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1esions and of drugs that 1nterfeze w1th the metabollsm and
synaptic action of e;ntrgf catecholamines indicate that
‘dopamine (DA) , but. not norepinephrine, ig, cf&tlcally
invol&eé in' the mediation of the rewarding .efEects of

electrical stlmulatlon of the braln.l- This hypothesis . has
A

’Results of experiments dealing with . the effects of.

IECEIVEd further support by_the finding that self-stimulation -

.1s readily ‘seen when the tissue contained within the’ 1ayér of
"mesencephalic dopaminergic cells is stlmulatedj but not when

stlmulatxng electrodes.are above, below, lateral, or _caudal

i

to ‘thHis 1layer. Recent studies, however, sugbest'that the
directly activated substrate in self-stimulation of the" atea

of the medial forebrain bundle is not catecholaminergic.

L}
. - . -

- L

In this exper}mental series, the dopaminergic terminal
) r

fields were mapped for self-stimulation effects in ‘order to

determine the type of co;relations that exist (if any)

a
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between DA -density and -self-stimulation characteristics,
Moveable- electrodes were implanted in eight regions of the
caudate puta en, in four reglons of the septal area, in the

amygdaloid” complex, nucleus accumbens, olfactory tubercle,

pyriform cortex,@medlal and sulcal prefrontdl cortex, and in

,the entorhinad ccrtex. Non-dopamlnerglc regions of the brain

- -

were mapped as well: the parietal cortex, corpus callosum,

. anter1or commissure and olfactory tract.

~

Y Py

.. Positive sites for self-stimulation were found in all

# i ¢ ) . : .
catecholaminergic and nog-catechdlaminergic regions that were
studied, except for the parietdl cortex, but in no place was

{
there a clear, significant, correlatlon Pbetween DA denﬁgty "and

the four wvariables that deflned the characterlsyics of

van

self-stimulation (threshold, pressing rate, behavioral

.stability, and numbdr Of sessions to start self-stimulating).

L4
‘e

e} . A

. These results suggest that DA neurons involved in brain

73

-

- . \ . . . . Ll S
stilulation reward in dopaminergic terminal fields ?re

efferent  to the directly activated substrate in “the

[

self-stimulation paradigm, and that that the rewarding effect

of brain stimulation is. mediated by the release of DA in.

a few, perheps ‘one, dopaminergic ﬁterminal, fields, not

“"t
necessarily at the site of stimulation.
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INTRODUCTION

- ~ | \ ,
. More ithan twenty-five years ago, OlQ} and Milner (1954)

reported their disc&very that rats would learn instrumental

‘tasks ~ when their performances were followed by electrical

stimulation of certain areas -of the animals' brains. This
discovery has 1led, not surp;iéingly, to a grgat amount of
expefihental wofk. It is believed that by understandiné the
underlying mechanisms of this phenomenon 'wé will be able to
bgtter understand the phys%oloéical basis of a broad range of
motivational processes‘gnd og otheé related processes (e.g.,,
learning and memory) that occur both in the normal and in the

diseased brain. - ,"\‘

.

As is the case with most major discoVeriés, the history
of intracranial self-stimulation (IC?S) is filled with many-
;nstances of theoretical controversy. A great deal of
experimentation has been undertaken to determine whether or
not the reihforcing proﬁe:ties*of intracranial stimulation y

are 'qualitafively equivalent to those of conventional

(natural) reinforcers. I is now well established that

. intracranial stimulation can sustain learned bghavibrs in

4
mugh the same way as do natural reinforcers (Keesey and

»
L4
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~ Panksepp, and Gandelman, 1967; etc.).

Wwhat is the "~ neuroanatomy of ICSS? (l.e., which areas or

T EUE——

| ' '
Goldstein, 1968; Olds, 1956; Trowill and Hynek, 1970, Trowill,

»

2 t .
Two other major questions have emerged in this field.

systems  of the brain are capable of suppgrting
self-stimulation?). What is the neurochegistry of ICSS?
(i.e.,, which ehdogenous chemicals mediate tpe rewarding
properties of self-stimulation?). Thé'resulks of mépping and
lesion‘, studies, together‘ with those qﬁ ,pharmgﬁological
studies, have led to thé proposition that . béain stimulation

reward (BSR) depends on direct activation of at least one of

the two classes of catecholamine (CA) systems--a .
norepinephrine (NE) or a dopamine (ﬁA)‘system. ‘
w ‘ ' Y
The Catecholamine Hypotheses of Brain
Stimulation Reward

What. follows is a brief account of exﬁ%rimentsl related
to thé 'CA hypotheses of BSR, which were derived from the
early work of O0lds (0Olds and Travis, 1960) and formally.

. ¢

proposed by Stein (1964, 1968). In simple terms, these

hypotheses state that activation of central CA—containing .

" neurons (together, of course, with their normal efferent

connections) mediates the reinforcing properties of

A L AN RO A3 § 76 R - . N ——



2 ,

; -3 -

e

/ - ,‘ . . .\"

intracradnial st.imula'tion. o . .

. a o .

The original experiments~ on BSR~ dealt .with the
stimulation of 'tissue contained in some of the 1limbic areas'
of the brain. It later became evident £hat LCSS could also
be‘readily obtained by electrical stimulation of most regions
of this system (0Olds, 1560; O0lds and Olds, 1963). Further
research showed that BSR could also be readily i)roduced by
the stimulation of other neural systems, Inv their 1974
revi\w article, . German and Bowden matched exisn‘-n{ BSR maps
with the recently available maps of the CA systems, The%

found that ih almost every case in which BSR was obtained the

electrode tip was located within (or near) at least one of

. the primary CA systems .and concluded that the stimulation of

-

either the NE or the DA systems was a sufficient ‘condition

for producing rewarding consequences,

Lesion studies'also appeared to provi'de support for tl:me
CA hypothesis of reward. Electrolytic and chemical " lesions
of either, _or ‘both, of the CA systems generally ’proéuced
various degrees of attenuation of ICSS (see reviews by
German and Bowden, 1974, and& by Lorens, 1976) .

Pharmacologicalf studies showed (/ that - by treating
self-stimulating animals with drugs“that interfere with the
metabolism of the CA's, or with their synaptic action, also

induced a  reduction of self-stimulation avier. In

) ' N
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contrast, it was shown' that? pré-treatment with drugs that
‘increase CA (Synthesis or synaptic efficacy produces’ an
improvement of- ICSS (fof recent revliews' see Fibigern, 1978:
wauquier, 1980; Wise, 1978a, b; 198la). .

Although moyst of these experimental . data seem to fit
r;icely,with,'the, proposed CA hypothesis, careful analysis ahvas
led' to more cautious conclusions. It can be reasoned, ftI)r"
example, that electrical stimulation within the CA systems
might activate CA. elements ~and other anatolically .ovei‘lapp_ing
systems as well, so that the rewarding'properties of such‘
stimulation caquld be apc;:unted " for by the actik}étion of
non-catecholaminergic systems, and ‘not necesarily 'bl; the

activation of a CA system.
a

) - . .

The fi.rst catecholamine hypothesis of brai;n st‘imulat;ion.
reward stated that that NE was the critical neurgtransmitter
involved in ICSS (Stein, 1964, 1968). A 'second CA
hypothesis, derived from the mapping of the mesencepﬁalon,
was advanced by Crow © (1972, 1976);'?acco.rding to this
hgpothesis, e,‘ither NE or DA <can be critically @.nvolved
ir_x bra(in stimulation reward. As discussed below, there
are some exper'imental resu;ts which have called into question
the NE hypothesis‘ as initially conceptualized by Stein (1964,

'1968) "and as later supported by Crow and others. First,

W e cememsna BEC bt awiet 30 W AR P . e vt o pam e
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' ‘Meyerhoff, 1976).
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' although there have been tepéfts of self-stimulation from

éhe noradrenergic nucleus€locu§¢coeruleus (LC)(Cro@, Spear,
and Arbuthnott, 1972; Ellman, Ackerman, Farbér, Mattiace,
and Steiner, 1974::Ritter and Stein, 1973), results of more
recent studies where adequate ‘histological materiais were
_presented (lacking in the former studies), "and where. more
precise mapplng methods were also used, have ylelded negatlve
results. w1th respect to self-stimulation from the nuclei of
origin of the NE systems. BSR has not been obtaingdffrom the
Al, A2, 'or A5 cell groups of orlgxn of the ventral NE system

(Clavier and Routtenberg, 1974), nor has it been obtained

_from the LC by some'workerg (Amaral and Rouéfenberg, 1975;

Corbett and Wise, 1979; Simon, Le Moal, and Cardo, 1975).

/

/

. -Second, lesions’ of/the locus coermleus, of" the caudai

Ventral bundle or of thqgcentral gggmental tract failed to .

attenuate “brajnstem T self- stlmulatlon (Clavier and
Rogéteqberg, 1976) . Lesions of the dorsal noradrenergic
bundle (DNB)-'did not dlsrupt "BSR from the region of the LC
(Clavxer, Fibiger, and Phllllps, 1976) but,.instead, produced

a facilitation of self—stlmulatlon frpm the region of the

lateral hypothalamus ,(LH) (Clavier et al., 1976; Corbett,

»

Skelton, and'Wise, 1977; - Farber, Ellman, Mattiace, Holtzman,

Iépoliéo, Halperin, - and . Steiner, 1376; Koob, Balcom, and

<
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g Flnally, there is an 1ncrea51ng awareness of problems
' assoc1ated with the interpretatlon of early experiments'whlch
dealt with the effects of drugs on ICSS. It is a fact that

1

* \ the performance méintained by BSR is impaired after giving

the ' animals drugé thatt interfere with CA functions.,

This fact, nevertheless, cannot be intﬁspreted as being

necessarily due to a reducfion of the rewarding quality of

oo

brain stimulation;_raiher, it could be' that animals become
o /

less capable of executing the requirg gesponses to obtain

. the reward under somé, or all, of these

’

gs (e.g., Fibiger, \
Carter, and Phillips, 1976; Roll, 1970; Rolls, Rolls, Kelly,

( Shéw, Wood, and Dale,-1974). 1In order to determine whether
4 or not the CATE are invoived;in reward fungtions per se, motre

N sobhisficated methodologies must be employed. 'A number gf

27' , studies have been specifically designed to deal with . this

. ”‘" prOblém‘O ' - . . . \ A\

Results of these recent experxments suggest that DA, but

%

£

2

- . not NE,/ is crltlcally involved in fhe rewarding effects of 2
, brain stimulation. Both NE and DA receptor blockers cause a ‘

.~€ . 4

i - reduction in self-gtfmulétion behaviors, but only §§e latter
class of” drug produces effects that are similar. to those that . .

A
L3y
are- seen in conditions of extinction, that is when rewards
are wlthheld during the‘ perfbrmawce a .learned task.

Self-stimulating animals that are - pre-tgéated. with

X

e W - - - . - e



neuroleptics (drugs that block DA 6 receptors) show normal
response rates at the start of testing but decreasing rates

as the testing session progresses (Fouriezos and Wise, 1976).
\ .

P In contrast, pre-treatment with NE receptor blockers produces—

i o .
. \ low (but stable) ICSS throughout, thus squgsting that there
C is not a reduced quality of reward but, rathég, an. impaired

~ capacity for responding (Fouriezos ‘and Wise, 19765.

Subsequént éxperiments produced equivalent 'results
across a variety of paradigms. Extinction-like decreménts in
-ICSS were induced, in. a ‘dose-related fashion, by the
neuroléptic pimozide. These decrements were verf similar to
( those produced by lowering the stimulation current in
non-treated_ animals (Fouriezos, Hansson, and Wise, 1978;

Franklin and McCoy, 1979). Also relevant to the DA

hypéthesis of brain stimulation reward are experiments in

which 1latency lto initiate running, running speed, and ICSS

rates were not affected’ during the early trials in a runway

: ' when rats had been treated with a DA receptor blocker.
Performance declined only gradually as a function of repeated

trials (Fouriezos et al., 1976; 1978; ~Pranklin, 19589.

Finally, threshold tests indicate that higher than .normal

stimulation )currenté are required to produce BSR in
neuroleptic—treated "rats'(Espositp, Faulkner; and Kornetsky,

‘E 1919; Liebman and Butcher, 1973; Schaeffer and ﬁichael,

1979; Zarevics and Setlér, 1979a). Taken together, these

-7— « " s

o




experimental ~ findings ‘indicate that the reported reductions
in performance after neuroleptic treatment are not_‘dué to an

impairment of the response systems but to an interference

with the mechanisms that mediate reward.

