 

Timolol 3 4 3 lU 

Sotalol 3 1 3 7 

Total 6 5 6 17 

al-antagonist: 

Benoxanthian 0 6 3 10 

Total 8 20 14 42 
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33.11.1 Effects of a 2-receptor antagonists. 

Idazoxan wa~ tested on 13 neurons using iontophoretic currents ranging from 

S to 40nA (geometric mean 11.9nA) while NE was administered with currents 

ranging from S to SOnA (geometric mean 16.6nA). In aIl but one case, the antagonist 

was tf sted alone for at least one run prior ta the ejection of NE. 

On neither the spontaneous activity nor the evoked activity did idazoxan 

appear to antagonize the effects of NE consistently ('fable 17 A). On 7 of Il 

spontaneously active neurons where NE alone produced a decrease of the ongoing 

activity, adding the blockll1g agent to NE blocked the se effects of :--rE in only one 

case and a partial black was observee! in another case. In the other cases where NE 

produced a dlfferent effect in the presence of the antagomst as compare ta NE 

alone, no consistent effects were observed (Table 17A). \Vhen Idazoxan was ejeeted 

alone, it produced a decrease of the spontaneous activity in 3 cases and no effeet in 

7 cases. In one case Idazoxan alone was not tested. 

In 10 of 13 uses tested wlth idazoxan, NE alone produced an inhibition of 

the evoked activity. These I11hibitory effects of NE were blocked by idazoxan in only 

two cases. In one case where NE alone produeed no effeet on the evoked activity, 

the ejection of NE in the presence of idazoxan resulted in a decrease. The 

admim~tration of Idazoxan alone decreased the evoked activity in 2 cases and 

produced no effeet in t\'v'0 other cases. Thus, this antagonist seldom showed any 

blocking of the etfeets of NE. 

The most comi~tent effect of idazoxan was observed on the signal-to-noise 

ratio. In 6 of 8 affected cases the addition of idazoxan resulted in an increase in 
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Table 17: Effects of az-receptor antagonists (n = 16). The effects of NE, of NE in the presence of the antagonist and of the antagonist alone 
are pre~ented for spontaneous activity, peripherally or glutamate evoked activity and for signal-to-noise ratio. Ali the effects are relative to 
control and each row represents a single neuron. The cases where the effects of NE in the presence of the antagonist were different than 
the effects of NE alone are shown above the lines and those where no dlfference were observed below the lines. ("'), decrease; (t), 
increase;( =), unaffected; (t "'), biphasic; (t J.), other; nt, not tested; IDA, idazoxan; YOH, yohimbine. 

A: Effects of Idazoxan (n=13). 

Spontaneous activity Evoked activity Signal-to-noise ratio 

NE NE+IDA IDA NE NE+IDA IDA NE NE+IDA IDA 
.j. = .j. .j. = = t t .j. t 
J. .1- l' l = 

'" 
.1- = = 

U -i. = = l = .1-1' t t 

= -i. = .1- t .j. nt 
= .j. = .j. .j. = = t = 

.l- l = = t = 
.j. .j. = .1- .j. = = t t 

l = .j. l = = .1- .l-

l ~ = .j. .j. = 
! .j. = l = l' t = 
l .l- l l ! nt l' t = 

.j. t .j. t nt l l .j. = = .j. 

t l' = 
= = = 
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signal-to-noise ratio as compare to NE alone (Table 17 A): in 3 cases \ly he re NE 

alone produced no effect, the signal-ta-noise ratio was increaseJ when :-..; E and 

idazoxan were ejected at the sa me time; in one case NE alone proJuceLl a decrea~e 

in signal-to-noise ratio while lt was not atfected by NE 10 the presence of id..lzo\an; 

in another case NE produced a decrease WhlCh was changed to a blphasic re'>pome 

and in the last case a reversed biphasic effeet produced by NE became an 1Ocrea~e 

in signal-ta-noise ratio when bath drugs were present. In the m 0 other affected 

cases, the signal-ta-nOIse ratio was decreased as compare to i\E alone. Idazl)\an 

admimstered alone produced an 10crease in signal-ta-nOIse ratIO 10 3 ca~e.., and a 

decrease in one case; these changes in the slsnal-to-nOlse ratio \\ e re due tu dlecb 

on bot~l the spontaneous and induced activaies. The ~lgnal-to-I1llI,>e r;,ttlU \\;'1'> not 

affected in the remalning 6 cases \l .. hde idazoxan alone wa~ not te'>teLl ll1 one ca.,c 

Yohimbine was tested on only 3 neurons lacking spont;,tncou::, aem 1 t) and 

produced no consistent effects elther (Table 178). 

3.3.11.2 The effects of Q,-receptor antagonist. 

The Q,-receptor antagoni~t benoxathian v..as tested on l) lleuron.., Idcklng a 

receptive field v..lth iontophoretic currents rang10g from 1 to 5n;-\ (gt.:omemc me an 

1.911.A..). In aU cases the .lntagof11st was tested alone and proJuceu no ~lgl1Jflcant 

effeet in the range of currents used although 11 appeJ.red to produce a \lgIllflCJl1t 

decrease in bath the spontaneous activity and the response to glutamate \lyhen hlgher 

currents were used. In all ca::,es :--';E was flrst admlnistered ln thc pre'lence uf the 

antagonist. 
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Six of the studied neurons were spontaneously active and 3 lacked thlS 

characteristic. In ail cases NE produced a decrease in both the ongoing aCtlVlty 

(mean -64.0 ±8.3%, n=6) and the respome to glutamate (mean -53 6 :t6.3~'c, n=9) 

when it was administered 10 the presence of benoxathlan. In contrast, when NE was 

admlOlstered aJone the decrease In the spontaneous activlty \\;as less important than 

in the pre~ence ofhenoxathlan (mean --+~ 2 ±7.5%, n=6). The response tu glutamate 

was sigmficantJy increased ln 3 ca~es (mean +35.3 ±2.7q.). not affected In 3 cases 

(mean -3.3 ±1410'c) and ùecreased 10 3 cases also (mean -~8.7 ±1.f.5c-'c) suggesting 

that the excitatory effecb uf ~E \\ere meùIated by Cl,-receptors. 

In the pre~ence of benoxathlan. ~E produceù an IOcrea~e In the ~lgnal-to

noise ratw In 5 out of b ca~e~ (mean + 77.6 ± 2..J..3 c;é) and a ùecrea~e 1I1 one ca~e (-

38C'lc). When ~E \\a~ aurnlOlstered aJone. the sIgnai-ta-noise ratIo \\a5 increased m 

3 ca~es (mean +~03 :!:19.1 Cé) and not affected in the other 3 ca~es (+12.7 

:!: 1O.00'c). 

3.3.113 Effects of G-receptor antagonists. 

The f3.receptor antagonist timolol was te~ted on 10 neurons uSlOg 

iontophoretlc currents rang mg from 5 to 50nA (geametrIc mean 207nA). The 

current uf ~E u-;eù to tc:- Ill1olo1 ranged from 10 ta 30nA (geometrJc mean 

16.HnA). In aIl cases the antagonist was tested alone prior to rhe admInistration of 

~E. 

In 5 of 7 ~pontaneously active neurons the response of th(; ongolng actlvlty 

10 NE \'vas modlfIed In the presence of timolol (Table 18A). In one case the slgn of 

the effect was reversed when 0:E anù timolol \;\ere eiected together. ln two biphaslc 
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Table 18: Effect~ of B-receptor antagoni!:.ts (n= 17). TIM, timolol; SOT, ~otalol; !>ee leg~nd of table 17 for other abbreviatlOns. 

A: Effecb of timolol (n = 10). 

Sponlaneous activity Evokcd activity SignaJ-to-noise ratio 

NE NE+TIM TIM NE NE+TIM rnM NE NE+TIM TIM 

l 1 t ! = t = l 
t ~ l t 1. == l t l t 
t L 1. t t 
t L t ~ = ! == t t f 

== == i == ! ! ! 

= l = l J l 
! t = == == 
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neurons, the excitatory eomponent was sUI)pres~ed and in another ca~e the lnhlhltof) 

phase disappeared when NE was ejected ln the presence of tlmolol. In one ca~è 

where the spontaneous ilCtl\tlty Wil:, not affected by 0lE, 11 \\a~ decrea:-.ed ln the 

presence of both KE and timolol. When administered alune. tunulol pruduced an 

inerease of the spontaneous actlvity ln 5 cases and a decrea~e ln one case \\ hde no 

cnange was observed in the last ca:,e. 

Timolol appeared to block the inhibitory effect of NE on the evoked aCtlvity 

in two cases hut had no effeet 111 4 other inhibited cases (Tahle 18:\) In one e\clted 

neuron in the pre:-.ence of :--'E alune. the evoked actl'dt\ \\J~ dccreJ,>ed \\ ht:n buth 

!,;E and umolol \\ere pre~ent Three case~ \'"hICh \\erè nOl altèlleJ h) '\E Jlone 

were inhlblted \\hen umolol \\a:, addeJ '0 :\E Tlmulol ,lIone : .. tth:ctcJ the è\lll-.eJ 

activity less often th ... l11 the ~ponwneous actlvlty, lt produced J decreJ,>e 111 t\\O CJ~e) 

and an inerea~e ln one ea'Je \\ hde in 7 case~ no effech \\ae ()b~er\eJ 

Desplte the fJet that tlmolol affecteJ (he re"pon..,e of the ~ponwne()u~ .llll! 

evoked aet!\ ItleS to :-";E in a majority of cases, the effeet nf :-";E un the ""Ignal-to

noise ratlo \\a~ altered In only 2 of the 7 cases stùdleu (Tabk IK-\) In the t\\() 

affeeted cases, the addition of tlmolol appeare , to produce a dccrc:.l~e III ~Jgn.d-tll

noise ratio as compare ta :\E alone The adnlll1l~tratlon of tImulol ajonc pruJuced 

a decrease in ~lgnal-to-nOl::,e ratio in 3 cases, an mcrea::,e 111 2 ca~e::, \"hde 2 Caè:lè'l 

were not affected as compare to control. 

Sotalol, the orher B-ant:lgol1l..,t tested 111 the pre~ent 'ltuJy, atfecteJ the 

response to :--:E than tl molol. So t:.tlol \~ as admll1bte red \~ \th 1 () n tophore li C cu rrt 11t" 

ranging from 10 tn 75n:\ (geometfIC mean 392nA) and '\E \"nh lurrenh ranglng 
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from 15 to lOOnA (geometric mean 41.7nA). 

~E was tested in the presence of sotalol on 4 spontaneously active neurons 

and in two cases the response of the spontaneous activity to NE was ch~ nged as 

compare to NE alone but these effects were not consistent (Table 18B). In the 7 

cases tested. the effeet of ~E on the evoked response Vias not modified by the 

presence of sotalol during the eJectIon of NE. Further, the administration of sot aloI 

alone produced no dfeet on the evoked aetivity. The effeet of NE on the sign;tl-to

noise ratio was changed ln m'u cases when sotalol was present. 

So III ~ummary, J3-antagoOl:,ts did not consistently block the effeets of :--;E. 
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3.4 Long-term effects of norepinephrine. 

In addition to the effects produced in the presence of ~E relea!)eu trol11 the 

iontophoretic pipette, sorne changes ln neuronal eXCltablllty were oo::;er\eu to oegln 

or to extend long after the aùmwIstration of NE had stoppeù Etfecb la!)t!llg heyonu 

the period of admInistration \Vere observed ln al! classes ot celh ~tUllleJ The,>e 

effects were called ~hort-term effects If they lasted for !e!)S than 5 mm atter the 

cessation of NE and long-term effects If they lasted more tl'an 5 mm Thl:, lime \'·:a~ 

chosen becau~e In mo~t IOntophoretic studles In the cerebral cortex, the dfech ot 

~E ~ere not reported to la~t conslstently more than 5 11110 ("ee '>èCtlun 1 2 111 

Introduction). Furthermore, prevlOus ~tudles in thlS !aboratory on the !ong-la,>uIlg 

effects of acetylcholme on somato~ensory cortIcal neurons ha\ e u:,eù thl!> CrIkrlU!1 

also (\1etherate et al. 1l)~Kb). 