\
LI -
vy -
;

It &g‘of 1nteigst to 93%@ that\Dg Feceptor blockers not

only iﬁfegfere with the reinforcing prgperties of electrical

"stimulation of the brain but élso~ with the rewarding value
" of natural reinforcers (Gerber, Sing and ‘Wise, 1581;

Xenakis and Sclafani, 1981; Wise et al., 1978a, b) and of ‘

some drugs of abuse (Bozarth and Wise, 198l; de Wit and Wise,

. - \
( 15878; Yokel and Wise, 1975, 1976). \

fi ‘ . - 7 If we .grant on pharmacologicél evidence . that
gl o : ) \ ‘
dopaminergic activity 1is essential for BSR (at least with

¥,

some electrode placements), ﬁhen one might expect to most

4 ‘\\teéaily "obtain ICSS when the stimulating electrodes are

lodged within or near DA systems (near the cell bodies,

SR vt e L

~ dendrites, axons, or terminal fields). The work of Cbrbeét
! " and Wise (1950? shows that in the nﬁclei of origin and along‘
the initial segments of their fiﬂer tracts tbe boundaries of
the pA ascending systems bear a close relation to the .
boundaries of the subs£rate of BSR. High pressing rates and
low thresholds were obtained when the stimulating electrodes

were in those areas with .the highest DA éeL; body or fiber

S

¢ . ]
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.density, whereids no self-stimulation was .seen -when the

-

electrode ' tips were outside DA-containing regions;. the

boundaries of the BSR region correéponded‘ precisely to the
boundaries of iherDA cell group:\
N n

To summariée, ﬁappiné and pharmacological studies 1eﬁd
strbng suppo;t t6 the view' that dopaminergic activation
répféséﬁts a.critical link i; the processes invol;ed in brain
stimulation reward.

’ ¥
The Directly Activated Substrate for Brain

Stimulation Reward

- \ o
\

As would be expecteé from the results of mapping, ‘lesion
and pharﬁacoiogical studies reviewed above, many spegialists
in the field of brain stimulation reward agreed at first that
this.phenomenon was prébably mediated by the activation of at
least one of the CA systens. The¥e has also been}:ghe
implicit assumption that ICSS is brought about by thé direcé
electrical activation of the catecholamine elements that are
located at, or near, the Eip of the stimulating eléctrode.
However, this assumption has been questioned b& Wise {1978a,
b; 198la), and recently it has been convincingly challenged
binallistel and co-workers, Based on their findings derived
from $ngenious combinations of“classical.electrophysiological

and behavioral "methodologies (Gallistel, Shizgal, and

e
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Yeomans, 198l; Shizgal, Bielajew, Corbett, Skelton, and
_ Yeomans, 1980; :YeOm;ns, 1979). Given the ~“important
theoretical }mplicatioqs of these findings ?nd the novelty
of this combination of Qéchniques,'é Ybrief description of
some of these experiments-is warranted; ‘

The experiments reviewed by G&llistel et al. (1951) ;
deal with the study of the physiological properties of the
neural tissue which, when stimulated, reinforces thesbehavior 18
that preceded its.stimulation. It shou;d be remempered that |

s 2the minimal interval at which two action pogentfais can be v
‘( " "produced by an axon is determined by the absolufe refractory

period of that axon. Because of this, when avfiber, or a set

of pérallel fibers, is stimulated with'a train of pairs of_

\ .
pulses, there is a critical inter-pulse interval below which

only one ‘'of the pulses in each pair 1is effective in

_activating the axons and their post-synaptic contacts. By

the -same token when an axon is stimulated at two different . ;
sites along its length, there is also a minimal inter-pulse

) interval at which the latter pulse will be effective in

producing an action potential. With a shorter interval on}y
one of ‘thg two action potentials will induce an effect on
the post-synaptic codggcts; the simultaneously pfodung
antidromic action potential will cancel the rthodromic

i > ' . )
§ (- ; one produced at the other electrode.
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’delivered contingent upon the rat's pérformance. By reduciné -

- 11 -~ .

\ | j' | ~‘ 6» | -

N

In the self-stimulation studies under’égnside?atfsg, it

is assumed that when a given set of stimulat&éq parameters
is hsed a certéﬁn number of fibers withinva 'rgward' bundle
are activated and tWat the degree of this rewarding
activation is reflected in.the animal's degree of willingness
to work! for such stlmulatron. In'th§s~vie:/ a &reducyion_ in

«
the number of sti&ulation-induced_ action potentials will

reduce the iewatdinb impact of BSR: (as. evidenced by reduced

response rates). Inltypical experiments, the tips q; one or,
2 ¥

two electrodes are chronically fixed within an hypothesized

1
»

reward fiber tract of h;rat,'and the behavioral output of the

animal is observed hen -a train of pairs of pulses is

the interwval between‘ the first (conditioning): and second
(test) puls;s of each pair of pulses, refractory periods
(one elecgrode paradigm) or collision intervals (two electrode
paradigm) can be  inferred from the «critical inter-pulse
interval at which there is an abrupt change in the animal's
performance; with the two-electrode measures an estimate of

conduction velocities of the actiQated fibers can be derived.

This type of . experiment indicates that the

- g ' . . *
electrophysiological roperties of the neural elements that
are directly activated |through a ézif-stimulqtion electrode

differ from the functional properties of the catecholamine

4
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fiber systems. TQF known' CA projections are. represented by

4;;;;eiinated axons-“ with rgfractor& periods greater than 1.5

mse¢ and condugtion jvelocities of less than 1.0 m/sec;

dy e~

whereas those of the directly activated reward substrate

v

. ) N
range between 0.5 and 1,2 msec and between 2.0 and 8.0 m/sec,

respectively (for references, see Gallistel et .al,, 1981).

Thus, these experiments indicate that in the ICSS paradigém ‘

activation-bf some non-€atecholaminetyic system.is the first

in the series of events that is ultimately translated into

~

reward. Given the supportive evidence 'for the hypothesis

-

that DA is critically involved in brain stimulation reward,
<it can now. be postulated that this monoamine is involved at

some stage efferent to the directly activated fibers at the

electrode tip. S .

. »
<] )
°

. These data have been integrated by Wise (1980a, b). He

' has'hypothesized that, in the region of the medial forebrain

ht

j

bundle (MFB), the tissue directly activated by ICSS§——— — i _

electfodés is a descending system of myeiinated fibers that
makes synaptic contact with dopamine cells in the ventral
tegmental area (VTA). Hence, it may‘beutﬂe trans-synaptic
activation of a dopamineréic system that mediates the
rewarding_ properti?s of brain self-stimulation. These

postulations lead to many important. questions, It ‘is

important to determine (a). what is the neurocanatomical and

1)

i
L
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neurochemical identity of the propvsed descending system tﬂat

. activates the tegmental dopaminergic cells , (h) which of .

the dopaminergic terminal fields are critically involved in

2

the brain stimulation reward phenomenon, and (c) what is the
mode of action on post-synaptic receptdérs of the dopamine

,that is presumably released dG}ing sqlf—stimulaiion.

Moreover, it is important to determine if nqn—dopaminergick

3

cells are directly activated when electrodes are in other
locations. 'Locations in dopaminergic terminal fields are

'particulariy interesting;7 sincé@ D efferents could be

¢

activated in such ‘cases. BSR in dopamine terminal fields,

where little is known about the directly-acti@ated substrate,
. (
-~ is the focus of the present Thesis.

-

12

Role of Dopamine in Brain Stimulation Reward

Involving Dopamine Terminal Fields

v {

The - histofluorescence techniques have proven to be:

7 ~~——invaluable trools for the demonstration and mapping ‘of the
cateqpoiamine systems of the brain. These techniques can be
used not only to visualize the ' cells of 5£iginhh fiber
pathways and terminais-of these systems but also as markers
of the afferent fibers and efferent processes associated with

CA systewo.

Thus, the use of the glyoxylic acid-induced

-

3 : /
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h;séofluokescence method made it_possible'to determine the
correlation between DA density in the region of cells of
origin of the ascendipg dopaminérgic ' éypteﬁs and
self-stimulation thréaholds and - between DA -density and
. pressing rates (Corbett and Wise, 1980). As described above,
the boundarie§ of Ehe BSR region corréspoﬁded précisely to
the boundéries of the\DA\ggll group. - This result, together
with thbse which indicate that the direcélj activated

reward-relevant neurons in LH self-stimulation are not

catecholaminergic (Shizgal et al., 1980;- Yeomans, 1979),

suggests that 'the directly activated tissue is represented bQ.

the afferent terminals that synapse on the mesencephalic DA

neurons. In this case the histofluofescence technique

. \ -
indicated the topography of termination of a non—dopaminergic

projection. .

3

In the case of the DA terminal fields, histofluorescence
4
can again be used to map two potential populations of

reward-relevant eléﬁenﬁs. Here sites of dense fluorescence
mark, first, the DA terminals themselves and, second, the
population of cell sofidta or dendrites on . which the DA
terminals make synaptic contact. If ICSS in the dopaminergic
“terminal fields involves activation of either the DA
terminals or their efferent targets, then the ICSS boundaries

and the boupdari&szlof the region of DA fluorescence should

correspond. In other words in regions where the DA terminal

P itacial
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fields have precise limits (e.ge, }n the caudal region of the
septal area), ICSS characteristics when the electrode tip is
within those limits should differ significantly from when the
tip is outside those 1limits. By the same token in those
terminal fields with a homogeneous distribution of DA
fluorégcence (as is the case of the striatum),
self-stimulation effects should not differ from one region
to another, ‘ ¥

5 . .

It thus seems important to determine the kinds of
relationships that exist between BSR and the anatomy of the
terminal fields of the ascending dopaminergye systems, If
ééme "relationships should be found in some of these terminal
fields, they could shed some 'light on whether or not

dopamine terminals or dopamine efferents might ‘play a

cri;ical role in BSR.

Of particular importance for interpreting the anatomy of
the reward circuitry in relation to DAwterminal fields is the
question Jf whether DA excites or inhibits its efferent
target neurons., This knowledge would allow predictions about
Qhe direction of expected correlatigns between DA density and

;-

BSR measures. The question of whether DA terminals and their

efferents are excited or inhibited in BSR is discussed below.
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( : How does dopaminé affect post-synaptic receptors? ' One
possibility is that DA produces the ‘activation of dome neural
processes, which mediate a rewarding state. It is not
difficult to argue, however, that DA could produce the same
effect via ;he inhibition of some neural process. Indeed,
the latter alternativé might be the most 1iké1y mode of

action. There is a Eubstantial body of evidence that leads

to the concluéion that the effects of DA on its post-synaptic

a
Ll
[

neuronal contacts are predominantly inhibitory in nature.

#

A
(J

This evidence 'largely involves the effects of‘

iontophoretically applied.DA on spontaneous or evoked unit

\
2+

activity.. .

| 4

- Inhibitory-. effects of DA have been seen in units of,the
prefrontal cortex (PFC), located in those 1layers that are
innervated by the Aal0 cell group (Bunney and Aghajanian,
1956b) and in the\ pyrifori cortex (Legge, Randic, ana
Straﬁghan, 1966). " In the striatum both inhibitory aﬁd
L facilitatory effects on unit activity have been obtained, but
in most cases the inhibitory effects predominate (Bloom,
% Costa, and Salmoiraghi, 1965; McLennan and York, 1967). In
§ " contrast with the ‘inhibitOty gffects of DA on caudate
: neurons, this catecholaminé has been found to exert mainly
’facilitatory effects on units of the putamen and globus
‘[} \palliéus \%York, 1570), Electrophoresis of DA also inhibits

cell firing in the mesolimbic projection fields, namely, the

-« » ‘

PRSP




T Y R e N B s
~

e "“'MMW”"

/.-17?

accumbens (NAS) and olfactory tubercle‘ (0OT) (Bunney and
Aghajanian, 1973), the amygdala (AMY) (Ben-Ari and Kelly,
1976; Straughan and Legge, i965), and in the lateral s;ptal
nuclegs, which receives thg richest dopaminergic innervation

in the septal area (Bunney, 1979).