Long-lasting dtec!:' \\ere ~tudied in b9 out of 117 neurom (5l)é é) 1[1 \\ hlCh the 

action potenttal remameJ ~table for :,ome penod of ume after the te ... !', \\ lth '\ L 

had been completed In the:,e ca'les It v.as pos!>Ible to continue to monItur the le\ el 

of neuronal excItahiiity ;'" nJ ta oh~e["\e any effech of :\E til;.lt beg,lll atter the 

admInIstration of \E h<iJ been termIl1ated In m:lk.lng "uch L()rnp,lrl~()rh It h 

important to ùemon')tr~lte lhat the b~ case!:. "tmiIed \I,ere not \cb:tcd 1I1 d \\~Iy tlut 

would produce a hlJ~ed :'J.mple To exclude thl!) pO~~lbdlty the re~h()[h thJt the 

other 41c:'c of the 117 celb \\ere nOL ~tudied were explorcd cJrdully and tht:;. .Ife 

listed in Table 1~ In general. the reason for not :,tud)ll1g a partlculJr etll \\,1\ ~lmply 

a ouestlOn of not hèlng abk w hulL! the cel! fDr a penod ul lImé 'lutflClellt t(J obt.ull 

the necessary data. the a\ erage ume that the c .,cluded cclh \\t:rè "tudled \'"l' k,~ 
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Table 19: Information concerning the 117 cells in the sample used ta examme long
term effects of NE. 

Total time held Time held Reasons to 
( min) after NE 

(min) 
stop study 

Type of ceUs 

Studled 58.0 ±3.l 12.9 ± 1.0 other te~ts. n = 58 
long-term tao small, n = 7 
n=69 (18 to 140) (2 to 36) Idt, n=4 

:'-1ot studied 26.2 ±2.2 4.8 ±0.6 too small, n = 28 
Illng-term lust, n = 12 
n=48 (6 tu 60) (0 ta 16) un~tahle. n =4 

JepulanzeLÏ, n=4 
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than 5 min following NE admInistration and the study was terminated because the 

cell was lost rather than because another study v. as undertaken. Thus there Joe~ not 

appear ta have been any ~election of neurons that was unJer the expenmenter's 

control. 

The first question IS ta establish by ~ome obJectl"e measure whether or not 

long-term effects were produced by the prior admlnlstration uf NE Thl~ que~tlun 

is dlfficult ta an:,wer because tests for long-term effects, by thetr nature, -ire not 

amenable to the control5 U~U:.ll1y admmistered m lontophorettc ~tudie~ That IS, It 

is not po~slble ta esrablbh a ba~eltne re~ponse, admlnt~ter the drug. and then to 

meamre the ba:-,elmc re~pon::-.e agam; long-term effecb lmply that th~ rc"p()ll~e~ uf 

the cell do not return 10 control \aILles. 

As a re~ult, the ohser. atlOn of 3. long-term dfect can only be relatcd to 1 h 

immediately preceding baselmè, opemng the pos~lbJllty that a clwIge ln 

responsivenes'i ma;. be ~lmply a ~10\\ trend 111 the JaL.l due ta ...,nme factor olher than 

the admlni~tratlon of \E Thm, the hypothe,ls that '\E has nu long-[erm dtecr 1" 

that sorne in,tabillty In the re:.ponsl\ ene~s of the œil proouced data \t, hère tlle 

responses gradually Incrccbed ln ,ome celh, gradually oecrea"ed In other cell" c1l1d 

in a thlro group there ~hOlllo he no ch:.lnge 

A tes! of the eXl~tence ot a long-term effect of \E I~ ta adJ aIl uf the oclta 

from ail of the cells If the :1\ erag(> re~pome for the cclb JOè'l not change then the 

net effect of :--'E on a population of 'iomatosensory nèuron~ \~ould he ncgllglhle 

That lS the po~itt\e df..:cb woulJ be cancelleJ by thc n..:gati\è effcCh pr(}dul'J1lg a 

mean that \va., nut signiflcantly dlfferent From the control \ :llue h(m cver. p()ol1l1g 
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the data in thls way produced averages that were consistently larger than the control 

values by a sigmflcant amount when glutamate had been used to induced a neuronal 

response. The results were somewhat dlfferent in terrns of magnitude and time 

course for the cells In each c1ass and thus will be presented separately. The 

categorie~ of neurons descnbed in the present section remam the same as those 

employed m section 3 3. where four classes were identified: the majority of neurons 

re~ponded by an mhlbltion of both the ongoing and the evoked activity. In 3 other 

c1a~ses eitller one or both of these aspects of the discharge pattern \\a~ enhanced by 

NE HO\ve',(;:!r. tha~e celb lnhlbned by NE and thase \I,ith an excltatory component 

tn the re~ponse appeared to have ~eparate laminar locations. Far tlm rea'lon. the 

neuron~ wlth an excltatory component ta their response were considered together 

and tho~e mhlbited \\ere can~ldered as a separate group in the present section. 

3.4.1 Neurons displaying a receptive field. 

The period following ~E administration was exammed m 15 neurons 

displaying a receptlve field for penods ranging from 2 10 23 mm (mean 9.7 ::: 1.6 

min). Of the~e. Il \\ere lnhlblted ln the presence of NE. 3 were exclted and one was 

not affected The effects ob'lerved wIthin 5 mm and more than 5 mm after the 

ces..,atlon of NE are pre~ented m Table 20 for the 14 neurons affected uunng :\E 

admil1I~tratiOn 

In at lea~t 800é of the mhlbited neurons, bath the 'ipontaneou~ J.nd e'vokeu 

actI\ltie-; \'"ere back ta the control level \\ithin 5 mm followmg the ces~atlÜn of NE 

(Table 20A). Dunng that penod. the ongolOg J.ctlvity \'YJ.:' decleJ.~ed ln t".;o C:.l~è) and 

130 



Table 20: Short-term and long-term effects of NE on the spontaneous actlvity, the ~\ u\...~J 
activity and the signal-to ·noise ratio of neurons with a receptive field. 

k Neurons inhibited during NE administration (n= 11). 

Short-tenn (~5min) Llng-term (> Smin) 

Sp. Act Ev. Act.· SfN· Sp. Act. Ev. Act.· SjN* 

lncrease o (0%) 1 (9.1 %) 3 (30%) 2 (290ê) 2 (25 C é) o t O('~ ) 

Decrease 2 (200/ .. ) l (9.1%) 0(0%) o (00é) o (OSé) O«(\lr) 

No effect 8 (80%) 9 (82o/c) 7 (70o/c) 5 (71 C é) 6 (75~é) 7 ( 1 (Jur 1 ) 

Total 10 Il 10 7 8 7 

B: Neurons displaymg biphasic response or excitation dunng ~E admlnl~tratlon (n = 3) 

Short-term (~5min) Llng-term (> Smm) 

Sp. Act. Ev. Act. * SIN· Sp. Act. Ev. Act. SjN 

Increase 2 (100%) 1 (33%) 0(0%) 1 (lOoc'c) o (0%) U((JIi.) 

Decrease o (0%) o (Oo/c) :; (100%) o (0%) o (O~é) 1 (1 our ( ) 

No effect 0(0%) 2 (67%) o (0%) o (Ot::ê) 1 (IOUSé) U (0',; ) 

Total 2 3 2 1 l 

* One neuron lacked ~pontaneous activity. 
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C: All neurons dlsplaymg a receptive field (n = 14). 

Short-term (~5 min) 

Sponl Act· Ev. Act. 
(n=12) (n = 14) 

Increascd 2 (17%) 2 (14%) 
+88.5 ± 12.0 +37.J :t3.5 

Decreased 2 (17%) 1 (7.1%) 
-46.0 ± 19.8 -43.0 

NOL affected 8 (66%) Il (79%) 
-5.4 ±4.0 -5.2 :t3.3 

* Two neurons lacked spontaneou~ activity. 
** One neuron lacked spontaneou~ activity. 

SIN-
(n = 12) 

3 (25%) 
+35.3 :t6.7 

2 (17%) 
-54.5 :t2.1 

7 (58%) 
+ 2.4 :t5.2 
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Long-term (> 5 min) 

Spont. Act. _. Ev. Act SINn 
(n=8) (n=9) (n=8) 

3 (37%) 2 (22%) 0(0%) 
+78.0 :t32.9 +48.5 :t3.5 

0(0%) 0(0%) 1 (12%) 
-63.0 

5 (63%) 7 (78%) 7 (88%) 
-9.2 :t5.2 -9.7 :t4.1 -4.0 :tS.l 



the evoked activity was decreased In one case and incrt.ased Ln another case. The 

signal-to-noise ratio had also returned ta the control level ln a maJonty of cases 

within 5 min after the cessation of NE. 

For times greater th an 5 min after NE, the spontaneous and the t!voked 

activities were increased in two cases. These increases in activity were Stlll pre~ent 

13 and 23 min after the cessation of NE when other tests were performed on these 

neurons. The activity of the other neurons remained at the control level for the 

remaining period of time they were studied (6 to 11 min after the cessation uf NE). 

In aH the cases studJed, the signal-ta-noise ratIo was not different From that ob~ef\'eJ 

du ring the control period. One case wherl! both the spontaneous and evoked 

activities were enhanced for more th an 5 min is shown in FIgure 20. 

The time course of the response of the inhlbited neurons dunng anù after the 

administration of l'\E IS shawn III Figure 21A. DurLng NE adminl~tratlon, the 

decrease of the ongoing activity v. as more Important than the une ob~çr\'eJ on the 

evoked activlty resulting III an lIlcrea:-,e in signal-to-nOlse ratio. Foillm mg ~ E, the 

evoked actIvity recovered more rapldly than the spontaneolls acu\ Ity and dunng the 

first 3 min the signal-to-nOise ratio was incrp.Jsed as compan:! to the control penod. 

From the 4th min, both spuntaneous and evoked activltles were back to contrul kvel 

as well as was the signal-ta-noise ratio. 

Within 5 mm of the cessation of NE, the ongoing activity \\.lS lflcrea~ed !TI the 

2 spomaneously active neurons e\clted during ~E adnllnt~tratlon (Table 208). The 

evoked activity wa~ enhanccd m 1 out of 3 cases whilc in the 2 other ca,>.:) the 

activity had already returned ta the control leve!. The ~lgnal-to-n(me ratio wa~ 
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r Igure 20: Long-lasting increase in ~pontaneous and evoked activity of a neuron 

dà'>playing a receptive fIeld. This neuron di~played a SRA receptive field and was 

locateu in layer IV of area 3b. The baseline was established \vith 90 stimulus 

prc"entauon .... Dunng that penod the ongoing activity was lo\\' at O.5SHz and each 

'>t1ll1ulu,> pre ... entatlOn evokeù an average of 8 action potentials (A). NE 75nA \\a~ 

aÙll1Ini,>tercù ùunng two con~ecutive runs reùucing the spontaneous acti\ ity ta 429C 

of the control penod anù the èvokeù actlvity to 84C;é rC5ulting 1I1 an Increa'le in 

'>lgnal-to-l1oi~e ratio of 100C;'( a.., comçared tu tht.. control (B). DUflng the 3 min 

foll()wll1~ NE admini~trati()n the ongomg activity averaged 'ci7C:i of the cuntrol pcriod 

and the evokeu activlty 12(V'( (C). In the following min both thé: ongOlng anu the 

l'\oked aCl1vitlc ... increa,>ed regularly and 12 to 14 min after ~E aumini"tration the 

ollgoing act/vit y hau Increa'leu by llYé and the e\oked activity by 67Sé (f"'\ The 

-"lgn',I-lo-l1o!I\e latH) v.as decrea~ed hy 2:!C;é uuring This period. FollO\'ving thi~ other 

':. " \Vere performed on thi~ neuron. (Set Figure Il and 12; bm width SUms). 
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deCl ea5led in two cases. 