Excitatory effects of DA areé far ;ess often seen in
diencephalic areas, such as the hypothalamus .(Moss,, U;ban,
and Cross, 1972) and in various thalamic nuclei (Phillis and
Tevecis, 1967; Phillis, Tevecis,'anq York, 1967). At more
caudal levels ‘of the brain, for example in the red nucleus
(Davis and .Vaughan, 1969),'mesencephalic reticular formation
and superior colliculus (Straschill and Perwein, 1971), and
cerebellum (Kawamura and Provini, 1970),  electrophoresis of
DA eiiqits _a less potent inhibition of cell firing than at
more r&stral leéels. Weaker inhibitory effects of DA are
seen at the most caudal levels of the brainstem (Hosli,

]

Tebecis, and Schonwetter, 1971) and in the spinal cord

»

(Biscoe, Curtis, and Ryall, 1966).

Taken together, ‘the results of these studies show that
DA has a differential rostro-caudal inhibitory potency on
‘neural activity, with strongest inhibitory effects in the

cortex and generally weaker ones in the 'spinal cord.

~ ¥
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The experiments reviewed.thus far lead to a few general,

A ' . '
conclusions. Eirst, dopamine is critically involved in the
process of brain stimulation reward;® second, the main effect

of dopamine on neurons of the ascending dopaminergic

projection fields is- inhibitory; Eh&(fﬂ the directly
N < '

activated reward-relevant neurons in thﬁ\medlal forebrain
bundle -do not seem to be qa%gcholaminergic. Hence, it shodld
be expeqted that DA density' or content” around
seff-stimulation sites in cases of dopaminergic projection
figlds where dopahine ié intimate;y involvgd in reward should
cérrelake negatively with pressing rates and posiEively wiFh
thresholds for self-stimulation. 'Tgese outcomes should be
expected because electrical stimulation does not, in‘this
case, seem likely to directly activate the dopaminergic
fibers but, rathgr,, their post—synaptic contacts. ' This
post-synaptic activation would cancel the inhibitory effect

¢

that dopamine release is thought to exert on most
post-synaptic targets. In other words, the underlying
proposition is that a rewarding staté is usually produced by

the inhibitory effects of - dopamine on some post-synaptic

.neurons, and that di;ect activation of those neurons should

itself not be rewarding. Further elaboration on this point

will be presented in the final paragraphs of this chapter.

Numerous authors have reported that animals will perform -

an instrumental task when their responses are rewarded with

-~
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electrical stimulation’ in :ﬁe\ ;egion{ of °the DA terminal

fields (see below). 'In these studies, however, no systemahic

correlations between DA density or content and ICSS

( " ‘ -
parameters were made., Before reviewing these studies, a

brief descriptio‘k\of the n uroanatqag of the DA systems is
itn-order. -

o
-

w
Ll LY

Anatomy of the D paminéigic Systems
£ .4 :

~ Early biochemical studies (Bertler 'and Rosengren, 1959)

and studies showing reduced dopamine levels in - the striatum

and substantia nigra (SN)  of parkinsonian patients
(Hbrnykiewicz, 1966). pointed to the _existence ‘dk a DA
projection system in the| brain, With «the advent of the
formaldehyde histofluorescence methog developed by Hiiiarp“s

dgroup (Falck, 1966; Falck,/ Hillarp, Thieme, and Torp, 1962),

hitherto undetected CA sydtenms were discovered (see, for

a

\ L} A 5
example, Anden, Carlsson’, Dahlstrom, Fuxe,_ Hillarp, and
Larsson, 1964; Bertler, Falck, Gottfries, Ljunggren, and

Rqsengren,’ 1964; Dahlstrom and Fuxe, 1964; Fuxe, 1965;

n

Ungerstedt, “1971).  An impxovemeﬁt in the'histofluéréscence
methodology (Lindvall and Bjorklund, 1974) and the’ use of

autoradiographic  and horseradish - peroxidase traéing
p :

' . -
techniquesf(FJ!Hon and Moore, 1978; Nauta, Pritz, and‘LassekJ
1974), the use of silver stainihg (Maler, Fibiger, and

McGeer, 1973), and the use of immunohistochemistr§ (Pickel,

4

("‘"\\
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‘"eminence (bdhe

-
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Joh, and@ Reis, 1975) €further eipanded.our knowledge of the
neurpanatomy of the éA syétems, ‘ The DA systems can be

subdivided into four basic groups.

-
&« . AN R .

o

The first group 1is, comprised of small DA-contéining

.
-

nedrons which are found in the retina and olfactory bulb,

interconnecting the inner and outer ‘plexiform layers and the

mitral cells and adjacent glomeruli,hréspectively. In the

second group there are three systems of DA cells with axons

’

of intermedijte length; the first of these systems projects

; : »
from the a Ate and periventricular nuclei into the

intermedia bbe of the ‘pitﬁitqry and into the.-median

tuberoinfundibular system); the .second systé%
eiéggété from the do?sal and posterior hypothalamus,
coqpecting with the dorsal anterior hypothalamus and lateral
septal nuclei (tge incerto-hypothalamic system). The third
system is ‘comprised of DA ceiis in the area of the nmotor
nucleus of the tenth cranial nerve, the nileleus tractus
soliéarius, and cells scattered in the tegmental radiation of
the peri-aqﬁeduc;al grey matter.

The third group is represented .by ‘ a descending
projection, “which origindtés frqp two distinct céll groups;

These are the All ‘group, which “~includes cells in the

periventricular hypothélamuSd:and in the medial zona incerta
. 4 : .

-

: .
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(Bjorklund and Skagerberg, 1979), and the substantia nigra,
from which uncrossed axons descend to it least the level of

the thoracic cord (Commisiong, Gentleman, and Neff, 1979).

A fourth set of.DA systems is comprised of neurons with

" long axons which connect the brainstem with diencephalic and

telencephalic structures, ‘These systems are the
nigro-neostriatal bihdle, the mesolimbic projection, and the
mesocortical system. It is these long fiber systems that are

of primary curfent interest to those studying,BSR.

Thg nigro-neostriatal bundle originateé pin the pars
compacta (A9 cell grohp) of the SN, and some of its fibers
arise from the Al0 and A8 neurons. As axons leave the SN in
a medial direction, . they are joined by fibers from the AlO
group and ascend dorso}ate;él to the medial forebrain bundle
(MFB) . 1Id genera}gthe lateral aspect of the SN préjects to
the lateral neostriatum (the terms neostriatum, striatum and
caudate nucleus will bé uséd'synonymously when referring to
any mammalian species; when referring to rodents, the
term caudate-putamen will also be wused). The medial SN
projects more medially'to the caudate-putameﬁ (CPU) , and the
neurons situated léterally in the 510 area éend their axons
to the medialr and ventral aspeq;s of the neostriatum. ‘IE
appears ‘that the A8 neurons innervateithe ventral CPU. The

nigro-neostriatal bundle also contributes terminals to the

et e T WIS
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interstitial nucleus of the stria terminalis and giées a
relatively sparse innervation to the globus pallidus. In the
CPU the dopaminergic projections form a relatively
homogeneous, Qense -terminal network which extegés without
interrhption into the nucleus accumbens and into the medial

olfactory‘tuberclg.

The mesolimbic projection originateé in the AL group
(ventral tegmental area) and terminates in the NAS, OT,
septup, bed nucleus of the stria terminalis, ‘and aAMY. The
Axons of this DA system'runlin the dorsal portion of MFB
immediately ventromedial to the nigro-neogtriatal bundle.
Some of its fibers continue to the frontal cortex and others
to the heéd‘ of the Cpu; There alsoc seems5 to be a
topographical arrangemenf in this \system: the most medial
cells of origin project mainly to the septum, those locatéd
more laterally terminate in the NAS, ahd the most laterally

located cells innervate the OT.

Dopaminergic terminals are found mainly in the medial

aspect of the OT and can be seen as a dense network of fine

varicose fibers. In the septum there are two types of DA

terminals.: First, there are smooth fibers with , few

varicosjities which often surround the cell bodies and.

proximal dendrites of the septum. These smooth fibers are
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found' in the most -anterior aspect of the lateral nucleis and

ventral to the. hippocampal rudlment. Second, there are fine-'

varicose fibers, which termlnate more caudally, where the DA
innervation increases progressively and where the highest
- density is seen as-.a conspicuous diagonal band outhinina the
“"Tfnediaxl border of the lateral septal nucleus, smooth fibers
and pericellular arrangements are found in the lateral "and

dorsal aspects of this nucleus, A sparse dopaminergic

innervation 'is found in the most posterior regions of the

-

septum. There is a dense projection to the -central nucleus

~

of the amygdala, seemingly an extenqmn of that in the CPU,

and also a rich innervation in the lateral and basolateral’

nuclei, as well as in the intercalated masses.

The mesocortical projection originates mainly in the VTA
(tﬁere are some projections from tgxe SN) , ascends within Fhe
_ dorso—1lateral MFB, and innervates the anteromedial—frontal,
the anterior cinguiate, the ventral aspect of the entorhinal
and sulcal cortices. The density of dopaminergif: terminals
in the f‘f‘???i‘fe_’_‘ 191 not homogeneous. In" the frontal cortex
DA terminals are found througltout the second and sixth
layers; in the anterior cingulate oortex dopa'minergic
innervation is confined to its three first layers; in the
sulcal area terminals are found in  the fifth.and sixth

layers; in the ventrdl entorhinal cortex DA terminals

form clusters in the second and third layers. / .

/a.
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Brain Stimulation Reward Derived /From -

Dopaminergic Terminal Fields

»
Caudate Nucleus

. Attempts to induce, self-stimulation through electrodes '

placed in this region of dopaminergic terminals have produc'ed‘

controversial results. In the early mapping studies coﬁducted
by 0lds' group, it was found that electrical stimulation of

the CPU produced aversive consequences. In one study (Olds

\ .
and Olds, 1963), it yasureported that a high rate of escape-

r‘espondir;g was obtained in response to stimulation of the

medial aspects of this structure, although some instances

3

of mild escapé or neutrality - were also - seen. The

.dorso-—m.edial and ventro—-lateral aspects of the CPU yielded

mild ambivalent (approach-escape) r\espoqsgs.z In a simiiar,

study by Wurtz and Olds (1963), the same picture emefged:
eight of nine electrodes in this nucléus produced escape
behavior, and four of these also induced approack; responses
(émbivalent effects); the ninth electrode’ was negtrai.

L4

In subsequent mapping ‘st‘udies of BSR from the 'striatum,
aversive effects of electrical ' stimulation were not
object'ively determined. Using a stringent behavioral

criterion, Routtenberg (1971) was able to demonstrate

s
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gelf-stimulation from the most medial aspect of the CPU,

* while Phillips, Carter, and Fibiger (1976b) reported that

.
~

¢ .
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ICSS could be obtained from all regions of the caudate, with

the medio-ventral quadrant yield}ng the hiéhest ICSS rates.
Thus, the' results of these two reports do not fit with the
early findings of 0lds and Olds (1963) that stimulation of
the medial aspect .of the .CPU usually produces aversiv§
ébnsequences. The mong discrepant results, however, are
thoée of . Prado-Alcala, Kent, -and Reid (1975). ThirtyJSeven
~electrodé placements scattered th;oughout the CPU and three

blacements in the globus pallidus appeared to be neuttal.with

respect to self-stimulation. Co
t

;T
]

Rats were used as e;perimental subﬁectsﬂin thé studies
mentioned above. 1In the late 1950's and during the 1960's,
several investigators attempted Eo obtain self-stimulatioh
with,caud;te nucléus.ﬁ(CN) electrode\ placements in cats.
Again, there were no consistent results. Nielson, Doty, and
Rutledge (1965) made the observation thatr their animals
would press a lever to obtain elecFrical stimulaéion of the
CN only if pre-training of lever pressing to obtain food had

occurred. Naive cats did not learn to self-stimulate by

pressing the same lever in the same box using the samé’ CN.

“stimulation parameters that were effective for the

.pte-trained cats. In 1963, "Justesen, Sharphp and Porter

o umwn
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demonstrated that BSR could be elicited from the’ CN of naive

_cats. They used a Skinner box with a 'relatively large

treadle switch iocated at floor }evel; in addition, several
food deprivation schedules were imposed on the animals.
Rates of responéing were increased over operant levels by CN
BSR, and ICSS rates seemed to be a direct function of the
duration of food deprivation., The authors also noted that,
unlike more 'typicél“‘ cases of ICSS, their animals d4id not

show resistance to ' extinction when responding was not

followed by CN stimulation. "' They concludedathaf "...the .

reinforcing effects of caudate sthulation‘ owed simply ¢to
induction of generalized motor activa;idn' (p. 373); More
recently O'Donohue and Hagamen (1967) published the «esults
of a comprehensive mapping study of self-stimulation in the
cat. Mor than 2000 sites were eiploréﬂ and it was
d, among other things, that electrical stimulation of
the antero-ventral aspect of the CN yielde@ positive

reinforcement.

3

~

As is the case of many instances where inconsistent,

often ,contradictoky, results are obtained in studies of a

particular problem, most of the inconsistencies found in the

- gelf~stimulation experiments reviewed in this section may be

accounted for by the diverse methodologies that were employed
by - the different investigators. To~ illustrate this point,

the analysis of threé studies carried out in rats in which

B e A
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different degrees of self~stimulation behavior were obtained
will be.presented. In each ofjthese studies 60 Hz sine wave
stimulatfgn was given, with train dgration of either 0.20 or
0.25 sec.

J

In the first case where ICSS was obtained from all

i
-

regions of the CPU, each rat was stimulated with a fixed
intensity, determined during preliminary test}ng and selected
for each animal on the basis of its apparent reinforcing
effect; the ' intensities ranged between 6 and 180 uA. The
animalg‘ were tested for 30 min per day until ICSS occurréd,

or until 14 days of shaping were completed (Phillips et al.{

1976b) . With this paradigm B87% of CPU placements yielded

self-stimulation, with a mean of 7.7 days of training for
this behavior to appear (25% of the rats that acquired the
lever pressing response_showed ICSS in less than 6 sessions,
" 50% needéd between § and 10 training sessions to
self-stimulate, and the remaining 25% required 1l to 14 dayé
of Eraining). In the second case , all rats were given free
access (no shaping) to a lééer during 28 daily sessions which
lasted 25 min .each. The pressing of the lever produced a
current of 15 uA. fn this study ICSS was obtained from the
medial aspect of the CPU (Routtenﬁerg, 1971). .Finally in the
case of the Prado-Alcala et al, (1975) study, each rat

was shaped to -approach and press a lever; shaping lasted for
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10 min at each of seven intensities (30 uA to 9Q ud) on 'each
day until ICSS began or until five consecutive days elapsed
with no evidence of ICSS. With this procedure the CPU

v

appeared to be neutral with regard to self-stimulation.

At least three variables seem likely to account, foy

[ad

the differences in ethe results of these threg studies:
duration of training with a given intensity of stimulation,
number of training sessibns, and use (or lack of) shaping.
In the two reports in which ICSS was gbtained, a fixed
intensity was used for 15 or 30 min %n each session;
a rélatively high number of training sessiéns were given (up
to 28 days); in the,K study in which shéping-was used, ICSS vas

obtained from more sites. In contrast, failure 'to obtain

self-stimulation from the CPU involved training for only 10

Y

Min at @ given intensity and a relatively low number (five)

of training sessions. Given these considerations, it can be
concluded that the caudate nucleus is capable of supporting
self-stimulation when adequate stimulation currents and

training are given. * A

-

[y

There is an abundance of literature dealing with the
effects og\ self-stimulation of systemic administéation
of drugs‘téat alter dopaminergic tranéﬁission, and no attempt
will be m;de* ‘to v review“r it in detail (for reviews,

see Fibiger, 1978; German and Bowden, 1974; Wauquier,
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: Wise, 1978a, b; 1980a, b). Rather, experimenés

inv lvi’n)g the effects of direct application of drugs into the
—

br on ICSS will here be analysed. ~

A prediction that can be derived from the CA hypothesis

of BSR is that the destruction of a CA-containing system

'should result in the loss of self—stimulati’on. ‘A

straightforward test of this prediction was made by Phillps
et al., (1976b); as discussed above, they found that most of
the CPU proved to b'e positive for ICSS. In the same article
they reportéd- that ir;jectidns of a ﬁeurotoxin which lesions
(';A.—containing neurons (6-—h§droxydopamine, 6—-OHDA) ini;o the
ipsilate;al or contralateral SN produced a significant
reduction in CPU self-stimulation. The performance of the
ipsilateral group “dropped to about 10% of control rates and
remained at this level for the duratipn of the experiment (21
days). In contrast, the contralateral lesion group recovered

to about 70% of pre-lesioh rates by the 21st test day. The

-fact that there was a reduction in ICSS in all animéls,

' regardless of the side of the lesion, can be interpreted in

terms of a generalized performance impairment. The
long-lasting impairment seen in the ipsilateral ‘group despite

behavioral recuperation of the contralateral groub, can be

‘taken as evidence that DA'is also critically involved in the

rewarding effects of CPU stimulation,

PR
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Further support for the idea of critical involvement of

striatal bA in the neural mechanisms of reinforcement wés

provided by Neill, Parker, and Gold (1975). They found that

-applications of crystalline 6-OHDA suppressed

self-stimulation from the lateral hypothalamus (LH) when

applied to the ventral-anterior striatum (VAs) but not when

deposited into the dorsal CPU or septal area. On the other

hand, crystalline appliéations of DA to the VAS reversed the
suppressive effects of 6-0HDA applied to- this area and
improved self-stimulation in non-lesioned ratsn In a
follow-up study (Neill, Peay, and Gold, 1978)\, their earlier
findings were confirmed, i.g., E}bilateral cryst_a;line
applications of DA or 6-0HDA to the VAS increased or

suppressed, respectively, self-stimulation from the LH.

Applications of these drugs to the dorsal or posterior CPU
land

P

AN

Consistent with these findings are their observations

that bilateral applications of d-amphetamine facilitated, and -

unilateral applications of the neuioleptic haloperidol
disrupted, self-stimulation from the LH when the treatments
vere appl?ed to the VAS, while no important changes in
self-stimulation were produced by the application of these
agents tO\ the dorsal or posterior.striatum. The authors

\

concluded that dopaminergic tra,nsmission’ in the

*
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ventral-anterior striatum, alone among the striatal sites
that, were tested, is facilitatory in hypothalamic
self-stimulation (Neill et al., 1978), Note that the
ventral-anterior striatum is near to, and continuous with the

nucleus accﬁmbens, which would also be influenced by the

_ treatments of Neill et al, (1978) %

) o
Thevfacthitatory effects of d-amphetaﬁ.ne/,,@pplicai?ns_
to the CPU on ICSS have been replicated in indeperndent
laboratories; ?roekkamp, Pjinenberg, Cools, and Van Rossum
(1975) reported enhanced 1ICSS with electrodes in the AlO
cell group, and Stephens and Herberg (1979) reported ‘six:\ilar

findings with electrodes in the LH.

Involvement of CPU dopaminergic transmisgion in SN

self-stimulation was also suggested by the experiments of

Broekkamp and Von Rossum (1975). They showed that

unilateral injections of haloperi(‘aol into the CPU depress

self~stimulation from - the 1ipsilateral SN, Similarly,

contralateral application of the receptor blocker also.

- reduces nigral self-stimulation. In the case of

contralateral effects, the disruptive behavioral )effects

could be ascribed not solely to a 6 reward deficit but,

perhaps, to’a performance debilitation as well, o
. \‘,// y /
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Additional experimental tests of the idea that DA within
the CPU is c¢ritically involved in qbréin "stimulation ;eward
have been carried out with the aid of other drugs that modify
DA synaptic action. : Intraperitoneal (I.P.) injections of
the DA receptor blocker sSpiroperidol significantly attenuated
self-stimulation from the head of the CN qf rhesus monkeys,
while pimozide only induced a non-significant redu;:ction of CN
self-stimulation. This weak effect of pimozide might have
been due to the low doses £hat werge adm‘inistered (0.15 a':d
0.20 mg/kg). In contrast, apomorphine (a DQ\ receptor
agonist) facilitated the same CN ‘self-stimulation.
(Phillips, Mora, and Rolls, 1979), In a previous stu’dy these
authors (Mora, Phj li\‘é, Koolhaas, and Rolls, 1?76)' described .
similar facilitatory | effects qof' apomorphine (administered o
subcutaneously, s.c.) ‘Jon ICSS elicited from the striatum of
rats; the drug produced an increment in most( animals'
resporf:e rates at one or more of the doses that were studied;
at other doses a’decremént of ICSS was' seen. The relative
variability of these effects could perhaps be accounted for °
by the great dispersion of electrode locations within ft':l'{e :
CfU. As noted earlier, it' séems that as far a;
self-stimulation is concerned the ventral~anterior aspect o'f"

'thé gtriatum is more sensitive to manipulations that alter DA

transmission (Neill et al,, 1978; 1979).

The inconsistency of the gffects of apomorphine gould

[
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also be explained in terms Of .the mode’of action of this DA

agonist, which is Qifferent from the ‘mode qf amﬁhetamine

v

"action on dopaminergic transmission. ' Amphetamine causes the

release of CA's from nerwve endings, "and also prevents its

reuptake; “in addition, it further enhances the releaseof

2

CA's when their . Cbqtaining fibers are stimulated (Von
Voigtlander and Moore,” 1973). Apomorphine, in contrast, acts
in a. non—stimulation—contingeng manner by sustained and

’

direct activation of postrs&naptic DA receptors. Thus, it

would 'be expected that 1low doses of apomorphine would

facilité;g }'BA transmission (by partially actjivating

.'poét-éynaptic receptors), while relatively high doses would

.. produce a generalized stimulation of DA sénsitive neurons

»

> (precluding any  integrative action), This.generaiized and

unpatterned activity would be expected to result in the

. 1
‘attenuation of 1ICSS, and other dopaminergic-mediated

beﬁéviors, s;nce it would eliminate the motivation to work

- )

-y
for stimulation.

r

[ 4

=

.Equivélent effects would be  expected from local

applications of the same doses ‘in different ICSS DA—sénsitivé

loci (e.g., ventral-anterior vs. posterior ' CPU) or £rom
systemic applications’df apomorphine on ICSS- derived from
regions with different. ‘den® ty. .of dopaminefgic cel_éments
(e.g.,imédial Ga:‘ le;eyal Eg;Zéts of the LH). ‘

o
o o ’
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‘self-stimulation was

.{alpha-methyl-p—-tyrosine):
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Contrary ,to expectations 6fOﬂDA lesions of -the

—
nigro-neostriatal system, which produced 97% depletion of DA ‘
in the -CPU, only induced a temporary reduction "of SN
self-stimulatioh, and virtually no effect on SN

of the

seen after. 6-OHDA 1lesions

NE-containing dorsal tegmental bundle (Clavier and Fibiger,
%977). On the other hand, a drug that inhibits CA synthesis
) ’ significantly reduced SN
self-stimulation (Claviep and Fib%ger, 1977). From\thesg
results the authors c;ncluded that'"the nigro-ngostriatai
bundle is not the criticSI neuronal substrate which meéiates
the réwarding prope;ties of self-stimulation derived from--
electrodes in the SN. Although this is a sound conclusion,

two pbings merit discussion. First, the suppression of SN

‘'self-stimulation produced by alpha-methyl-p-tyrosine suggests

that  this self-stimulation was mediated by direct or:

trans-synaptic  activation of DA elements; second, the

recovery of ICSS seen after 6-OHDA treatment might have been
&L
due “to supersensitivity of striatal post-synaptig recepté&s.

" Melamed, Wurtman °(1980) have 'shown that

N\ .
destructfbn of nigro-neostriatal neurons produced by 6-OHDA

Heft{, and

-

an\ enhancement 1in

induced the synthesis and release of DA
, 8 |
from ~§E§Xi6ing neurons; - they also showed that
. ‘ N\ ‘
- supersensitiVity’ occurred  when 90% or more of these

neurons were destroyed. Another explanation for the recovery

14
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of SN  self-stimulation after the lesion of the
nigro-neostriatal system could be that self-stimulation from

this fegion may be mediated by dopaminergic activity of other

terminal fields ° (e.g., the accumbens or the ventral

striatum).,

Ettenberg and Wise (1976) implemented an interestihg
experimental Qesign that‘ is rarely seen in studies on BSR.
They studied the effects of re;ease.;from chronic 1I.P.
administration of pimozide on 1locus coeruleus (LC) and
SN self-stimulation. Two days after the 8 days of drug

administration, ICSS increased 1in both structures to 25%

above pre-pimozide base line levels, These authors

. s N 5
suggested that the enhancement of ICSS. was due to a Btate

of dopaminergic ‘supersensitivity induced by the drug
treatment and that a dopaminergic substrate may'be,critical
for self-stimulation even when dopaminergic elements are not
directly (but only \trans-synaptically) activated by the

stimulating electrodes.