Only one exclted neuron was studied for more than 5 min after i\E. Its 

spontaneous activlty was increased and its evoked response not dlfferent from 

control. Dunng that period, the 'ilgnal-to-nOlse ratio was decreased. The profile of 

the response of these neurom I~ not ~hown because of the heterogeneltj of the 

responses ob~erved dunng ~E admini~tration and also becaust: of the small ~ample 

size during the recovery penod 

When mhlhlted .. ind exclted neurons were poole d, it appeared that in a 

majoflty of C;.l~e~ huth the ::,puntaneous and evoked ..lctlvities returned 10 control 

level l,I,ithm 5 mm follO\~Ing ~s and the activlty \~us Increu:-ed ln a fe\~ neurons 

(fable 20C) When Increases \~ere ohserved, t,ley \~ere proportlUnally more 

Important on the "'puntaneous acu\ lty than on the e\ oked acti\ Hl' Sorne neuron~ dld 

not recover from the InhlOltory effects of i"."E during that penod. In those cases, the 

decrease \\-a., about 5UC''c of the control for both the :::.pontaneous and e\ oked 

acUvitle~. In mer half 01 cases. the "'lgnal-to-nol~e ratIo \hlli not dlfferent th;.m lt \~as 

dunng the control penod In 25 c ( of the neurom it wa~ ll1crea'led oy an ;1\ er:.lge of 

35 3C:-ê v. hile lt \~ a~ decre:.l,>ed by 5-l 5ê 'c ID 1796 of case~ 

In neurons ~turlled for more than 5 min after the admInistration uf ~E, the 

proportIOn of neurom wlth lncreased actlvity was ~ltghtly hlgher than had been 

obtlerved \\-lthm 5 min The magnitude of the increases was the ~ame a~ \vlthin 5 min 

of the ce'i~atlon of r\E. 1\0 tllgniflcant decrcase'i as compared to the control penod 

\Vere ohservd. In over 60S'0 of the neurons there W:.lS no e\ Idence of a long-term 

increase in activity. The signal-ta-noise ratio was decreaseJ in only one case (12%) 
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Figure 21: Tlme cour::.e of tlIe re)pome~ to :'-lE dunng and after the adI11ll1htr,ltl()!1 

of 0:E for different cla~~e~ of neuron~ 1I1hlbited 111 the pre~enœ (lI \E. ln B ami C 

the number of neuron~ are lower at Ume" 1, 3 and 5 min h~GiU,>~ for ,>()me n~UH)lh 

glutamate plll:,e~ ",ere gl,en ut 2 min Interval't, Vertical bar~ rt:pn.''tent the \tandard 

error of the rnean. 

A :'\eurons ùl~pla) mg a receptlve fielù and Inhiblteù by :\E 

13 Spontaneou~ly active neurons lackmg a recepti've fielù and Inhlblkù lw :\L 

C. \eurom Iacking spontaneou:-. actl\'lty and a receptIve field anJ InhlhiteJ hy '\1: 

\ok the ùlfference m the \ertlcal :,cale l'rom A anù B. 
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and was not affected as compared to the control perIod In 7 (1'~SCé'). 

In summary, long-lastmg effects were seldom obsel"\eJ ln neurons ol..,pLl) mg 

a receptive field and the overall tendency was a return to the ba~eline \\ ithm d few 

min following the admmistratlOn of NE. 

3.42 Neurons lacking a reCl!ptive field. 

Fifty-four neurons lacklng a receptive field displayed a "table action putentlal 

following the admlnl-.;tratlOn of ~E long enough for ~tudy Half of tho __ e \\ère 

spontaneously active 

3.4.2.1 Spontaneously active neurons. 

The penoJ folll)\l,ing th~ éjeCtiOn of :--.iE \\:1'> exammeo ln 27 "'!)()!1ul1è\llhl: 

active neuron"l Iacklng .1 reCèptl\ e tleld for 3 tu 2S min (mean U of :!: 1 of I11ln) 

follm\mg the aJmlnbtr,ltlOn of:\E. In lb neurons);E haJ pruduceJ un!) 111111hltl()n 

dunng :1dmlnl~tratlon o.nJ withm 5 mm of the cessatlun of:--'E bnth the __ pontanèllu.., 

:lctlvity and the re~pon~e to gluwmclte returned tu t!Je control k\elll1 :.lbou[ !J,tif (JI 

them (Table 21:\) In the rest of the œil.." the re~pome to glut:.1matè \\d'\ èlther 

mcreased (25°[ of the c:.l'le..,) or Jecre:.lseJ (10 19('é of case..,) \\!th [\.>rClt tl) Ihe 

control. In contra~t, the ",por"aneous actl\lty was greater than the control ln onl} 

6Cfc of neuron~ and Im\cr lI1 of-VI. of cases. As a re ... ult, the ~lg11oll-tll-1l01~C rdUo \\..1'> 

!Ilcrea~ed !Il 63 cé of the tnhlblteJ neurons In the flrst:; mlO fclll)\\lflg the èl1d ut \[ 

treatment. 

More than 5 mm after ~E, the proportion of case __ \\ Ith an eI1hanced 

response to glutamate hau mcreased tl· 54SG while the ~pontanc()u.., :.1dl\ It} \\a.., 
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Table 21: Short-term and long-term effects of NE on spomaneously active nèurons l:..td.mg 
a receptive field. 

A: Neuruns inhlbited during NE administration (n= 16). 

Short-term (~5min) Long-term (> 5min) 

Sp. Act. Ev. Act. SIN Sp. Act. Ev. Act. SIN 

Increase 1 (6.3S1:) 4 (25~'c) 10 (63%) 3 (23C1c) 7 (5'+~c) 7 (5'+ cc) 

Decrease Î (4·Vé) 3 (l9CC) o (O<7'c) .+ (31C-é) o (OC-e) 2(1:'(~) 

No effect 8 (50C;é) 9 (56C7é) 6 (37C:C) 6 (.to~é) 6 (.+b0é) .f (31 cé ) 

Total lb 16 16 13 13 l~ 

B: Neurons dlsplaying 
adminl~tration (n=11). 

biphaslc response. excitation amI other re~ponse Junng \E 

Short-term (~5min) Long-tcrm (> Smin) 

Sp. Act. Ev. Act. SIN Sp. Act. Ev. Act. Sj>:-'· 

Increase 5 (45%) 5 (45C:f) 5 ('+5%) 5 (50%) 7 (7U~i) () «(l i C é) 

Decrease 5 (45%) 2 (I8Sé) 5 (45%) 5 (50%) o (OSé) ., (.,') (' ) _ , __ C 

No effect 1 (9.1'7c) 4 (36'7c) l (9.1Sc) o ~ o Sic ) 3 (30S·() 1 (ll(é) 

Total 11 11 11 10 10 9 

~ One neuron \\:lS exc\uùed because the current of glutamate was ùecreaseù 7 mIn after the 
admlTIi~tration of NE. 
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C: AIl ~pontalleoL~ly active neuron~ lacklI1g a recepllVè tleld (n = 27). 

Short-tcrm (:~5 min) Long-term (> 5 min) 

Spont. Act. Glut. Act. SIN Spont. Act. Glut. Act SIN*" 
(n=TI) (n= 27) (n =27) (n =23) (n=23) (n=22) 

Increa'icd b (22%) 9 (33%) 15 (56%) X (35{/r,) 14 (61%) 13 (59%) 
+ 154.3 :t337 + H4.1 :t 24.5 + lOX.2 :t 25.3 + 66.5 :t 15.2* + 57.8 :t 8.1 * + 182.1 :t42.9 

Dccrcased 12 (44 c/c) 5 (19%) 5 (1l)(;i.) <) (39(;0) 0(0%) 4 (18%) 
-47.2 :t5.0 -38.8 ±9.6 -47.0 :t X 3 -53.3 ± 5.9 -47.7 :t 10.0 

Not affccted 9 (3Jl?i.) 13 (48%) 7 (26(}'c.) 6 (26%) 9 (39%) 5 (23%) 
-3.4 ± 3.7 + 7.b :t 2.1{ +3.b ±h.2 -47 ±4.2 +9.0 ±4.7 + 12.6 ±6.4 

* Twu neurons were excludcd trom the .Iverat;c hecau~e the current of glutamate wa.., decreased 7 min after the admml..,tratlOll 
of N 1: 111 onc ca~c and m the othcr ca..,e the ongolIlg actlvlty W.I.., 477 1,{ of control 

.... ( )ne ncuron was c' ::luJcJ l'rom the average becau"t" the current of glutam • .l1c \\'.1" Jecrea~ed 7 mm after the aJmml~tratlOn 
ot "E 

l ~7 L 



enhanced in only 2JSlc-. In contrast, the spontaneous aCtIvlty remamed lower than 

dl.lflng the control penod in 31o/c of the neurons and m 46% the level of ongOlng 

aCtlVlty was not different than it had been during the control pertod In over half of 

the neurons the signal-to-nOl~e ratIo was increased as compared ta thf! control period 

and It wa~ decrea.':led In only 15% lea\'ing 31!jé unchanged. Figure 22 ~hO\\s an 

example of a neuron that v .. a~ not affected following l"E administratlon. 

In ail cases v..here the response to glutamate v..as seer to be enhanced for 

more than 5 min. lt remaIned enhanceJ for the duratlon of the penod ~tudied (6 ta 

20 mIn) The "pontaneou<;, activlty tended ta return ta control; 1I1 t\\ 0 of 3 cases the 

Încreast! m t l1e ongomg aCtl\lty \\3" back to the control le\"l 12 and 1-1- mm 

re'lpectl\ely after the end nf :\E ad:nlfll:,tratlOn. In the ca::-'I:s \\ here the ongomg 

activIty wa~ depres:,eJ more than 5 mm after the ce~sation of :\ E. the:-,e efkcts aho 

remaIned fur as long a~ the cells v..ere studied, untIl 8 ro 15 min atter the 

admInl~tratton l)f :\E. 

The tIme cour'le of the nt'uronal activity dunng and after :\E admmi~tration 

ta tho~e inhlblted neuron.., appe;.m In Figure 21B. During the aJolllmtratwl1 uf :\E, 

the onguing actiVIty was decrea:,ed mueh more th an the re:-,po!1:,e ta glutamate 

proJucing a ~lgI1lflcant ll1crease in :,ignal-to-nolse ratio. During the recO\ cry penod, 

the ongomg aet!\ lty recovered very 'ilowly from ~he mhlbitory effects of r\E and it 

\I,as not before b tt) R min after the cessation of r--;E that the ave! age redched tIle 

control le\èl. In contra..,t, the a\erage re~ponse tu glutamate reached the control 

le\cl after {,nly t\I/O mm and it kept growmg after that for the penou of tIme 

pre~ented In neuron.., ..,tudled for 12 min or more, the mean sp()ntaneou~ aetivlty 
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Figure 22: InhibItory effects of NE that wa~ not followed by a long-Ia"tmg lI1Cn:,\"e 

in the re~ponse. This neuron had no receptIve field uncO\cred by glutamate .Ind 

t'rom the micrometer readtng it appeared to be situated in the n1ll.ldk I,ly el" The 

ha~ellne \Vas e"tahlbhed wlth three puhes of 20nA of glutamate (:\). Dunng the 

control period the frequency of the ongoing activity wa~ 1 23IIz and the re,,[)Ume to 

glutamate averaged 1.9Hz The QI-receptor antagoni~t beno.\athlJ.l1 \\-li" adllllllbll'red 

alone for 2 rum, and produced no significant effect (B). NE was addeJ for 3 1 un,> 

and during the two la-.t run~ the ongomg activity \\-as decrea~ed tu 2hS,[, uf the 

control period and the re"'pome to glutamate tu 3-1-( é (C) DUrtllg ~hc "dl11t..' pt..'ll(}d 

the "'Igllal-to-noi~e ratio \Va.., Increa.,cd by 31 C,é. Ounng the 5 min tcllO\\ Illg the 

adl11lni..,tration of :--:E 111 the pre..,ence of beno\athtan, the ongomg actlvlty averdgcd 

()oc[ of the control and the re~pon"e tu glutamate 75 c ( "0 that the ...,ignal-to-l1oi"e 

r,ltlO wa~ tncrea"ed by 25('; dunng that period (D). SIX tl) l() min ,titer the trl',ltment 

the ongoing actl\lt) \\as l()7e; of the contml kvel and the re"'pun:-,e to gll1t~ll11att' 

9S é ( (E) 0:E \\a~ at\mtnlsterel: \\ ahout the antagol11..,t fur 3 run.., and pIOÙUCt'd a 

mLlch le..,,, Important inhibition than in th..: prè"ence of oenox:1thlan Ourll1~ the Ll"! 

mo run'i tht:: ~pontaneom actIvity \\3.~ Jecrea~ed to 61c~ of the control penoL! and 

the re"pon~e to glutamate to ()7 er resultlOg ln no '>lgnitlcant ch,lngc ll1 tht' "igll,tl

tn-I1Ol"e ratl,) (1'). During the 5 mlI1 foll(ming 0:E the ongolng aL'tl\ Ity a\èragt..'J \")( ( 

ot the control level and the re"'pon~e to glutamate 5W~ (C,) But () tu iD m!l1 \Il) 

and Il to 15 rml1 (1) after both the ongotng activIty and the re"polhe ln glutallute 

\\cre back at the control leve!. (S~e Figure Il and 12, bltl wldth, (lOOrn-.,. 
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remained in the range of the control level while the response to glutamatr> wa~ 

significantly increased. 