The evidence thus far reviewed indicates that. (a) the

integrity of the nigro-neostriatal system is probably

important for the survival of BSR derived from the caudate
nucleus, (b) dopaminergic syhnaptic activity within the CPU
represents a critical component in self-stimulation from the

!

'
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region ,of the LH and from the VTA, (c) the nigrdkneostriatal,
dopaminergic system may not play a critical role in SN

self-stimulation, and (d) SN self-stimulation may be mediated %

by dopaminergic activity of other DA terminal fields.

In the peripheral nervous system many functions are

o .
reqgulated through an -+ interaction between different-
‘neurotransmitters, For example, cardiac functions are

accelerated or slowed as a result of the reldtive activation

of adrenergic and cholinergic systems. At higher levels it
is also found that particular processes are mediated by the
relative activation of different chemically-coded neural

systems, which may act either in a synergistic or an

e e R R
'

antagonistic fashion. * This point will be illustrated with

e

the description of some of the neurochemical interactions  « i
that occur in the CPU-SN system, as well as their relation

to a particular learning situation.

Nigro-neostriatal DA terminals represent an afferent S
input to the intrinsic cells of the striatum, where the g
interneurons use acetylcholine' (ACh) ' as their

neurotransmitter (McGeer, McGeer, Grewaal, and Singh, 1975)

A number of experimental findings suggest that these

b
.
¢

cholinergic interneurons synapse with one  striatal efferent

system which, through the release of gamma—amino-butyric

acid (GABA), regulates the activity of SN dopaminergic

J




- 37 -

. neurons. ' As described below, it appears that - both

*

nigro-striétal and striato-nigral efferents‘exert inhibitory

actions on each other's post-synaptic targets, Electrical

stimulation of the SN inhibits the firing of some striétal

cells .(Connor, 1970), and the same effect is seen after
y

intra-caudate electrophoresig of DA (Bloom et al., 1965) and

of DA agonists (Guyenet, Agid, Beaujovan, Rossier, and

Glowinsﬁi, 1975) . Furthermore, administration of drugs that

activate DA receptors, presumably located on the cholinergic

“interneurons, reduces ACh release and turnover, while drugs

that block these receptors produce the opposite effect

'(Ladinsky, Consolo, Bianchi, Ghezzi, and Samanin, 1978).

- I
. o

on the other hand, SN neurons are inhibited-

‘ 9
monosynaptically by electrical stimulation of the caudate

(Yoshida and Precht, 1971); there are also data which suggest

that the activity of some nigral dopaminergic neurons is

deppressed by GABA, which is released by caudato~nigral axons

(Dray and Gonye, 1975; DPrecht and Yoshida, 1971), thus .

establishing a regulatory feedback loop.

It mé& be pos;ulated that some behaviors are rdqulated
by the activity of an output fystem efferent’ to 'the
nigrb-neostziatal system. The activity of this output system

could be, in turn, dependent upon a dynamic balance. between
R ‘ ¢

{ - I
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"the neural activity of the 'CPU and the SN. Thus,

modifications of this balance would bring abqut modifications
in behavior. . (The results of‘a series of experiments indicage
that a functional balance between neurons of the sériatum and
neurons of the substantia nigra must be maintained for the

development of some memory processes.

It has been shown that direct application into the CPU

of the ACh receptor blockers atropine and scopolamine

L}

significantly impairs the retention of a passive avoidance -

response (Prado~Alcala, CrhiQMorales, and Lopez-Miro, 1980;
Prado-Alcala, Signoret, and Figueroa, 198l). These findings
support the hypothesis that cholinergic activity of the CN is

‘%ritically involved in the processes that underlie passive

avoidance 1learning, If this hypothesis is correct, then

alterations in passive .avoidance should occur when the
neurochemical balance of the CPU-SN system is disturbed.
Routtenberg and collaborators have found that electrical

stimulation of the -SN (Routtenberg and Holzman, 1973) and of

the DA-containing MFB (Bresnahan and Routtenberg, 1980) -

results in a marked impairment in the retention of this task.
These results could be explained as follows: electrical
stimulation of the SN or of the MFB could increase the
release of DA in the CPU, producing, in turn, inhibition of
striatal cholinergic interneurons; decreased release of Ach

(like blockade of ACh receptors by atropine or scopolaginé)
“ S\
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would prevent or arrestA the retention process. Retention
deficits in passive avoidange would also be expected to occur
if the dopaminergic-cholinergic balarce’is disturbed by other
ﬁeans, which ,is indeed the case. ‘Retrograde amnesia is
produced when DA is directly applied to the CPU (Kim and
Routtenberg, 1976a) aﬁa also by injections of a GABA receptor
blocker (picrotoxin) into the Sﬁ' (Kim Land Routtenberg,
1976b) . Further ~ support for the hypothesis under
consideration is  that choline injections into the CPU
significantly improve passive aYoidance
(Fernandez~Samblancat, Solodkin, and Prado-Alcala,.1977).

Those studyinJ the ICSS phenomenon are not only dealing
with the neural basis of réinforcement but also with the
learning processes associated with the behaviors that al;ow
the inference that stimulation of some éreas of the brain is
rewarding. It . is of intefest to mention, in this context,

the propogition derived from the work of Routtenberg's group:

p .

- "...those areas . of the brain that support 'ICSS

overlap with the areas that, when stimulated, alter
memory’ formation., A theoretical statement of these
findings would be that ICSS pathways function as
pathways of memory consolidation". (Clavier and
Routtenberg, 1980, p. 96).

Apart from DA, ACh, and GABA, there 1is evidence

suggesting a neurotransmitter role in ’the CPU for other

+
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substances as well, such as serotonin (Saavedra, Brownstein,
and Palkovits; 1974; and glutaﬁate (Fonnum, \Gottesfeld, and
Grofova, ‘1978). The nétriatum also ° contains high
concentrations of some peptide transmitter candidates, such
as substance P (Kanasawa and Jessel, 1976) énd methionine
enkephalin (Hong, Yang, Fratta, and Costa, 1977) and low
concentrations of neurotensin and somatostatin (Kobayashi,
4

Brown, and Vale, 1977). It would not be surprising to find

that BSR derived from the CPU, and from'other areas of the

I'e 3

brain, is dependent upoﬁ interactidns -among some of these

chemicals.

After more than a guarter of a century of research on
brain stimulation reward, very 1little is known about igg

s

dependence ~upon the interactions among different
neurotransmitter systems, but it seems iikely that if brain
doéamiﬁe plays - a ~wsignmificant role in “reward, then
~acetylcholine may also be involved. E;rly findings (reviewed
by 0lds, 1977) suggeted that ACh could have oppositg~ effects
on BSR, dgpeﬁding on the type of .ACh receptor that is
stimulated. Activation of muscarinic receptoré antagonized
self-stimulation while blockade of these receptors reversed

the effect. On the other hand, stimulation of.  nicotinic

receptors promoted ICSS, and antinicotinic drugs opposed this

action. : N

L
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\Recently, Stephens and Herberg (1979) reported that I.P.
injections of the ACh receptor blockers scopolamine and

benztropine enhanced LH self-stimulation, thus confirming

some of the early findings mentioned above; they went further

and showed that each of these drugs partially restored

self-stimulation that had been suppressed, by the DA

. antagonis£ spiroperidol. In addition, they studied the

effects of b;lateral injections of scopolémine into the CPU
or into the NAS on spiroperidol-induced suppression of LH
self;stimulation. Only the NAS injections proved effective
iﬁ pa&tially restoring ICSS. These investigators concluded
that LH self-s£imu1at10n may be influenced by DA and ACh
systems within the NAS. Before concluding that cholinergic
activity of the striatum does not play a role in LH
self-stimulation (or .in self-stimulation of other sites), a
cautionary note, prgvided‘by the authors of the study under

anaI)‘is, is in order: "..,.the CPU compared with the ACB

1] .
(nucleus accumbens) is a very large structure and a wider

range of doses and injection sites would have to.be sampled
before any negative conclusions could be drawn, since the

critical region may have simply been missed" (p. 337).

.Witﬁ*respect to serotonin (5-~BT), it is known that there

is a monosynaptic projection that originates in the dorsal

) [

raphe nucleus (DR%), in which 5-HT neurons are found, and
. !

.
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innervates the caudate in a. diffuse manner (Miller,
Ricﬁirdson, Fibiger, and . McLennan, 1975). Elé%trical
stimulation of the DRN produces a Eelativeiy long-lasting
inhibition of cell firing in the striatum (Miller et al.,
1975) . | |

»

Phillips, Carter, and\'Fibiger (1976a) reported the

\ effects of intragastric administration of an inhibitor of the

biosynthesis of 5-HT (para-chlorophenylalanine) on LH and CPU

self-stimulation. ICSS was suppressed in both areas when

testing was conducted 24 h after the treatment; after 48 h

self-stimulation of the LH increasea to 115% reaching a level
of 180% by the third post-treatment day., while CrU
self-stimulation continued to decline to 48% of control

~

levels on the sixth day of testing.

In an experiment conducted by Redérave (1978), rats

exhibiting self-stimulation from both MFB and ventral

mesencephalic tegmentum (VTA) were perfused with DA, NE, or

"5-HT in the NAS or 1in the CPU, It was found that, in

general, DA iﬁfusions produced an improvement in ICSS,
regardless of site of injection or 1locus of BSR. NE
infusions produced response patterns. similar to those

v

produced by DA, and 5-HT 'had the opposite effect.

—— ..
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The . results of these two studies are difficult t§
;econcile. In the experiment by Philligg et al.-’(1976a), §
éeneralized reduction of 5-HT activ;t& produced a reduction
of LH pnd CPU self&;timulation: in the study by Redgrave
(1978) BSR derived from MFB and VTA stimulation was impaired
by 5-HT activation in the CPU and NAS. Even ‘though there
were obvious differences in"brocedures, the conclusions drawn
in both cases were that BSR is critically dependent upon the

interaction of DA and 5-HT syétems.

It has been known for some. time that the striatum
contains opiate receptors (Pert, Kuhar, and Snyaer, 1975) and
that iq' some species morphine interacts with dopaminergic
metabolism in the CPU; in the rat morphine does not seem to
affect striatal levels of DA but increases its rate of
synthesis and catabolism (Sugrue, 1974). In an interesting
study by Broekkamp and Von Rosshm (1975) in which
self-stimulation £from the SN-VTA area was depressed by

.application of haloperidol into the CPU, NAS, or cerebral

"\ventricles, it was also found that morphine reduced ICSS when

if was injected into the ventricles. .When morphine was
applied éo the CPU or the NAS,' however, there was no
important chan4e in ICSS. From these ~gesu1ts the agthors
concluded ‘that "...these‘results do not favor the hypothesis

that morphine interferes with dopaminergic: transmission

"within the neostriatum " (p. 110).

’
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It is evident frgm the above that: a great deal of
research is needeéd in order to understand. how the various
chemically-coded systems interact Gith one another to produce
the rewarding( effects of Stimulation ‘'0of the striatum and
other reéions and to account for the fregquent discrepancies

seen in the literature.

Mesolimbic Terminal Fields

The septal area has been impl;cated in the regulation
of various functions, such as homeostatic: emotional and'
autonomic functions, as well 'as in locomotor activity and
learning processes (for reviews, see Grossman, 1976;
Isaacson, 1974\(5 It has been difficult to precisely define
the mechanisms underlying thgsé functions because, among
other -factors, the septum is not a homogeneous structure, and
many fibe;s of passage traverse this region. Most studies on
septal functions ' have involved lesions or electrical
stimulation, and it is difficult to attribute the effects of

such manipulations éolely to interference with septal

activity, since the effects could be a reflection of

] .
interference with the activity of structures that are
[ 1 M \ e
connected to the septum. !

Y

With respect to the problem of BSR, the septal area is

-
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historically important. The serendipitous finding that a rat
returned to the place in the environment where it had
received electrical stimulation of ‘the septu ’inaugurated
this éfoiific field of research. This discovery was made in
November of 1953 by Olds and Milner and was formally reported
in their 1954 article "Positive reinforcement produced by

electrical stimulation of septal area and other regions of

b

the rat brain®". B
ra

&

-

In subsequent studies the reinforcing effects of septal
i <

. stimulation were confirmed (Valenstein. and Valznstein, 1964).

BSR was obtained from the 1lateral (01@5 an Olds, 1963;

Routtébberg, 1971),‘ medial (Routtenberg, §1971), dorsal

(Gardner ana Malmo, 1969), and ventral (OYDonohue and

Hagamen, 1967) aspects of the septum. |

\
{ e

\
{

The amygdala is a complex set of nuclei ﬁhatihas been

'described as having multiple functions. . Electrical

i +
stimulation and lesion techniques have been used, as in the

1

case of the septum, in most studies concerning th# functions

of the AMY. It appears that this structure parti&ipates in a
- . . I

variety of functions, including autonomic activity, orienting

and habituation, emotionality, arousal, and 1learning and.

memory (Isaacson, 1974). - ,

\
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In the early days - of self-stimulation, it was
established that .BSR could be obtained from the “RMY .
(0'Donohue and Haéémen, 1967; Valenstein and Valenstein,
1964; Wurtz and Olds, 1963). In the study by Wurtz and Olds
(1963), it was found that most electrodes yielding “"pure"”
brain stimulatiop réward were located in the central and
medial nuclei of the corticomedial division, whereas those
electrodes in the lateral basal nuclei of the basolateral
division produced escapeﬁbehaviors. However, these effects
were not strictly localized; that is, fthere was some degree

of anatomical overlap between the reported reward and escape

S:‘i:tes o

Self-stimulation derived from other terminal fields of
the mesolimbic §opaminergic system was also described during

the 1960's and early 1970's. The—~NAS was described as
yiglding moderate "approaéh-only' or mild ‘ambiQalént
(approgch-escape) behaviors (0lds and Olds! 1963). ] Olds and
.Olds (1963) gave the ~same behavioral. descriptioﬁa of
self-stimulation from the olfactory tubercle., Evidence for
rewarding effects of electrical’ stimulatiop ,of the;stria
termihalis and its nﬁciéus was p;ovidéd by Routtenberg (1971).
B As will bégome apparent from the foliowing revfzw, the

role' of dopaminergic activity in BSR from these regions is

far from clear. In 1975, Phillips, Brooke, and Fibiger.
: .
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‘ reported the effects of I.P. ‘injections of d- or co

-

* l-amphetamine on self-stimulation from the NAS or the DNB. i

Both isomers prqduced significant increments in
l self-stimulation rates from both placements, although the ) \\\~
-+ ' d-isomer produbeﬁ’a gteatef increase than did the l:isomer in
the DNB; d- and l—amphetamine\wére equipotent<£p’facilitating | j

BSR from the NAS. Pre-treatment with haloperidol or pimozide

| inﬁuced a reduction of stimulation rates from both~NE and DA
- placements. Because of these findinés, the authors suggested”

. o that the effects of the neuroleptics may bé mediated by a
/f(v\% b J', disruption of operént behavior and that‘the decrement in ICSS
- ( does_ not necessarily implicate dopamine in - the reward
phenomena. These results must be re~interpreted, however; 3

1Y)

# , .
- in light of the recent findings of Shizgal et al. (1980) and .

Ll

of Yeomans (1979). These authors' work suggests, as
discussed ' above, that the directly activated

reward-relevant tissue is non-catecholaminergic. Hence,

(¢ R .
’ in the study under consideration, regardless of where
. . X

AT ¥ tenE e T 3™

Sl e

the electrodes were implanted, it is 1likely that the

¢ stimulating electrodes trans-synaptically' activated DA ' é_
i

R R T LT

“\ - neurons., DA release would mediate the rewarding effect

of the électriqal stimulafion, and this ‘effect would be \

:
4
g

! . counteracted by the neurdleptics. Congruent with the results
~ ©¢ of Phillips et al. (1975) are the results of Ettenberg

‘and Wise (1976); they showed that chronic pimozide producés
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'an enhancement of self-stimuXation in "typical® noradrenergic

(LC) and dopaminergic (SN) sites. - These two studies suggest
that DA may be critically involved in BSR even when

dopaminergic neurons are not directly activated.

\. ..

In ah interesting study by Robertson and Mogenson
(1979), it was found that chronic (I.P.) administration of
eithér spiroperidol or d-amphetamine. produced significant
increments in self-stimulation of the prefrontal cortex yet
did not modify NAS self-stimulation. The results of .this
experiment seém to qontradict"the view that DA has a
modulatory action on BSR involving NAS electrodes. Different

conclusions were reached by Seeger and Gardﬂer (1979) .

Rhesus monkeys with self-stimulation electrodes in the NAS

were treated with I.P. haloperidol for 11 days, and release

from this ‘treatment produced a dose-related reduction of ICSS
threshold, as measured by a rate—-independent reward paradigm.

These researchers also studiqd the effects of chronic

treatment with haloperidol and ‘clozapine on  VTA

sel‘f—stimulation~ in' rats. These drugs induced a significant
increase in ICSS rates., The data suggest that long-teim
treatmént® with neuroleptics, which induces receptor
supersensitivity in the mesolimbic dopaminergic system,

alters NAS BSR; this would support the view that DA is

involved in the mediation of the rewarding consequences

derived from electrical stimulation of this system.

o

\\‘ff
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Consistent with this latter view is.a study showing that

'd-amphetamine, directly injected into the NAS, produces a
‘4

facilitation of LH self-stimulation, whereas haloperidol

produces the Qpposite’ effect (Stephens and Herberg, 1%77).
.In"this stﬂdy it was also reported that both I.P.9 injections
and local application of apomorphine into the NAS produced
either a facilitation or a depressioh of LHE self-stimulation;
that is, there was a consistent effect on each rat,

regardless of route of administration. zinally,l they found

that tyramine (which produces non-contindent reletse of CA’'s)

increased’ ICSS when injected into the NAS. These authors

concluded thatlthe ﬁAS (and the CPU, see precedin section)
plays an importan£ role in brain sfimulation reward, and that
DA is -inyolved in this process. The facilitatory effegt of
‘d-amphetamine injeétions' into the NAS on BSR had " been
described - earlier in a study wherg self-stimulation was

obtained with electrodes in the VTA (Broekkamp et al.,

1975). .- ' ~

In an elegant experimental series where potentially
ihterferihg side effects were efficaciously controlled,
Mogenson and co-workers showed that microinjections of the DA
receptor’ blocker spiroperidol into the NAS had significantly