The recovery period for Il neurons excited in the presence of NE was 

studied. Within 5 min of the cessatIOn uf NE, in 46% of the neurons the ongOing 

activity and the response ta glùtamate were increa~ed (Table 21B). The onguing 

activity decreased during that period ln the same proportion of neurons and a 

decrease in the response ta glutamate was observed ln only l~Cê of ca~es. ln 45S"o 

of the neurons the signal-ta-ncise ratIO was increased, decreased in 45 l c and only 

one case was un:lffected. 

Aiter 5 mm, 70 l e of the rClipanses tu glutamate were Increa~et.! \ ... hdc the 

athers were nat dlfferent than the controllevel. During the same penot.! the dngomg 

activity was lncreased irl 50~'é of the cases while the other half of the ,>ample 

displayed a decrease ln their ~)pantaneaus actlvity. In all ca~es these long-tcrm eltect~ 

lasted for as long as the recovery periad was studled (7 ta 30 mIn) 

The average ume, cour~e of the change:-, ir. excltabIllty follm\lI1g ~E 1,> ,>h{)\v/1 

ln FIgure nA Only the recmery pertad is shovvn becaLhc ut' lhe hetèrogcl1clty ut 

the responses ob~rf\ed 1I1 the pre~ence of NE. Durtng the 5 tlr,>t mlIl follo\\lng the 

administratIon of NE, the average of both the ~pontaneou~ actlVlty ,U1d the re"pon:-.e 

ta glutamate increased above the control level \vhlk more than 5 mm altcr the 

cessation of NE the ongoll1g actlvlty decrea:.ed to the control le\ el \\ hIle the 

response to glutamate remained ahO\c the control k\d and inlrea,>ed turther The'le 

oppOSite etfects 0/1 the ongoing acti\ ity and on the re~ponse to glllum:J.te rc,>ulted 

;'1 au merall long-term increase ln the slgnal-to-noise ratio, 
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Figure 23. Recovery period for excited neurons in the presence of NE. The number 

ut nellron~ are lower at times l, 3 and 5 min because fOl sorne neUl'ons glutamate 

pul"e ... \Vere given at 2 min intervals. Vertical bars represent the standard error of 

the lllcan. 

A. Recovery period following NE administration of spontaneously active neurom 

lacking a receptive field and excited by norepinephrine. 

B. Recovery pCflod following NE admiI1l~tration of neurons lacking spontaneou~ 

acti\ ity and a receptive field that were excited by NE. Note that the vertical seale 

'" dIl'fl:rl:nt in A and Band al50 from Figure 21. 
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From the pooled data, it appeared that the response ta glutamate lncrea!'!cd 

significantly in a higher proportion of neurons th an did the ongoing actlvity {Table 

21C). Within 5 min of the termination of NE, the increase in the spontaneous 

activity was much more important than was the response to glutamate. More than 

5 min after NE, the magnitude of the enhancement of the spontaneous actl\ity was 

much less important th an it was within 5 min of the admimstration of NE. 

Furthermore, two neurons with significantly increased ongoing activity du ring the 

short-term period had significantly decreased activity more than 5 rr,in after the 

admir:istration of NE. More than 5 min after NE, the spontaneous activlty \l':U!'! even 

decreased in a slightly higher proportion of neurons than it was Increased. The 

average increase in the response to glutamate seemed ta have dimll1lshed more than 

5 min following NE as compared to less than 5 min. This wa~ due ta the faet that 

5 neurons that were not increased within 5 min after the ces~ation of NE anù that 

were more than 5 min after were increased by an average of only 43.9 ± 4.8%, thi~ 

resulted in a relative decrease more than 5 min after NE administration and thls was 

not the result of a diminution in the responses to glutamate. For the majonty of 

neurons (61 %) the response ta glu ta mate increased and in no case \Vas i t decrea~ed 

as compare 10 the control leve!. 

The signal-ta-noise ratio was increased in over half of the neurons during the 

short-term period as wei; as during the long-term pericd but the magnitude of the 

increase was much more Important more than 5 min after the admimstration of NE. 

This was due to the fact that overall the spontaneous activîty was lower more than 

5 min after NE than within 5 min following the administration of NE whIle the 
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response to glutamate was increased overall (see also Figure 21B éln.1 23A). 

Whcn compared to the long-term effects observed on neurons displaying a 

receptive field, the ongoing activity in neurons lacking a receptive field was increased 

in aoout the same proportion of neurons but it was decreased in an important 

proportion of neurons while deereases were not observed for neurons displaying a 

receptive field. The response to glutamate was increased in a much larger proportion 

of neurons than was the response to peripheral stimulus. These differences between 

the long-term effeets observed on neuroas displaying a receotive field and those 

lacking one explain why the signal-to-noise ratio was increased in a majority of 

neurons lacking a receptive field and this was not observed in neurons displaying a 

receptive field. 

3.422 Neurons laclcing spontaneous activity. 

Twenty seven neurons lacking spontaneous activity displayed stable action 

potential dunng the recovery period. In the presence of NE, 13 were inhibited, 9 

were excited and 5 were not affected. The effeets of NE were studied on the 

response to glutamate for periods ranging from 2 to 36 min during the recovery 

period. 

During the 5 min following NE administration, the responses of the majority 

(62%) of the inhibited neurons returned to the control level while in 38% of cases 

the response was increased as compare to the control (Table 22). In contras t, more 

th an 5 min after NE admmistration, 69% of the responses were increased and only 

31 % remained at the control level. In none of the cases was the response to 
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Table 22: Short-term (~5min) and long-term (> 5min) effects of NE on neurons lacking a receptive field and 
spontaneous a-;tivity (n==22). 

Inhibited during 

NE administration 

Short-term Long-term 

Increase 5 (38%) 9 (69%) 

No effect 8 (62%) 4 (31%) 

Total 13 13 

Excited during 

NE administration 

Short-term Long-tenn 

8 (89%) 8 (100%) 

1 (11%) 0(0%) 

9 8 

Total 

Short-term 

13 (59%) 
+86.4 ± 17.0* 

9 (41%) 
-4.4 ±3.8 

22 

Long-term 

17 (81%) 
+ 1:;5.0 ± 20.0-

4 (19%) 
-6.0 

21 

* One neuron was excluded because its response to glutamate was more than 10 times the control within 5 min after 
the termmation of NE and more than 15 times more than 5 mm after NE. 
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glutamate lower than during the control period for both time periods. In ail but one 

case the long-term increase lasted for as long as the cell was studied (7 to 28 min). 

In one case the response to glutamate returned to the control level, this occurred 

after 14 min of recovery and that neuron was lost 8 min later without dlsplaying any 

instability in the action potential or othe-l' sign of injury before it was lost. 

Th~ Li TJ1e course of these responses to NE is presented in Figure 21 C. During 

NE ejection the response to glutamate was decreased in manner similar to th"t 

observed on spontaneously active neurons. One min after NE admimstration. the 

response ta glutamate was already back tG the controllevel and lt v.as sigmficantly 

increased after 5 min. The response increased further to almost 200% of the control 

withll1 14 min and was almost 300% in the four neurons studled for 16 min. 

For neurons excited during the administration of NE, increases in the 

response ta glutamate were observed in 89% of the cases '.vithin 5 min of the 

cessation of NE and in ail the cases studied for more than 5 min (Table 22). In none 

of the cases did the response tG glutamate return to the control level for the period 

of time studied (8 to 36 min). A neuron excited in the presence of NE that dlsplayed 

a long-lasting increase in the response to glutamate is shown in Figure 24 

The time course of the recovery period showed that even in the first min 

following NE administration, the response was already above the control level 

(Figure 23B). In the following min, the response to glutamate increased further and 

was more than 300o/c of the control after 14 min (Figure 23E). 

Of the S neuron~ that were not affected during NE administration, 4 were 

also unaffected following NE administration for periods ranging from 2 ta Il min. 
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Figure 24: Long-lasting increase in the response to glutamate of a neuron lacking a 

receptive field excited during NE administration. This neuron had a receptIve field 

uncovered i11 the presence of glutamate. It was not located in the hi~tology The 

ba~eline was establi~hed with 5 pubes of glutamate during which the rè~pon~e 

averaged 2.4Hz (A) The ~pontaneous activity was ~maller than 0.1 Hz (O.07Hz) and 

the neuron was considered to he lacking spontaneous activny. NE \va'l admllll..,tered 

for 7 consecutive runs with increasing iontophoretic currents rangmg from 5 to 50nA 

(B, 3 runs; C, 2 runs; D, 2 runs; E, 1 run). The response ta glutamate incrca'lcd as 

the current of NE was increased. Note that despite the increa~e in the re"pon,>c to 

glutamate during the ejection of NE, the spontaneom <lctivity did 110t increase and 

instead completely disappeared. Upon the ce~sation of NE the respon~e to glutamate 

further increased one ta 3 min after NE administration (F) and was cven bigger 17 

ta 19 min following NE admmistration (G). No significant change in the rate of 

~pontaneous activity was observed during that period. (See Figure 11 and 12; b;n 

width, 600ms. 
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In one case the respanse ta glutamate began ta decrease 3 min after the cessation 

of NE and remained le w for the next 5 min when other tests were performed on th..!.t 

neuron. 

In summary. the respanses of mure than 80% of the 21 neurons affecteJ by 

NE significantly inCl ~ased over long periads of tlme. This proportlOn was hlgher than 

that observed for neurons dlsplaying a receptive field and for spontaneously ~ctIve 

neurons lacking a receptive field. The magnitude of the effects was aho more 

important than in the two other classes of neurons (Table 22). 

3.43 Amounts of norepinepbrine necessary ta produce long-terrn effects. 

The long-term effects of ~E \!tere examined 10 55 neurom that re .... ponJed to 

the administration of NE. Bath excItatory and IOhlbltory long-term effect~ \'vere 

observed. The hypothesis that long-lasting effects were produceJ by amount'l of r\ E 

different than when the actlvlty returned to the control level \!tas te:-,ted To obtall1 

an indication of the amount of NE administered ta each neuron, th~ lontophoretlc 

current used ta eject NE was multiplIed by the number of run~ for \\ hlCh NE was 

ejected. The resultmg indexes were transformed ta loganthms tu perform 'lwu....ucal 

tests. 

In 41 enhanced neurons, the index ranged from 10 ru 425nA run wnh a 

geometric me an of 78.7nA.run. In the cases where no long-lasting incrcJ"e was 

abserved, the indexes ranged fram 15 ta 250nA.run whlle the geometric mean was 

the same as for excited neurons, 78.7nA.run. 
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Long-term decreases m the spontaneous activity were observed in 9 neurons 

lackmg a reeeptive field. In thIS case the indexes ranged from 15 to 250nA.run with 

a geometric mean of 7-+.6nA.run. For the remaining spontaneously active neurons 

lacking a receptive fIeld the mdexes ranged from 20 to 300nA.run with a geometric 

mean of 62.3nA run. No sigmficant difference was found betwt'en the two classes of 

neurons (t,=0.518, df=21, p>0.5). 

In conclusion, no evidence was found that the amount of NE administered is 

a determining factor for the production of long-lasting effects or for the type al 

effeet observed following NE adm;nistration. 

3.45 Laminar distribution of long-term effects. 

Nmeteen of the 55 neurons studied fOl more than 5 mm followmg NE 

administratIon were recovered ln hIstological sections. Inspection of the responses 

suggested that the hkèllhood of observmg a long-lasting effect \vas different among 

cortical uepths. Of 13 ~pontaneously active neurons, 9 v.. ere found m the middle 

layers and 4 m the upper-lower layers (Table 23A). The spontaneous activity of each 

of the 4 neurons found m either the upper or lower layers was decreased or 

increased more than 5 min after the administration of NE. In contrast, only 4 of the 

9 neurons found in the middle layers still showed an effeet 5 mm after NE was 

~topped. Sirnilarly, a larger proportion of nwrons In the upper-lower layers showed 

a long-lasting inerease in the evoked activity than those found in the mlddle layers. 