reduced ICSS from the same nucleus, while ICSS from the

d

~~~~~~~
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contralateral NAS and from the ipsilateral pre%rontal cortex
had been unaffecéed'(Robertson and ;Mogenson, 1978) . In a

second study (Mogenson, Takigawa,' Robertson, and Wu, 1979),

they reported that when spiroperidol was applied to the NAS
ipsilateral to VTA ICSS electrodes, it produced a suppression_

of this behavior but did not influence self-stimulation of

" the contralateral VTA. Also in line with these résults are

those of Broekkamp and Von Rossum (1975)  and the findings of

¢ Mora, Rolls, '‘Burton, and Shaw (1976). The former group
reportea that self-stimulation from the SN or the VTA was

. gignificantly redﬁced after ipsilateral injections of
haloperidol into the MAS. Mora et al. (1976) skbwed that
spiroperidol applications \ingo this structure also reduced

gself-stimulation from the AMY,.

Most of the studies cited above fit with the hypothesis ;

WG L

that dopaminergic activity of the mesolimbic system plays an

important role in BSR; nevertheless, some lesion .studies

o n amaa”

¥

provide data that do.not seem to f£it with such an hypothesis,

In one report where the ratio between endogenous DOPAC artd DA é

o

was measured, a significang activation of VTA neurons (as a-
result of VTA self-stimulation) was found in the nucleus

accumbens (Simon, Stinus, Tassin, Lavielle, Blanc, Thierry,

Glowinski, and Le Moal, 1979). Although -this finding
suggested that a dopaminergic mechanism within this nucleus
might be participating in ICéS, in the same article it was

' | o
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reported that near:total destruction of the Al0 cell bodies
not only‘had failed to reduce self-stimulation from the' NAS
but in fact had facilitated it. It was contluded that DA of
the VTA neurons is not qr}tica}ly involved in NAS
self-stimulation. A complementary study was'published by
Phillips and Fibiger (1978) where 6-OHDA lesions of the MFB,
which reduced DA levels to  less than 5% in the
_accumbens-prefrontal cortex, only temporarily reduced
self-stimulation from the NAS.. Further, the lesions produced
a reducti?n of - DA levels in the CPU tq'iess than 1% and a
permanent suppression of VTA self-stimulation. " This
experiment indicates that the integrity of the -Al0~NAS

~

projection is not essential for BSR obtained from this
dopaminex:gic‘~ terminal , field but suggests thgt"...dopamine
»lays an important role in self-stimulation in the wventral
tegmentum" (p. 58). 1In each of these studies, it was also
concluded that other non-catecholaminergic systems may be
involved in BSR. | ‘

°

In summary, it seems from most studies that ¢Ehe

functional integrity of the mesolimbic dopaminergic systenm is

A )

" important for the maintenance of self-stimulation from the -

- t
AMY and the VTA. On the other hand, there is conflicting
evidehce with respect to the involvement of this system when

the stimulating electrodes are at or near the region of the

4 g
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dopaminergic terminals and their  synapses. 1In this case it
might be expected that the rewarding stimulation is

activating elements efferent to any DA 1link in the reward
i . \ :

substrate.

Mesocortical Terminal Fields

2

As stated earlier, the mesocortical dopaminergic system

originates, mainly, from the AlO dopaminergic cell grbup and-

projects to the dorsal bank of the rhinal sulcps, to the
medial wall of the hemisphere (anterior and dorsal to the
genu of the corpus callossum), to the entorhinal cortex,
and to the anterior cingulate cortex. The first two cortices

(sulcal and medial prefrontal) receive afferents from the

‘medio-dorsal nucleus of the thalamhs, as is'the case in the

monkey's:brain. Because of this and other neuroaﬁatoﬁical
similafities between rat- and monkey (e.g., prﬁjection from
\the medial prefrontal -<cortex to the pretectal area and
superior colliculus and from the sulcal cortex to the basal
olfactory nuclei and lgteral hypothalamus), the rodent sulcal
and mediallpreffontal cortexi(PFC) has been thought of as

equivalent to the mohkey PFC (Leonard, 1969).

The dopaminergic projection to this system was first
made manifest by the use of the histofluorescence method (see

section 4 of this Introduction);' The use of other procedures

= rm M
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has: also permitted confirmation of the topographical

projections of the Al0 cell group  to the PFC. Thierry,
Tassin, Blanc, and Glowinski (1976) measured the activity of
spécific {3-H] DA wuptake in cortical homogenates obtained
from micro-discs gbunched out from frontal serial brain
slices. As expected, DA terminals (inferred from [3-H] DA
levels) were found in the sulcal and medial prefrontgl
cortex, as well as in the cingulate cortex. Bilateral
electrolytic VIA lesions greatly reduced [3-H] DA uptake in

grontal cortex homogenates and also decreased the amine

uptake in the NAS.

In eérly mapping studies it was reported that BSR could

be 'induced with electrical stimulation of the rat's PFC

x(Routtenbérg, 1971) and from the cat's’pyriform, prepyriform,

anterior limbic and orbitofrontal cortices (0'Donchue and

Hagamen, 1967). It was only later that systematic regional
studies of the effects of self~-stimulation in the cortex were

conducted in Routtenberg's laboratory.

In 1972, Routtenbérg and Sloan showed that both the
medial and sulcal areas of the prefrontal cortex sustained
ICSS, whereas no self-stimulation was obser?éd from the
central, dorsal or dorsolateral regions of the cortex. The
highest rates of self-stimulation were obtained in the

pregenual region of the medial cortex (mainly from the third
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layer of both dorsal and ventra; ‘regions of this cortical
area). - Siightly lower rates wererobtained from the sulcal
cortex, located on the dorsal lip of the rhinal fissure. It
is interesting to note that another line of evidence provides
support for the notion: that the PFC of the rat is involved in
brain stimulation reward. There are units in both sulcal and
medial prefrontal cortex that are driven (antidromically or
trans-synaptically) by sti&ulation of many ICSS sites (e.g.,

LH, mnidbrain tegmentum, NAS), while units in other cortical

areas do not seem to show this reactivity (Rolls and Cooper,

1973).,

7 N
N
.
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‘ A second majo? }mapping study of cogzical
self-stimulation was conducted by "Collier, Kurtzman, and
Routtenberg (1977), using both large (254 um wire) and small\
(78.7 um wire) bipolar electrodes. With the larger
electrodes they found éhat the majority of positive sites
were located in the ventral, ventromedial and deep layers of
the dorsolateral entorhinal cortex. With the finer
electrodes they were further able to differentiate some
subregions in relation .to BSR; thére was a significant
difference in pressing rates between the anterior lateral and
posterior regions of the entorhinal cortex.;-Thete was also a

reliable difference between the anterior dorsolateral and

posterior dorsolateral aspects of the dorsal subzone of the

J
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lateral entorhinal mantle. In summary, the best ICSS probes
were J:ocated at anterior levels and also in the nmost

superficial cortical layers. These  authors made the

important observation that moderate ICSS rates tended to be

associated with the stimulation of cortical DA islands or
aggregates and suggested that DA may play a role in ;
entorhinal self-stimulation; at the same time they indicated

that other non-dopaminergic systems may be involved ‘in BSR

from this aréa, since relatively high rates of 1

/ self-stimulation had also been displayed by rats with k
electrodes in posterior levels of the dorsal lateral

entorhinal cortex, an area low in DA and devoid of DA

( islands. In a related article Ott, Destrade, and Ruthrich

sy (1980) reported that good self-stimulation rates were

obtained with electrodes that had been implanted in the

posterior part of the medial entorhinal cortex, an area which

L el

lacks dopamine (Palkovits, Zaborsky, Brownstein,. Fekete,

R

Herman, and Kanycsa, 1979). . 3;
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During the last seven years, a nufnber of lesion studies

r~have been published which give support for the idea that the
) prefrontal cortex is critically involved in BSR. Rolls and
.Cooper (1974) foun‘d that bilateral injections- of the local
anesthesic procaine ("reversible 1lesion"™) into the sulcal

X ‘.“ cortex of the rat attenuated LH and pontine tegmentum

self-stimulation. Two years later Clavier and Corcoran

(e i 5




e S s -

s
e gy L

Gt Dy SN e

(1976) studied the effects of bilateral electrolytic lesions
of the sulgal cor%ex on self-stimulation derived from the
SN or the DNB., The lesions induced a permanent reductign éf
SN self-stimulation (about 33% of pre—lesion\ rates) but
£ailed .Fo disrupt DNB self-gtimuiation. In this article
they also reported that there was a descending fiber system
originating in the sulcal cortex, which was very dense in the
region of the SN but only scattered in the DNB region, They
concluded that there Omay be several indepgndent systems in
the area of the SN, each of which could bé sufficient to

support self-stimulation in the absence of the others, and

that a non-catecholaminergic system may participate in BSR.

" In a related experiment (Clavier and Gerfen, 1979), it was

seen that 6-0HDA injecéions into the ascending trajectory
of the Al0 mesocortical system had produced a marked
suppression  of ipsilateral sulcal . self-stimulation;

\
contralateral sulcal BSR was only transiently reduced. These

results suggest that sulcal self-stimulation is mediated by

-

the ascending mesocortical dopaminergic system.

- A lesser contribution of this aminergic system to
prefrontal ICSS became apparent in an experiment which also
dealt with the effects of 6~OHDA lesions of the MFB (Phillips

and Fibiger,' 1978). DA post-lesion levels were reduced to

less than 1% in the CPU and were reduced to less than 5% in

\
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the accumbens-prefrontal cortex. As a consequence of the

“ lesion, VIA self-stimulation was permanently suppressed, and

medial PFC ICSS sqffered a mild reduction, followed by a
partial recovery (62% of pre—lesion rates); NAS ICSS was the
least affeéted with pressing rates approaching pre-lesion
. rates within six days after the lesion. In addition,
d-amphetamine .- (I.P.) did not produce increments in BSR at
any of the sites after the lesions. These results suggested
to the authors' that "...dopamine plays an important role in

self-stimulation in the ventral tegmentum and contributes to

this behavior in, the prefrontal cortex. These findings also

show that non-dopaminergic systems contribute to the

phenomenon g_f brain-stimulation reward" (p. 58),

Studies where changes in dopaminergic activity have been
induce\d pharmacologically® (I.P., 5.C., or localized
application of drugs) and those where dopaminergic‘ activity
has been ‘inferred from measurements of DA release in cortical
areas have provided complementary evidence that., the
mesocortical dopaminergic system is involved in BSR. Much of

this evidence has been provided by Mora and co-workers (Mora,

1978) .

Rats that self-stimulated through electrodes located in
the, medial and sulcal prefrontal cortex and in the CPU were

given s.c. injections of several doses of apomorphine. A
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‘dose~dependent’ suppression’ in both medial and sulcal’

_ self-stimulation wds observed, and this effect was consistent

in all animals. CPU self-stimulation, on the other_hand, was
. affected in a non-systematic way: some doses x:)dﬁced a
facilitation of ICSS while other doses produced a decrement.
The consistency of the effects of apomorphine on sulcal and
medial prefroﬁtal cortex self-stimulation was taken as
evidence fsr the involvement  of DA in ' this

cortically-mediated - behavior. The rationale for this

conclugion is that the release of DA, contingent upon the

animal's performance, would be less reinforcing (or no 1oﬂger
( .reinforcing) because oE the continuous\ activation of DA
receptors by apomorphine (MQra, Phillips, Koolhaas, and
Rolls, 1976). Equivale:t effects of apomorphine on brain

.stimulation reward were seen in the rhesus monkey; that is,

application of this dopaminergic 1\agonist attenuated .
orbitofrontal self-stimulation (as discussed earlier, this
region of the monkey's brain is analogous Eo the prefronéal
cortex of the rat). Spiroperidol and pimozide, administered
systemically, also attenuated orbitofrontal self-stimulation
. in the same monkeys; In this paradigm BSR was obtained by
licking a tube. The drugs were ineffective in altering this

response when licking had been rewvarded with blackcurrant

juice (Phillips, Mora, and Rolls, 1979);

5 e as s e - . O
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A dose-related attenuation of orbitofrontal
self-stimulation by I.P. injections of spiroperidol had

previously been reported ‘(Mora, Rolls, Burton, and Shaw,

..1976) . These treatments also produced a dose dependent

reduction of self-stimulation from the LH and the LC. When
intracranial.injections of the neuroleptic had been made into
the NAS or the LH, attenuation of ICSS from the AMY was seen,
and injections into the monkey's orbitofrontal cortex
similarly reduced self-stimulation derived from the LH and
the AMY. In addition tp the conclusions derived from ‘the
experiments described above, these results also suggest that
dopamine receptors in the NAS and orbitofrontal cortex are
involved in self-stimulgtion involving the LH andﬂthe AMY.

‘ 4

&

Robertson and Mogenson (1979) tested the effects of

chronic (9 days, I.P.) administration of hé;operidol and of

d-amph?taﬁine on ICSS with electrodes in several areas.

Surprisingly, each of these treatments induced a significant

enhancement of medial PFC self-stimulation, which was seen.

even after drug administration had been discontinued. In

.contrast, chronic spiroperidol did not significantly change

brain stimulation behavior _ derived from the NAé,

‘,suptacalloéal"bundle, CPU, VTA, or subfornical organ; NAS

self-stimulation was not altered by chronic amphetamine, but
supracallbsal self-stimulation was suppressed. The effects
i

of chronic spiroperidol on PFC sgelf-stimulation could be

i
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explained in several ways: by an increase in DA receptors, by, -

an alteration of feedback control o; DA metabolism, by a slow
release of spiroperidol accumulated in li'pi'd or connective
tissue, etc. No ‘interpretat\:ion of the effects of chronic
treatment <'>f amphe}tamine on ICSS from 'the pfefrontal cortex
vas offered by- the authors. Whatever the mechanisms of

action of these t;eatments may be, the results of this study

suggest that DA modul ates self-stimulation involving .

electrodes in this mesocortical projection field;.

<

In two closely related articles, it was described that

-electrical stimulation of. a regiqh of the medial prefrontal

- cortex, which supported self-stimulation, induced the release

of DA (Myers and Mora, 1977) and ‘of DA and its associated
metabolites (Mora and Myers, 1977). These results indicate
that DA fibers' play 'an important synaétic rb],e in the
processes that are activated'in the case of PFC BSR, but they
do not indicate whetherﬂ this acti‘vation accounts for -or

alters them'aw’arding impact of the 'stimula.t:irclm.

In parallel with these publications, there were othek
reports frc;m Uwhicb an almost opposite. picture emerged.
Goodall and darey (1975) found that neither the d~ nor the 1~
isoomers of amphetamine affected PFC BSR; moreover, injections

of haloperidol into this region did not produce changes in LH

-

»
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or VTA sélf-stimulationfﬁMoqenson, Takigawa, Robestson,~éﬁd
Wu; 1979; Mora, Myers, and Sanguinetti, 1977). Doges of
l spiroperidol which reduced accumbens self;s;imulation when
injected intc this nucleus proved ineffective in altering

f 2 . . medial PFC BSR after injection into this structure; only