8ecause the sample reeovered in the histology was small, it was not possible 

ta perform a statistlcal analysis, hov..ever, when those neurons not located m the 
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Table 23: Laminar distributIon of the Jong-term effects of NE. 

A:. Neurons recovered in histological sections. 

Spontaneous Activity Evoked activily 

Increased Oecreased Unaffected Total Increased Decreased Unaffected Total 

Middle 2 2 5 9 6 0 6 12 

Upper-Iower 2 2 0 4 5 0 2 7 

Total 4 4 5 13 11 0 8 19 

B: Neurons not Jocated in histological sectIons. 

Spontaneous Activity Evoked activity 

Increase Oecrease UnaffecteJ Total Increased Oecreased Unaffected Total 

Middle 2 0 ') 4 4 0 4 8 

Upper-lower 0 3 ') Il 12 0 6 18 

Total 8 3 4 lS 16 0 10 26 
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C: Neurons located and those not located In histologlcal sections. 

Spontaneous Activity Evoked activity 

Increase Decrease Unaffected Total Incrcê1Sed Decreased Unaffected Total 

Middle 4 2 7 13 10 0 10 20 

Upper-Iower 8 5 2 15 17 0 8 25 

Total 12 7 9 28 27 0 18 45 
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histological sections were assigned to upper, middle or lQwer layers on the ba~ls of 

the micrometer reading that indicated their depth below the pial surface, te~ts could 

be performed. Twenty six neurons could be located with sorne accuracy and they had 

a distribution similar to that obtained WIth neurons located ln hi~tologlG.tI "ect!ons: 

the spontaneous and induced activltles increased or decreased for must neurons (l) 

of Il) in the upper and lower layers while in the middle layers thls occurred in only 

50% of the neurons (Table 238). 

When both the sarnple locateci in histological sections and the sample located 

with the micrometer readmgs were pooled (Table 23C), the proportion of neuron~ 

located in the upper or lov,er layers that was either increased or decrea::.ed \',as 8Yé 

(13 of 15) while it was only 48% (6 of 13) for the neurons located ln the mlddle 

layers. These proportions were sigmficantly different (Fisher'.) exact test, p < 0.05, 

Siegel (1956». 

In contrast. induced activity was increased in only 68 c'c of neuron" found ln 

upper or lower layers and it was 50% for the neurons ln the middle layer~ ..,ugge..,tlng 

that the long-term effects on induced activity were independent of their lamll1ar 

location (Gadl = 1.450, df= 1, p>O.l), leaving the long-term effects on the ~pontaneous 

activity in the upper and lower layers as the only signiflcant effect correlated \vlth 

laminar location. 
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3.4.6 Effects of noradrenergic receptor agonists on long-term effects. 

3.4.6.1 Effects of oxymetazoline. 

In 7 ou t of 13 cases where the cr2-receptor agonist oxyrnetazoline was tested 

the action potenual was stable following NE and oxyrnetazoline administration. Five 

of those were spontaneously active. In aIl 7 cases, the induced activity returned to 

the controllevel within a îew ,ninute') following the administration of oxymetazoline 

but NE produced a long-term increase in 3 of those cases. 

Of the 5 spontaneously active neurons, 3 returned to the control level 

followmg oxymetazoline administration. In one of these NE produced a long-term 

increase in the spontaneous actlvlty \\, hile the other two returned ta control. In two 

neurons lackmg a receptlve field the ongoing activity rematned below the control 

level for the 5 and 9 min the recovery periods which were studled for those neurons 

were studied following oxymetazoline. In one of these cases NE also produced a 

lang-term decrease in the spontaneous activity while in the other case the 

spontaneous activny returned ta the control level after NE. 

In summary, no evidence was found that the selective activation of Ct 2 -

adrenoceptars induced long-term lncrease in the angoing or the induced activities 

but an action of NE on these receptars might have been responslble for the lang

term decrease in the ongon.;;; dctivity observed for neurons lacking a receptive field. 

3.4.6.2 Effects of isoproterenol. 

On 3 stable neurons where the l3-receptor aganist isaproterenal had mimicked 

the effects of NE, the activity returned ta the control level withtn 2 ta 4 min 

151 



following the ejection of isoproterenol. Long-term effects were not observeè even 

though in one of these neuron NE subsequently produced a long-term increase in 

the response to glutamate. 

3.4.7 Effects of noradrenergic receptors antagonists on long-term effects. 

3.4.7.1 Effects of Q2-receptors antagonists. 

The recovery period following the adrrtirJ~tration of NE in the presence of 

idazoxan or yohimbine was exarninc:d in Il stable neurons. In 9 case~ NE was first 

administered alone In 4- of the 6 cases where a slglllflcant increase in acti\- lty was 

observed followmg the admilllstration of NE, a further increase 1,1; a~ observed v,'hen 

NE was admilllstered in the presence of an Q2-recfptor antagolll:,t ln the 3 other 

cases NE produced no long-lastIng effects either \l;hen administered alone or ln the 

presence of an antagolllst 

In two cases NE was first administèred in the presence of an antagonbt anJ 

no long-term effects were observed nor were they observed when NE was tater 

administered alone. In summary, a 2-receptor antagonists never blocked a long-term 

effect of NE. 

3.4.7.2 Effects of B-receptors antagonists. 

Fourteen neurons tested with the l3-receptor antagonists sotalùl or timolol 

were studied for more than 5 min into the recovery period. In 7 case~, i\E wa) flrst 

administered in the absence of an antagonist. In 3 cases 0Œ produced li long-term 

increase in activity. In one of these the I~ was a further mcrease \vhen ~E was 
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administered in the presence of an antagonist. In 4 cases, NE ejected aione or with 

an antagonist produced no long-lasting effects. 

In 7 neurons, NE was adrninistered first in the presence of the antagonist. An 

increase in activity was observed in 3 cases following this treatment and the activity 

was further increased in one case following the administration of NE aione. No long

lasting effects were observed in the other cases. 

3.4.7.3 The effects of Ql-receptor antagonist 

The recovery period following the administration of NE in the presence of the 

(XI-receptor antagonist benoxathian was examined in 9 neurons lacking a receptive 

field. In aU cases NE was first administered in the presence of the antagonist. Six of 

the studied neurons were spomaneously active and 3 lacked this characteristic. 

Following the administration of NE in the presence of benoxathian, 8 to 15 

min were allowed for recovery prior to the administration of NE alone. During that 

period. a significant increase in the response to glutamate was observed in 2 cases 

while in 7 cases the response returned to the control level. Following the 

administration of NE alone, further increase was observed in the 2 already increased 

neurons, in 3 cases no long lasting- effects were observed and an increase was 

observed in 4 additionaI neurons suggesting that benoxathian had blocked the long

lasting increase in the response to glutamate in the se latter cases. An example of the 

antagonist effect of benoxathian is shown in Figure 25. The Ct2-receptor antagonist 

idazoxan and the B-receptor antagonist timolol were also tested on that neuron. One 

case that was not antagonized by benoxathian is presented in Figure 26. 
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Twenty three ta 26 min after the administration of NE the response ta glutamate 

had further increased and was 157% of the control and the response frequency was 

3.2Hz (1). Idazoxan was first administered alone for two runs and produced no 

significant effeet on the response ta glutamate (J). NE 15nA was added for two runs 

and the response ta glutamate deereased by 69% as compared to the period 

preceding idazoxan administration (K). NE was turned off and idazoxan current wa~ 

increased ta 5nA for the next run in arder to see if a higher current would blocked 

the mhibitory effeet of NE (L). Whcn NE was turned on for one run it produced a 

signifieant decrease again (M). Then idazoxan was tum off and NE was left on for 

two additional runs and the response ta glutamate remained decreased (N). 

Following this prolonged administration of NE the re~ponse to glutamate further 

increased to 214% of the original control with an average frequency of 404Hz (0). 

The B-receptor antagonist timolol was administered alone during 4 runs (P). The 

ejection was started with 30nA and was decreased ta 15nA dunng the following runs 

because it produced a deerease in the response ta glutamate. Since even with the 

lower current of timolol the response was inhibited it was tum off. After recovery 

(Q) NE was tested again for two runs (R) and after one run of recovery (S) limolol 

tOnA was administered for two runs producing no signWcant effect (T). When NE 

was added for one run (U) it produeed a decrease of 58% a~ comparé'd 10 the 

recovery period just before the administration of timolol (S). This test was followed 

by recovery (V) and the neuron was abandoned. (See Figure Il and 12; bin \vidth, 

600ms). 
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Figure 25: Long-lasting effeets of NE blocked by the a1-receptor antagonist 

benoxathian. This neuron lacked a receptive field and was classified as No RF since 

no receptive field was uncovered by glutamate. It was not located in the histology 

but from the micrometer reading it was probably situated in the deeper cortical 

layers. Spontaneous activity was lower than O.lOHz so it was considered as lacking 

~pontaneous activity. During the control period, the baseline was estLlblished with 4 

c{)n~ecutive pulses of 20nA of glutamate administered from 20 ta 50s in each run 

(A). Glutamate induced an average of 2.0 action potentials/s during that period. The 

al-rcceptor antagonist benoxathian was administered for 3 runs and produced a 

decrea~e in the response ta glutamate (B). When NE 15nA was added for 2 runs the 

re'>ponse decreased further to 8% of the control response (C). Recovery periods 1-

5 min (0) and 6-10 min (E) following the administration of NE in the presence of 

benoxathian are shown and the response to glutamate was 85% and 94% of the 

control during these two periods. The same amount of NE was administered alone 

producing a decrease of the response to glutamate 18% of control (F). One to 5 min 

after the administration of glutamate the average response 10 glutamate was 

increa~ed by 31 % as compared 10 the control (G) and by 41 % 5 to 10 min after (H). 

Note that despite the fact that the response 10 glutamate was increased, the ongoing 

activity was not affected. 
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The spontaneous activity was significantly increased in only one out of 6 cases 

following the treatment with NE in the presence of be'noxathian. In that case no 

further increase \Vas seen when NE was administered alone. Following the 

administration of NE alone, a significaat increase in the ongoing activity was 

observed in two other cases suggesting that the increase had been previously blocked 

by benoxathian in those cases. The response to glutamate of these two neurons had 

not been signifkantly affected following the administration of NE alone or in the 

presence of benoxathlan. 

OveralL long-lasting increases in the response to glutamate were observed in 

6 neurons and these were blocked by benoxathian in 4 cases (67%). Long-term 

Increases in the spontaneous activity were blocked in 2 out of 3 cases (67%). 

Further, benoxathian also blocked the increase in the response to glutamate during 

the administration of NE in 3 out of 3 cases (100%). These results suggest that the 

increase in activity observed both during the administration of NE and following the 

cessation of NE were produced by the action of NE on a,-adrenoceptors. 
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Figure 26: Long-lasting increase in the response to glutamate not blocked by the Ct l -

receptor antagonist benoxathian. This neuron was located in layer Il of area land 

had no receptive field even in the presence of glutamate. The ba~cline was 

established over 6 consecutive pulses of 15nA of glutamate (A). The trequency of 

ongoing activity was 205Hz and the response to glutamate averagcd 2.81 Iz ovcr that 

period. The al-antagonbt benoxathian was administered alone during 2 rum and 

produeed no significant effeet on either the spontaneous aetivity or the respom.e to 

glutamate (B). When NE lOnA was added for 3 runs, the ongoing activity wa~ 

deereased to 55% of the control period and the response to glutamate to H.+% 

produeing an increase in signal-to-noise ratio of 53% as eompared to the control 

period (C). Fourteen min were allowed for recovery before the admlObtratIon of NE 

alone. During the first 7 min the ongoing activity was not different from control but 

the response to glutamate and the signal-to-noise ratio were both incrca.,cd tu 228S~ 

of the control period (0). During the following 7 mm the re~pon~c tu glutamate 

mcreased further and reached 402% of the control period while the ongoing aetivity 

\Vas ~lightly decreased (E). The administration of the same amount of NE alonc 

produced the same effects as what \Vas observed in the pre~ence of benoxathlan (F). 

As eompared to the period preceding the administration of NE alone, the ongomg 

activity was deereased by 56% and the response to glutamate by only 1.+% proJucing 

an increase in signal-ta-noise ratio of 95%. Dunng the 3 mm followlng :--JE 

administration the ongoing aetivity remained low while the re~p()n~e to glutamate 

increa~ed further (G). The signal-tü-noise ratiü was increased by 904%. (See Figure 

Il ana 12; bin width 600ms). 
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4.0 Discussion 

4.1 Sample. 

Four hundred sixty five single units were faune! to be sensItive to glutamate 

in the present study suggesting that they were neurons. Only 13 umts (2.4 cé) \\ere 

insensitive to glutamate even with iontophoretic current~ of up to SOOnA. Although 

sorne of these might have been neurons (Schneider and Perl, 1(88) the maJorIty \'vcre 

probably axons. Since they constituted oilly a marginal propGrtion of the ~ample they 

will not be considered further .md only those neurons sensitive ta glutamate \\ ill be 

discussed. 

Only 23% of the neurons isolated had demonstrable input from the penphery 

in the absence of any crug. :JlTIall amounts of glutamate uncovereJ ~omatlC IIlput III 

34% of the sample while ln 43% no evidence of somatle Input was t')unù e\(;~11 when 

they were partially depolanzed. This suggests that most ne mm~ III the 

sornato!lensory cortex lack a receptive field. This v"as found ln ~e"eral other 

microiontophoretic studies in both cats (Dykes and Lamour, 1988a, Trèrllbl:Jy et al, 

1988; Tremblay et al, 1990b) and rats (Dykes and Lamour, ItlK8b: LJm~\ur et al., 

1988). But in other studles (Dykes et 1.11., 1984; Metr.erate et al, ll),sl),l) n1ere than 

ha If of the neurons studied displayed a receptive fIeld. T!le rea~ons tur tho~e 

differences in the proportion of the sample displaying a receptlve ftdd are not dear 

but they are l1ke!y to be related to the kmd of anae~thetlc u~cd, the type of 

recording electrode and the presence of certain excitatory drug:-, ln the lolltophoretic 

pipette rather than ta fundamental differences in the cortex ~tudled While 

anaesthesia could account for a Iowa proportion of neurons ùlsplayrng a receptive 
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field, even in unanesthetized paralysed cats about half of the neurons \Vere found to 

lack a receptive field (Dykes and Lamour, 1988a). On the other hand, the presence 

of bicuculline in the microiontophoretic pipette has been shown to Increase the 

probability of finding neurons displaymg a receptive field (Lamour et aL, 1988) and 

might explain the higher proportIons found in sorne studies (Dykes et aL, 1984). 

Metherate et al. (1988a) found a!most twice as many neurons with a receptive field 

as compared to the present study and this can be accounted for by the fact that they 

used carbon fibres electrodes which might be more likely to isolate smaller cells 

found In the middle layers than the glass pipettes ùsed in the present study (see al~o 

section 4.3). Thus we pre fer a small sampling bias of the e lectrodes used in the 

respective ~tudies as an explanation for these differences. The role of those neurons 

lacking a receptivè field in the processing of somatic Information is not c1ear and this 

Issue will be discussed later in relation with the effects produced by NE on those 

neurons (but see also Dykes and Lamour, 1988a). 

4.2 Spontaneous activity and sensitivity to glutamate. 

Bath the proportion of 'pontaneously active neurons and the rate of 

spontaneous aCtlVlty found in the pre~ent study are in the range of those reported 

in other iontophoretlc studies from this laboratory in cat somatosemory cortex under 

variou5 anaesthetIcs (Metherate et 2.1., 1988a; Tremblay et al., 1988, 1990a). In the 

present study the probablhty of finding a spontaneously active neuron was increased 

to 7-+% if it displayed a receptive field while only 29% of neurons lacking a receptive 

field were spontaneously actIve. Furthermore, the rate of spontaneolls actlvity was 
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higher in neurons dlsplaying a receptlve field as compared ta those lackmg one. This 

saggest that illl-'U[S from the periphery might be an important factor In the 

generation of ongoing activity and that neurons dlsplaying a recepuve fie Id h;1\ e an 

excitatory-to-inhibitory input ratio which is higher than neurons lacking one. ln 

anaesthetized cats, bath classes of neurons appear to receive strong tOI1\C mhll11tory 

input from GABAerglc neurons that masks the expression of v.eaker penpheral 

excitatory inputs (Dykes et al., 1984; Hicks and Dykes, 1983). ln the pre'lence of the 

GABAergic antagonist bicuculline, neurons with a receptive field dlsplay a largel 

receptive field while an enlarged receptive field is uncovered In neuron~ lackmg a 

receptive field. In contrast, glutamate adrrurustration dld not enlarge reœptlvè field 

size and uncovered receptlve fields of normal ~ize. Furtherrnore, ln rat. blcucullme 

uncovered receptive fields more often th an glutamate (Lamour at .lI, lq~~) The~e 

data suggest that, at least sorne of the neurom lackmg a recepu\e ftèlJ recel\e an 

important input from che periphery :md that a large part of thls excltatory mput I~ 

shut down by inhibition suggesting that neurons lacking a receptlve field are le,,) 

spontaneously active because they receive stronger Inhibitory Input:::. If Input from 

the periphery was the cntical factor In the generation of spomaneou) actlvIty, the 

rate of spontaneous aCHvity and the proportion of spontaneously actIve Glut-RF 

neurons would have been somewhere between No-RF neurons and neurons 

displaying a receptlve field. Conversely, No-RF neurons tended to he more 

spontaneously active than Glut-RF neurons. Furthermore, spontaneou~ly active 

neurons displayed lo\\er threshold of activation 10 the iontophoretlc at.lrnInl~tr J.tlOn 

of glutamate that may be the result of a lower inhibl10ry Input 
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4.3 1 .aminar distribution of the sample. 

In the present study, the distribution of isolated neurons appeared quite 

uniform in ail corticallayers. In previous iontophoretic studies where glutamate was 

used to excite otherwise quiescent neurons, the result was a more even sampling of 

neurons throughout the somatosensory cortex than had been true in earlier studies 

(Mountcastle, 1957; Towe et al., 1964; Morse et al., 1965) but still more neurons 

were in the middle layers th an in the upper and lower layers in both cats (Dykes et 

al., 1984; Metherate et al., 1938b; Tremblay et al., 1988) and rats (Dykes and 

Lamour, 1988c). In contrast, Tremblay et al. (1990a) using the same anaesthetic 

and recording electrode as in the present study found a distribution that most closel~' 

resembled that reported here. While the difference in anaesthetic might account for 

the difference in sampling it appears that the electrode type might also be a 

determining factor. In the course of the present experiments, it was noted that at 

depths between 600 to 1000J.Lm although usually sorne background neuronal activity 

could be recorded when the receptive field was stimulated, often those neurons could 

not be isolated weil enough to be studied. In orevious studies, carbon fibre 

electrodes were used and it was usually at the se depths that many neurons could be 

isolated, suggesting that carbon fibre electrodes were more suitable ta isolate the 

small neurons found in the middle layers. 

As weil as in previous studies in cat somatosensory cortex, probabihties of 

finding neurons displaying a receptive field were increased in the middle cortical 

layers but a significant proportion was also found in the upper and lower layers. In 

the somatosensory cortex, the bottom of layer III and layer IV receive denser 
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thalamie innervation th an lower layers (Jones, 1975). Further, the dendritlc arbours 

of most pyramidal neurons of layer III, V and VI extend in the layers \1, here the 

densest thalamic innervation is found and are in a position ta receive thalamic 

inputs (Hendry and Jones, 1983). In that eontext, it is interesting ta note that a high 

proportion of No-RF neurons were found in layers 1 and VI while Glut-RF neurons 

were concentrated in layers II, upIII and V, suggesting that the probability of finding 

demonstrable somatie input deereased as the neurons were located farther from the 

middle layers. 

As expected, higher proportions of spontaneously active neurons were found 

in layers eontaining high proportions of neurons displaYlllg a receptive field. This 

distribution is not different from that found by Tremblay et al. (1990a) III cab and 

by Dykes and Lamour (1988c) in rats. The distribution of spontaneou~ly active 

neurons for the different classes of neurons is more dlfficult ta Illterpret becau~e of 

the small size of the sample in sorne layers. The most striking feature I~ the low 

proportion of spontaneously active neurons displaying a receptive field found in layer 

lolII as compared ta laj'ers midIII and IV. The reason for this IS unknown but 

neurons in layer 10lII displayed a high rate of spontaneous actll,Îty. ~eurons Iacking 

a receptive fi':!ld were more likely to be spontaneously active III upper and lower 

layers than in the middle layers. 

Layer lV and the bottom third of layer III contain the higher densitles of 

GABA immunoreactlve terminais (Hendry et al., 1987) suggestlllg that nt:Jrons 

located in these layers are more strongly inhibited than in other layers :'\'eurons 

located in layers 10III and IV were also less sensitive ta glutamate than neurons 

161 



found in the layers just above or below perhaps because of the strong GABAergic 

inhibition. 

4.4 Effects observed during norepinephrine administration. 

Many of the effects of NE observed in the present study were sitlar ta and 

confirmed previous studies in various sensory cortices including monkey auditary 

cortex (Foote et aL, 1975), rat somatosensory cortex (Waterhouse and Woodward, 

1980; Waterhouse et al., 1980, 1981), rat (Kolta et al., 1987; Kolta and Reader, 1989) 

and cat (Videen et al, 1984) visual cortex. In those studies NE had been found to 

have mainly an inhibitory action on both the ongoing activlty and on afferent input. 

Excitatory effects were seldom but consistently observed. The inhlbltory effects of 

NE were usually more important on the spontaneous activity than on the evoked 

activity resulting in an increase in the signal-to-noise ratio III a rnajonty of neurons. 

The present study conflrms each of these earlier findings in the cat somatosensory 

cortex but provides also several new insights on the effects and the role of !\"E III 

sensory processing. First, NE appears to be able ta produce bath excitation and 

inhibition in sorne neurons while in other neurons it produced only inhlbitory effects. 

Second, inhlbited and excited neurons were located in different larninae of the 

somatosensory cortex and NE produced different effects on the slgnal-to-noise ratio 

of inhibited and excited neurons suggesting that the role of NE is not the same in 

different laminae of the cortex. Third, our pharmacological studles suggest that the 

excitatory effects of NE are mediated by a,· receptors In somatosensory cortex. 

Fourth. the time course of the inhibitory effects of NE on neurons displaying a 
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reeeptive field was doeurnented, showing that the effect of NE on the signal-to-noise 

ratio is dependent on the magnitude of the inhibitory effeet produced by NE. And 

fifth, NE was found ta produee a long-lasting inerease in the neuronal excitabllity of 

a large proportion of somatosensory cortical neurons. These results will be discussed 

in the following pages with emphasis on the original findings of the present study. 

4.4.1 Effects of norepinephrine on neuronal excitability. 

Early iontophoretic studies in cats and rats suggested that NE produced 

mainly excitatory effeets in somatosensory cortex (Bevan et al., 1977; Szabadi et al. 

al., 1977). These results were not confirmed in later studles in rat somatosensory 

cortex where NE appeared to pro duce mainly depre~sant effects on neuronal 

excitability (Waterhouse and Woodward, 1980; Waterhouse et al., 1980, IlJSl). 

Studies in monkey auditory cortex (Foote et al., 1975) and rat (Kolta et al., 1987; 

Kolta and Reader, 1989) and cat vis\..:=il cortex (Videen et al., 1984) also confirmed 

the inhibitory effeet of NE in sensory eortices. In the present ~tudy, we al'\o found 

that NE depressed the actlvity of a majority of neurons (549t of 117 celb) In the 

somatosensory cortex of halothane-anaesthetized cats. The proportIOn of neurons 

classified as excited by NE was higher than those reported in t:1ese latter studles 

(36% vs 0 to 29%). This difference appears to result from the manner In whlch the 

effeets of NE \\'ere cldssified. Excitations observed In this study were c1as~ifled into 

3 classes: biphasic, excited and other. In biphasic neurons (15% of the sample), the 

excitation was transient and it was followed by a significant inhibition. In those 

neurons classified as other (2.6% of sample), the excitatiOn was observed only after 

an initial inhibition. Further, in spontaneously active neurons, only m 8 ot 31 ca~es 
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did NE produce an excitatory effect on both the spontaneous and induced activities. 

In the other cases only one cornponent of the neuronal activity was increased and 

the other compone nt was usually decreased. So, in most neurons classified as excited 

in the present study, NE a,so produced important inhibitory effects and probably 

many of those would have been classified as inhibited in earlier studies. They were 

cIassified as excited here because they appeared to form a class of neurons different 

from those that displayed only inhibition. 1l1is working hypothesis was confirmed 

later when it was discovered that the excited classes were found in different cortical 

layers than the inhibited neurons (see below). 

The fact that NE could produce both inhibitory and excitatory effects on the 

same neuron suggests the~e effects are mediated by different subtypes of 

noradrenergic receptors present on the same neuron. Four subtypes of noradrenergic 

receptors have been shown ta be pre.;ent in the cerebral cortex (revieweri by Reader 

et al., 1988). In rat somatosensory cortex, Bevan et al. (1977) were the first to argue 

that the excitatory effects of NE were rnediated by a-receptors while inhibition was 

mediated by f3-receptors. Waterhouse et al. (1981, 1982) also suggested that the 

activation of f3-receptors mimicked sorne of the inhibitory effects of NI:. III the rat 

somatosemory cortex while the effects of NE on the signal-to-noise ratio were 

attributed to the activation of a-receptors. More recently, Koita and Reader (1989) 

found that the inhibitory effect of NE were mediated by both IÎz- and I3-receptors. 

They found that a 2-receptor agonists were more efficient in increasing the signal-to

noise ratio than was a B-receptor agonist. Furthermore, the inhibitory effects of NE 

could be blocked with a2- and f3-receptors antagonists. The pharmacological resulb 
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in the present study are in close agreement with those of Kolta and Reaùer (1989) 

since the inhibitory effects of NE were mimicked by Cl 2- and J3-receptors agonists 

suggesting that the inhibitory effects of NE in cat somatosensory cortex are also 

mediated by bath Cl2 - and B-receptor subtypes. The presence of both types of 

receptors on the same neuron wou Id explain why the inhibitory effect~ of NE \Vere 

not blocked by either of the specifie receptor anta~onists used in the present study. 

The fact that the specifie Cl1-antagonist benoxathian (Melchiorre et al., 1984-, 1988) 

consistently blocked the excita tory effects of NE suggests that Cl,-receptor<; mediate 

the noradrenergic excitation in the somatosensory cortex and tl1at it is hkely the only 

excita tory noradrenergic receptor present. Furthermore, benoxathlan \\-u~ 

administered at very low eurrents because with higher current<; lt produced a 

significant inhibition suggesting that NE rnight exert an Cl1-medluted tonie eXCltatory 

effect on somatosensory cortIcal neurons. Such tonie excitatory effects mediated by 

Cl 1-receptors have been observed in the dorsal raphe and dorsal lateral geniculate 

nuclei (Baraban and Aghajanian, 1980; Marawaha and Aghajaman, 1982) anù have 

also been described for the cholinergie system in the cat visual cortex (Sato et al., 

1987a, b). 

4.4.2 Effects of NE on the signal-to-noise ratio. 

Foote et al. (1975) were the first to note that NE exerted a stronger InhIbition 

on the spontaneous aetivity than on the afferent input. They sugge~ted that the role 

of NE was to enhance the specifie afferent inputs from sen~ory organs over the 

spontaneous activity. This effeet of NE has now been observed in 'ieveral regions of 
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the neuraxis and in several sensory cortices, the proportion of neurons showing an 

increase in signal-to-noise ratio in the presence of NE ranged from 40 to 78% in 

those studies (Foote et al., 1975; Kolta and Reader, 1<;89; Videen et al., 1984; 

Waterhouse and Woodward, 1980). In the present study, 59% (n=27) of the neurons 

responding to SOIT atic stimuli and 56% (n=41) of those responding to glutamate had 

their signal-to-noise ratio increased by NE. These r roportions increased to 78% and 

70% respectively when oruy inhibited neurons weè considered and decreased to only 

22% and 43% in excited neurons. Only few inhibited neurons (11%) showed a 

decreased signal-to-noise ratio in the presence of NE while in over 40% of the cases 

the signal-to-noise ratio of excited neurons was decreased. This strongly suggests that 

NE plays a different role on diiferent classes of neurons and in different layers of 

the somatosensory cortex. 

The classical view of processing of the peripheral information in the 

somatosensory cortex is that the information is reIayed by the thalamus mostly ta 

layer IV and to the bottom of layer III. Then it is relayed ta the superficial layers 

and from there ta l.he Iower Iayers (Jones, 1984). In the present study, inhibited 

neurons were located mostly in the layers that receive the denser thalamocortical 

input and it seems likely that the role of NE in those layers would be ta increase the 

responses to peripheral input of those neurons relative ta other inputs. In the upper 

and lower layers, fewer thalamocortical input are found and likely, an important part 

of the input of those neurons does not come from the periphery but from 

corticocortical connections. Furthermore, these cells often send their projections 

outsid.e the cortex. The raIe of NE on those neurons might be ta increase their 
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excitability 50 that their output is increased when NE is released in the cortex. 

The magnitude of the increases in signal-ta-noise ratio were relatlvely 

important and in inhibited neurons it increased as the magnitude of the inhibitory 

effects of NE increased but not as a linear relationship. In the first seconds of the 

administration of NE a relatively mode st increase in the signal-ta-noise ratio of 30-

50% was observed which remained stable for about one min. A second much more 

important increase was observed when t:le decrease in the evoked activlt)' reached 

a plateau but the spontaneous activity continued ta decrease. One question IS 

whether or not one or both of these effects are physiologically relevant. The flrs! 

increase in the signal-to-noise ratio occurred when the evoked activlty was decreased 

by approximately 10 ta 15% while the second occurred when the evoked activlty wall 

reduced by more than 60%. Despite the Important increase in the ~lgnal-to-n(me 

ratio at the second step, the decrease in the excitatory input itself wa~ so large tha! 

this decrease might be more relevant than the further increase in the signal-tu-noise 

ratio. To resolve this issue it will be necessary to know the effects of these two 

variables on their target. Another consideratIOn tS that the level of ongoing activity 

was relatively low in this study and the relevance of a change in the slgnal-tu-noise 

ratio might be questioned since it is the fluctuation in what is alreaùy a very smalt 

signal. 
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4.5 Long-lasting effects of norepinephrine. 

Long-lasting increases in neuronal excitability produced by NE have been 

seldom reported in the cerebral cortex. In iontophoretic studies of neuronal 

excitability driven by afferent input ta sensory cortices, the effects of NE have been 

reported to be mainly inhibitory and ta usually last less th an 5 min (Foote et al., 

1975; Kolta et al., 1989; Vldeen et al., 1984; Waterhouse and Woodward, 1980). The 

only exception was the report of Armstrong-James and Fox (1983) on neurons having 

a demonstrable receptive fields in rat somatosensory cortex. They found that the 

spontaneous activity of 60% of the neurons located in the deeper layers was 

increased significantly for at least 3 min following NE iontophoresis; in about 25% 

of those cases the increase lasted more than 20 min ta haurs. 

In the present study, long-lasting effects following the administrauon of NE 

were observed in bath neurons responding to peripheral stimuli (37% on 

spontaneous activlty and 22% on evoked activity) and those excited with 

iontophoretic pulses of glutamate (35% on spontaneous activity and 610/e on the 

response to glutamate; 81 % of sIle nt neurons). In over 70% of cases these effects 

developed within 5 min of the cessation of NE administration. Long-lasting effects 

were studied for periods over 30 min following the cessation of NE and in most 

cases there were no signs of decay over the periods of time studied suggesting that 

the increase could have lasted for a much longer period. Another important feature 

of these effeets was that a long-lasting increase in the signal~to~noise ratio was 

observed in 59% of the spontaneously active neurons excited with glutamate. Long

lasting enhancements could not be mimicked by Q2- or J3-receptor agonists nor 
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blocked by a2- or f3-receptors antagonists but were antagonized by a ~pecifIc a ,-

receptor antagonist suggesting that they were a,-mediated. 

Although these effects were observed bath ln neurons respondlOg ta 

peripheral stimuli and those excited with glutamate, important dtfferences were 

observed between the two classes. First, long-lasting effects were observeù mu ch 

more often when the neuron responded ta glutamate (70%) than on the re~ponse 

to a peripheral stimulus (22%). Second, a long-lasting decrease in the spontaneous 

activity was observed in 39% of neurons excited with glutamate but wa~ never 

produced by NE in neurons activated from a receptive field. The magnituùe of the 

long-lasting increase in neurons lacking bath a receptlve field and spontaneous 

activity was over 2 times that observed on the two other classes of neurons. 

4.5.1 Specificity of the effect.. 

The first issue is to establish that the long-lasting effecb were produced by 

the prior administration of NE and was not the result of other factor~ ~uch as 

damage due ta the proxlmity of the electrode or the leakage of ~ome compounds 

from the iontophoretic pipette. Several lines of evidence ~ugge'it strongly that those 

effects were not artifactual in neurons excited with glutamate. 

First, if the long-lasting effects were artifactual, the same proportIon of 

neurons should have been affected in each class of cells. This was clearly not the 

case since large differences were observed between the proportion of long-term 

effects observed in neurons responding to peripheral stimulatIon and thme 

responding to glutamate. Different proportions and m3.gnitude~ wl.!re also ob'lcrveù 
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between spontaneously active and silent neurons lacking a receptive field (see 

above). Second, non-specifie effects would have affected both the spontaneous and 

evoked activities in the same way. This may be the case in neurons responding to a 

peripheral stimulus wbere both comfonents were affected in about the same 

proportion of neurons, but, in contrast for spontaneously active neurons lacking a 

receptive field, a significant proportion of neurons displayed a long-lasting decrease 

in their ongoing aetivity while the response to glutamate was Inereased resulting in 

long-lasting increases in the signal-ta-noise ratio of a majority of neurons. 

Furthermore, the response ta glutamate m 81 % of silent neurons increased for long 

periods of time without evidence of an increase in the level of ongoing activay. Thus, 

NE produced a different dfeet on the ongoing aetivity than on the response ta 

glutamate suggesting a specifie action rather th an a generalized increase in neuronal 

excitability. Third, random artifactual effects producing a deerease in sorne cases, 

and an increase or r..o effeet in other cases would have cancelled each other upon 

averaging. Although the long-term effect disappeared when the response of inhibited 

neurons responding to peripheral stimulus were averaged, in none of the other 

groups of neurons responding ta glutamate did this happen and the overall trend was 

a c1ear inerease in the response to glutamate. Fourth, long-lasting increases in the 

response ta glutamate were blocked by a specifie a,-receptor antagonist arguing 

again for a specifie action of NE (see below). 

The recovery period following NE treatment of neurons responding to a 

peripheral stimulus was studied for shorter periods of time th an neu -ons responding 

to glutamate (see FIgure 21 and 23) because generally, the two groups of neurons 
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behaved in a different way following the administratIOn of NE. ln most cases. 

neurons responding to a cutaneous stimulus returned ta the control level withm 2-

3 min following the cessation of NE and displayed a stable response dunng rhe 

following min suggesting that NE had produced no long-term effects. In contrast. 

often the response ta glutamate kept growing in the min following the ces~atlOn of 

NE and in those cases neurons were studied until the activity returned ta the control 

level or more often until the response had stabilized for several min at a new, hlgher 

level of excitability. at which time other tests were performed. In several ca~e:, NE 

was administered more th an once on the same neuron. In thO::'è caSè~, NE mlght be 

administered elther alone or in the presence of an antagonist. Follll\\lng thl~ 

tr~atment, neurons displaying a receptive field generally returned ta the controllevel 

as had been observed previously. In contras!, a further increase 111 the response to 

glutamate was often observeu In neurons lacklng a receptive field (c f. Figure 25). 

In conclusion. long-lasting effects on the re~ponse to a penpheral ~tlmulu~ 

were 3 times less common (22% vs 70%) than those observed on the re"pon~e ta 

glutamate. While several faets suggest that the long-lasting increase ln the re~ponse 

ta glutamate were specifie effects produced by NE, long~la~ting effecb on neurons 

displaying a receptive field might be a non-specifie increase ln neuronal excttabIlity. 

But this statement has ta be interpreted carefully, since in cat ~omatmèmory cortex, 

Metherate et al.. (19R8h), using a paradigm similar to that used ln the pre~ent ~tudy, 

found that ACh induced long-lasting merease in the neu,onal excitabtlIty of 2l)% of 

neurons displaying a receptive field and 34% of neurons in re~p()m.e to glutamate. 

Thus, lt is possible that NE. like ACh, affects only a small proportIon of neuron') 
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displaying a receptive field but that it is a much more powerful agent on neurons 

lacking a receptive field. 

452 Factors involved in long-lasting effects produced by NE. 

NE was tested on two different classes of neurons, each responding ta a 

different stimulus during NE administration. An important question is ta know if the 

differences observed between those two classes reflect the intrinsic properties of the 

neurons or the difference between the stimuli used. An easy way ta answer that 

question wou Id have been ta compare the effects of NE on the response ta receptive 

field stimulation and on the response to glutamate on neurons disp!aying a receptlve 

field ta see if one input was more likely to induce a long-lasting effect than the 

other. Unfortunately, this was not done in the present study and one can only 

speculate. 

During the administration of NE, excitatory and inhibitory effects were 

observed in about the same proportion of cases in each class of neurons suggesting 

that the same population of adrenergic receptors were present on both classes of 

ceUs. In contrast, the magnitude of the excitatory effects produced by NE was over 

3.5 times more important on the response to glutamate than on the response ta 

somatic stimulus suggesting that more <l:l-receptors may have been present on those 

cells. The response to glutamate of excited neurons exhibited an increase in the 

probability of induction and in the magnitude of long-lasting effects as compared to 

inhibited neurons. However, this does not explain why long-lasting enhancements 

were observed on a much larger proportion of inhibited neurons lacking a receptive 
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field than those displaying a receptive field although the inhibitory effects of NE 

were of about the same magnitude on both classes of neurons. This suggest that the 

incidence of 10ng~lasting effects was related to the stimulus used. 

However, there was a negative correlation between the probablhty of 

induction of a long-lasting enhancement of excitability produced by NE and the 

evidence of excitatory inputs to the neurons. Neurons displaying a receptive field 

were those that presumably received the stronger excitatory inputs because of the 

presence of a somatie input. They also had a high probability of being spontaneously 

active and, when prtsent, a higher rate of spontaneous actlvlty. Neverthèle~~, they 

were less likely to be enhanced than neurons lacking a receptlve field. In contra~t, 

neurons lacking bath a receptive field and spontaneous activlty were the neuron~ 

displaying the highest probabllity of being enhanced and the blggest magnitude of 

the enhancement. Spontaneously active neurons lackmg a receptive field behaved 

intermediately. Thus, in the present study, NE appeared ta enhance preferentlally 

the excitability of neurons for which the least excitatory inputs could be found. The 

role of NE on these neurons might be to enhance their excltabillty sa that thelr 

response to their presumably weak input resulted 10 a more Important output. 

Neurons that were not enhanced by NE might have had their excltabtlny already 

increased ta a maximum and could not be further enhanced. 

Another possibility is that ather rcceptors present on the cell membrJ.ne need 

to be activated concomitantly with Ql-receptor ta observe a long-lasting change in 

excitability. These receptors mlght have been activated during glutamate 

iontaphoresis but not by the stimulation of the receptive field. An obvious candidate 
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receptor for such role is the n-methyl-d-aspartate (NMDA) receptor which has been 

suggested to play an important role in the induction of L TP in the hippocampus 

(reviewed in Collingridge, 1987; Cotman and Monhagan, 1988; Sarvey, 1988). 

Further, the long-lasting increase in neuronal excitability induced by NE in the 

dentate gyrus is prevented by NMDA receptor antagonists (Burgard et al., 1989) 

suggesting that its coactivation with noradrenergic receptors was necessary to induce 

long-lasting effects. 

The activation of the NMDA receptor produces a significant influx of calcium 

directly through the ligand receptor-channel complex. The NMDA receptor is voltage 

de pende nt and is activated only upon sufficient depolarization of the membrane. 

One possibility is that the depolarization produced by the stimulation of the 

receptlve field was not sufficient to activate NMDA receptors whil~ the relatively 

long iontophoretic pulses of glutamate were sufficient. This is also supported by the 

faet that neurons excited by NE displayed an increased probability of induction as 

weil as a larger magnitude of long-lasting effects suggesting a relationship between 

the degree of depolarization of the membrane and long-lasting effects. 

Another possibility is that NMDA receptors are not present at thalamocortical 

synapses. In that respect it is interesting to note that in adult cat visual cortex, 

NMDA receptor seems ta participate in the visual response of single fleurons only 

in layers II and III but not in layers IV, V and VI (Fox et al., 1989) suggesting that 

this receptor is not always activated by thalamic afferents. 
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4.53 Possible cellular mechanisms. 

Pharmacological data presented in the this study suggest that the long-lasting 

potentiations were dependent on the activation of o:,-adrenoceptors. SpeCIfie 0:2- and 

B-adrenergic drugs failed to mimic or to block the long-lasting effects ln contra!lt, 

long-lasting effects on the response to glutamate were blocked by a ~pe(ifiç 0:,

antagonist 4 out of 6 cases on the response ta glutamate and 2 out of 3 ca~e~ on the 

spontaneous activity. This is the first study involving this adrenergic receptor in long

lasting increase in neuronal excitability. NE has been shown to produce long-bsting 

increases in neuronal excitability in the dentate gyrus of the hippocampu~ but these 

effects appeared ta be mediated by B-receptors (Winson and Oahl, 19H5, Harley and 

Milway, 1986; Lacaille and Harley, 1985; Stanton and Sarvey, lY85). The increase 

in L TP indueed by NE appear also ta be mediated hy 13-reœptor (Hopkins and 

Johnson, 1984, 1988~. Also the excitatory effeets of NE In the hippocampu~ have 

been shown to be mediated by 13-receptars (Haas and Konnerth, 1983, Haa~ and 

Rose, 1987; Sah et al., 1985; Madison and Nicoll, 1986a). On the other ~lde, 13-

receptor appears to mediate inhibition in the cerebral cortex (Bevan et. al., 1977; 

Kolta and Reader, 1989; Waterhouse et al., 1981, 1982; and the present ~tudy (but 

see also Foehring et al., 1989) whlle the excitatory effects appear ta be medlated by 

o:,-receptors. Despite the faet that long-lasting effects appear to be medlated by a 

different noradrenergic receptor in the hippocampus and in the cerebral cortex, they 

are mediated by the receptor mediating NE excitation In bath ~tructllres. 

Furthermore, low levels of o:,-receptor binding are found Ln the hippo<.:ampus 

particularly in the dentate gyru~, as compared to the cerebral cortex where much 

175 



higher levels are founri even in the cortical layers containing the lowest densities of 

Q,-receptors (Jones et al., 1985; Rainbow and Biegon, 1983). NE has also been 

shown to induce long-lasting depression in the dentate gyrus mediated by J3-receptor 

(Dahl and Sarvey, 1989). Thus it is possible that Q,-receptors mediate the long lasting 

decrease in the spontaneous activity In the cerebral cortex. 

Intracellular studies suggest that the activation of Q,-adrenoceptors suppre~sed 

both the resting potassium current and an early transient potassium current that 

resemble the previously described A-current (Aghajanian, 1985; Aghajanian and 

Rogawski, 1983; Nakamura et al., 1984). In addition, this receptor mediates an 

mcrease in the duratlOn of the afterhyperpolarization possibly by increaslng the 

duration of the calcium-dependent potassium current but without affecting the 

calcium current (Freedman and Aghajanian, 1987). Such long-lasting changes in the 

membrane properties would explain the effects that were observed in the present 

study. The decrease in resting and early transie nt potassium current would result in 

an increase In the neuronal excitability while the increase ln the 

afterhyperpolarization would suppress the weaker inputs that generate the ongoing 

activity but without affecting sigruficantly the stronger input. 

The activation of a,- receptors produces an increase in phosphatidylinositol 

hydrolysis in rat brain (Brown et al., 1984; Crews et al., 1988; Gonzales and Crews, 

1985; Janowsky et al., 1984; Kemp and Downes, 1986; Minneman and Johnson, 1984; 

Schoepp et al., 1984) and generates two intracellular signal molecules, DAG and IPJ' 

While DAG activates prote in kinase C, IP3 increases the intracellular concentration 

of calcium by triggering its release from intracellular stores. The activation of protein 
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kinase C and the increase in intracellular calcium concentration appear to play an 

important role in LTP observed in the hippocampus (reviewed in Linden and 

Routtenberg, 1989; Sarvey, 1988) an.i such processes could be responslble for the 

long-lasting changes observed in tht-, present study. Furthermore, the activation of the 

cholinergie muscarinic recepto.· which also increases phosphoinositol hydrolysis 

(reviewed in Nahorski, 1988) has also been shown to mediate long-lasting tncreases 

in the excitability of cat somatosensory cortical neurons (Metherate et aL, 1987, 

1988b; Tremblay et al., 1990a, b). 

4.6 Functional considerations. 

At the end of this analysis we are left with the question of what raie NE plays 

in somatosensory cortex. NE produces inhibition in many cells, excites sorne and 

often enhances the signal-ta-noise ratio. Yet in other celIs It produces no effect. To 

identify a functional role for NE in the cortex from this constel!ation of 

characteristics is difficult; the effect on a given cell cannot be predicted; the test 

must be done before one knows ta which c1ass a eeU belongs. 

To speculate about functions one must refer to the behavlOural literature. 

There is a consensus that more NE is released during waking than dunng slef!p and 

that NE release is highest during enhanced levels of arousal (Foote and Mf)rnson 

1987). This is not ta irnply that NE produces high level intellectual actlvlty by 

suppression of neuronal aCtlvity, rather, one must presume that the released NE 

affects only certain classes of ceUs. We have already revlewed the IIterature 

indicating that the NE released may be rather diffuse and not iIrnited to tradittona! 
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~ynaptic sItes (Séguéla et al. 1990). Thus. it seems likely that the control of NE 

effects may depend on the nature of the postsynaptic membrane, that is, they will 

be determined by the nature of the reeeptors found on s..omatosensory neurons; the 

nature of the effeet and the class of neurons affeeted wiH depend upon the nature 

of these receptors. For example, in a study of orbitofrontal cortex of behaving 

monkeys, Aou et al. (1983) found that generally only those neurons involved in a 

delayed response task were sensitive to iontophoretically administered NE; 

74%(n=32) responded to NE while only 17%(n=41) of those not involved in the 

task were affeeted by NE. The NE effeets on the ceUs modulated during the animal's 

behaviour could be described even more precisely; those eeUs affeeted by NE were 

generally those inhibited during the time that the monkey pressed a bar or during 

the time that the monkey was eating the reward. Further, the bar press-dependent 

activity was shown to be mediated by B-receptors and those cells depressed during 

eating behaviour were shawn to be affected through a-receptors by blocking the 

effect~ with the appropriate antagonists. Thus, the effeets of NE were determined 

by which cells had receptors for NE and the effects in dlfferent behavioural states 

were differentiated by which class of receptors was present. 

Waterhouse et al. (1988) and Mouradian et al. (1988) have argued that NE 

could play a gating role by showing that the presence of small amounts of NE may 

allow otherwise ineffective inputs to produce action potentials in sorne eells. Again 

the seleetivity of thls effeet will depend upon the type of receptors found on the eelI 

surface, however, reeeptors for NE on a given cell wIll allow the locus eoeruleus ta 

aet as a gate for generation of postsynaptic aetivity from inputs that would have 
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otherwise been ineffective. 

It is clear that we will need ta have more information about the distribution 

of the several types of receptors for NE on cortical neurons before we can go very 

far towards building a picture of the functional role of NE in somatosensory cortex. 

This is equally true for the long-term effects produced by NE. These effects seem 

to be dependent upon the presence of Cll-receptors, thus, whether or not these effects 

are expressed in a particular ceU will depend on the presence of the requisite 

receptors. If a cell does have Q,-receptors then the raIe played by NE will depend 

upon which cortical system that ceU is part of. The non-random lammar di~tribution 

of the long-lasting effects dernonstrated here suggests that sorne cortical functlOns 

are likely to be more plastic than others, but again much more mformatlon i~ 

required ta determine which functions those may be. 
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