after injection of a relatively high dose of%the neuroleptic
was 4£here an attenuation of prefrontal cortex
self—stimulation (Robertsoh aﬁd hogenson, 1978). Nedr total

- " destruction of the Aloldopaminergic cell bodi;; did not alter

! hself-stimulation"dérived from the medial PFC (Simon et al.,

i

: 1979). .

!

a

« 3

( hsévefal inferences can be made from the results of this
‘set , of studies{~ Dopamine:gic synaptic activity within the
prefrontal cortex may not be necessary for brain stimulation
reward produced by stiﬁulation of the nucleus #f or%éin of
: "~ . . the mesocorticél system (QTA) or from other areas of the
bgain." such as the LH. Also, dopaminergic activity of the
mesocortical syétem may not be‘critiéally involved : in brain

stimulation rewardhbderivea from stimulation 6f the medial

prefrontal cortex; rather, - other non-catecholaminergic
(descending?) systems may be involved in éelf-stimulatiqp of
this cortical region. .

i

Purpose of the Present Study

N ~¥

i,
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The neural mechanisms of brfin stimulation reward remain
unknown'despite the hundreds ofvgtudies summarized above. 1In
only one place in the brain can the subshrgte of brain
stimulation reward be localized with identical boundaries to
a defined anatomical sysﬁem. This place is the region of DA
cell bodies in the ventral tegmental area, where it appears
that DA afferents, not the cell; themselves, are being
directly activated by the ,stimulation. The origin and
trajectory of the direcLly stimulated fibers is .not
determined, nor is it certain that these ﬁibers aré direct
dopaminergic afferents; the Qharmacolbgical work which
implicates brain dopamine in reward function does not tell us
how many synapses intervene between- the directly-activated
elements - and the critical dopaminergic elements. The
mesolimbic system appears implicated, but it is far from

clear whether it plays a role in brain stimulation reward

involving many or only some brain sites, and it is far from

clear whether other dopaminergic systems are involved in

reward at all,

The general purpose of the present study was .to extend
the anatomical analysis of brain st}mulation reward in an
attempt to find other sites in the system where the
boundaries of some anatomiéally-identified set of neurons

correspond to the boundaries of positive sites ﬁor brain
«



1 3

R e L

R

e

- 63 -

stimulation reward. Because, fluorescence histochemistry
allows visualization of dopaminergic neurons, one can explore
the poésibility that they define a system with unique
anatomical relations fto BSR sites. Corbett and Wise (1980)
and Wise (1981b) have mapped the region of DA cell bodies and
found an important correspondence between the boundaries of
DA elements in this region and the boundaries of the positivé
nsites of BSR in the same region. Inasmuch as the fluorescent
dopamine cell bodies mark both their own boundaries and also
the boundaries of their population of input f}ber terminals,
the anatomical data suggest two ,populations as primary
candidates for the substrate of BSR in this region, and other
studies (Gallistel et al., 198l1) suggest which of the two is
likely. Similar procedures and similar logic can be used to
map the regions of dopamine terminal projections.
Catecholamine fluorescence will mark the relative density of
the catecholamine fibers themselves, though they are unlikely
to be the directly ‘activated substrate of brain stimulation
because of their apparent insensitivity to normal parameters
of BSR (Shizgal et al., 1980; Yeomans, 1979) and ¥il1 also
mark the location of any population of cells which receive
dopaminergic afferents. The specific aim of the present
study was to determine if brain stimulation reward bears any
special anatomical relation to the terminal fields of
forebrain dopamine projection sysyems or to the

non-dopaminergic cells in these terminal fields upon which
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dopamine makes synaptic contact.

S The way in which the relationship between BSR and the
topography of DA terminals was approached was to compute the
correlations between self-stimulation cﬁaracteristics and
dopdmine terpinal density around different 'stimulation sites.
The self—stimulapion characteristics included: intensity
‘thresholds, pressing rates, and .number of sess%pns needed
before animals started self-stimulating. or reached a
criterion of stability. Both positive and negative

R correlations were of interes£. If brain stimulation reward
in%these regions of the brain were to excite dopamine fiperé
themselves, then the boundaries of brain stimulation reward
should correspond to the boundaries of the dopaminergic
terminal fields, and the goodness of BSR should be positiéely
correlated with dopamine terminal density. The same should
be true if stimulation actiQatés dopamine}gid efferents and
if activation of these efferents accounts for any reward
message conveyed to them via the dopaminergic fibers

connecting these regions to other portions of the reward

i F o i L S

~ circuitry. On the other hand, it is possible that dopamine

- .

fiber terminals are the directly activated reward substrate
in these regions of the brain but that they normally inhibit

rather than excite their efferent targets. If this were the

b
%
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case, then brain stimuiation' reward should correlate
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‘negatively with dopaminergic terminal density, since
stimulation very near the ddpaminergic terminals’ would
override the effects of stimulation-released dopamine by

di}ectly' activating the cells that rewarding dopamine

gy e e

normally inhibits. This direct activation. of dopamine
‘ " efferents would, in Ehis case, effectively reverse the
rewarding effects of dopamine terminal activation in

proportion to its proximity .to the target cell bodies.
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Fig 1. Hypothetical mod@e of action of dopamine in

self-stimulation regions of the . dopaminergic projection

" fields.. Drawings on the left represent the physiological

. inhibition, produced by dopamine release from dopaminergic

termihals, of post-synaptic neﬁrons. Direct activation of
these bost-synaptic neurons, by a stimulating electrode, is
'reptésented " in | the drawings  on the ' left. A.
Dopamine-induped post-~synaptic inhibition is required for a
;ewarding state to occur. Eléétrical ‘stimulation, by
activating the post-synaptic neurons, inhibits
self~stimulation. B. The opposite 6 effect is produced in

areas where dopamine-induced post-synaptic inhibition blocks

-
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METHODS

Animals.
- One~hundred and four 'experimentally naive hale hooded .
. rats weighing between 250 and 350 g were used. They were
individually housed and had free .access to solid food and tap
water in their home cages. While under sodium pentobarbital
anesthesia (60 ﬁg/kg), a gnipolér moveaple electrode was
implanted ‘ih eac; of 88 rats. The stereotaxic coordinates

were selected from the Pellegrino and Cushman atlas (1967) in
order to stimulate the tissue of the terminal fields of the
ascending dopaminergic systems. The selected areas were

bounded by the coordinates presented in Table I as determined

from bregma (A-P = 0) and from the dural surface (D-V = 0).
o ,

The monopolar moveable electrode cornsisted of a 254 um
stainless steel wire concentrically solderedN into” a male -
Amphénol corinector that had been threaded externally with a
2-56 thread die. The electrode was insulated with Formvar
except at the cross section of the tip. The threads of the
Amphenol p}n wetfe covered with stopcock dgrease (Corniﬁg)

prior to screwing the electrode into a threaded nylon

regeptacle 10 mm in length and 4 mm in diameter thereby
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TABLE I
DA SYSTEM TARGET A=-P M=-L D~V
‘Nigro- '
neostriatal CPU -0.8 to 4.0 1.5 to 5.4 3,0 to 7.6
. [ ' )
Mesolimbic Septum . 0.6 to 3.2 0.1 to 1.2 2.8 to 6.0

Accumbens 2.0 to 4.0 0.1 to 1.2 2.8 to 6.0

Amygdala -0.4 to 1.6 4,0.to 5.0 6.2 to 8.6

&

Olfactory ' .
. Tubercle 3.0 to 4.2 1.9 to 3.6 5.5 to 8.2

’

. Mesocortical Medial

prefrontal 3.2 to 5.2 0.2 to 2.0 0.4 to 6.0
Sulcal 4.0 to 4.8 3.9.to 5.0 3.0 to 6.0

Entorhinal -3.4 to -2.6 6.2 to 7.6 5.6 to 9.0

Each moveable electrode was implanted' using ,a set of
coordinates obtained from the anterior-posterior (A<P),
medial-lateral (M-L) and dorsal-ventral (D-V) limits shown in

this Table.




- 70 -

insulating 2-3 ﬁm of the protruding eléctrode shaft. When
the assembly was implanted, the skull-nylon interface was
gsealed with stopcock grease thus preventing (a) dental cement
from making .contact with the electrode shaft or (b)
cerebroépinal fluid from seeping up the nylon receptacle to
the uninsulated threads of the Amphenol pin and creating an

undesirable low resistance pathway.

Once implanted, the electrode could be lowered in steps

of 250 um by grasping the threaded Amphenol pin with a pin

vice and rotating it one-half revolution. The maximal

VEﬁfral travel of the moveable electrode was 3.0 mm. A skull
screw served as the indifferent electrode. Each animal was
allowed 4-5 days to recover from surgery before ICSS testing

was initiated.

;
4
H
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Testing Procedure.

Testing for 1ICSS was conducted” in eight identical
Skinner boxes, each of which was equipped with 'a lever which,
when depressed, delivered a 500 msec train of 60Hz sine wave
stimulation. Each box was installed inside a
sound-attenuating chamber with  constant illumination, and

a background masking noise was produced by an exhaust fan.

Testing was divided into three phases. During the first
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h phase, the constant current stimulafors were set at 40 ua,
and each rat was put inside a Skinner box for 15 min; if a
rat spontaneously self-stimulated at a rate of 5 or mo;e
lever presses per min, it was shifted to phase &hree. If
during phase one, a rat did not gelf-stimulate, then the
experipenter proceeded to phase two--shaping thé animal's
behavior to approach and to press the lever by manually
delivering electric cusrent. During this phase a current
that seemed rewarding was selected (i.e., one that would
eliqit forward locomotion and approach reﬁcsions). In

addition, 2 to 3 current levelé (10 uA steps) above Qnd below

the .one that had been selected were aléo tested. 'Shaping
( lasted for about 15 min at each intensity level. If no
approach and forward locomotion behaviors"were elicited,
shaping was conducted at 6?, 40, 20, and 10 uA; if aversive.
—reactions were produced by the stimulation, the intensity
was reduced until these reactions were no longer evident, -
If a rat failed to self-stimulate after five consecutive
sessions of testing under phases one and two, the electrode

was lowered 250 uA and the same testing sequence was

repeated.

In phase three, self-stimulating rats were tested
using a descending series qf current intensities ‘starting
~with 60« uA. The current was progressively lowered, every

five min, to 56 and then to 52 uA; from this level,
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the ?ﬁ??:nt was lowered in steps of 2 uA until pressing.
rates feil belo; 5 responses/min during the last three min of
two consecutive 5 min periods. The highest intensity that
failed to maintain a response rate of 5 presses per min was
considered to be the ﬁhreshold value for that animal at that

site, : A

Rate-intensity testing at each site lasted unfil
thresholg values did not change more than 4 uA across three
consecutive days or until 10 consecutive sessions elapsed;
then the electrfde was lowered 250 um., The number of sites

i ( ' tested in each animal ranged from 2 to 1ll.

Histology.

) . CoL
At the conclusion of testing, all implanted animals

were treated with the glyoxylic acid method of Battenberg

————

and Bloom (1975) for the demonstration of catecholamines.

Briefly, the animals were injected (I.P.) with an anesthetic
dose of sodium pentobarbital and perEused»transcardially with
an ice-cold phquhatelbuffered Rigger's solution containing
4% glyoxylicz acid. ' The brains were removed, blocked and
frozen on dry ice before being placéd in a cryostat, Serial.
20 um 'sgct%ons were cut in the coronal p!ane Q;d thawed onto
pte-éhiiled glass slides which were then immersed, for 0,5

to 1.5 min, in a 2% glyoxylic aciq solution containing 7%
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sucroye, dried in a stream of warm air and incubated in a
cd%%red glass container at 80-90 degrees C for 10 min, The
sections were‘ then examined in a Leitz fluorescence
microscope, using epi-illumination from a 200 'W mercury lamp
with 355-425 nm excitation and 460 nm barrier filters,
Photomocrographs were taken using Kodak Tri-X film and
processed normally in Microdpl-X developer. Before staining
the slides with thionin for further examination, tracings.
of the brain slices showing the electrode's track were made

/ -

from a projected enlargement of the sections.

& ) i
oo ¢ N

The remaining 16 rats wvere used to determine the content
LS

<

( ’ of NE and DA after an attempt to deplete cortical NE. Eight
‘ * of these rats were anesthetized with sédium pentobarbital (60
mg/kg)v and then 1ésioned with 6-0HDA, dissolved in a cold
Ringer's solutién‘which contained ascorbic acid (0.2 ug/ul).

The 6-OHDA solution (4 ug/ 0.5 ul) was prepared immediatelly

LA S e g < »

before it was injected iﬁto each hem;sphere through a 32 ga
stainless steel injector; the infusion time was 2 min. The

injectiéns were delivered to the region of the dorsal-

noradrenergic bundle (A-P = 2,6, M-L = 1,1, D=V = 3.7 from
the ear bars; bregma and lambda were positioned in the same
horizontal plane, perpendicular to the injector shaft).
wAfter delibering the drug, the injector was left #in place for-
an additioqgl 3 min. The other eight rats:  were similarly

operated on but only injected with the vehicle solution.,
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Twenty - days éfter surgery these rats were decapitated
and their brains quickly removed, rinsed in -ice-cold
Ringer's, and dissected. . A coronal cut was made at the level
of ‘the pituitary stalﬁ, ;nd tbe cerebral .cortex Qgs separated
from ;he rest of the brainlin that pértion posterior to the j

cut,»and the subcortical tissue. was K discarded;- the entire

portion of the brain that was rost£91 to the cut was also
7

“kept for chemical analysis. After the dissection all)samples

were stored at =70 degrees C for 24 h . and were then ' ; )

e An eebirenes W s

processed  according to the ) fluorometric method of
( , Shellenberger and Gordon (1971) wusing the' extraction
procedure described by Holman, Angwin, and Barchas (1976) .
Tﬁese techniques allow for the quantifiéation of NE and DA
with §$sensitivity of 5 ng/g of tigsue.

” <]

After testing for ICSS, seven of the ,anégals with
moveable electrodes impl3nted in the mesocortical prdjecéion
fields and £five with "electroaes in .the region of th?,
olfactory tubercle were also submitted toAGQOHDA lesions, as

describe above. After a survival period of 20 days, thése

T R T TR A e :@WWWW‘W“‘ e -
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‘'*ats' brains were processed for histological analysis with

glyoxylic acid-induced histofluorescence and . thionin . )

0

staining. -
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The 6-0BDA injections into the . region of the DNB
|
produced an almost total disappearance (1:i3% of controls) of
N Nﬁ“ip the cortical tissue that was dissected from the caudal Ni

-7 half of - the 1lesioned brains. This reduction in NE levels
. b N

"

— occurred in s?ite'dffthe fact that in about 50% of the cases
the inject}on sites were ventral to the DNB (in the region. of
the tectospinal tract- interscianl nucleusiof Cajal). The | .
reduction " of cortical NE was very likely due to direct
application of 6-OHDA to the DNB; and in tﬁe case of the
ventrally located injection%\sites, to diffusion "of tﬁé

'neufotoxin along the track left by the injector to the region g
of the NE bundle. 1In the anterior half 6f the 1l2.:cned :
brains, which contained all cortical and subcortfcai ‘ |

-

structures {(with the exception of the olfactory bulbs), NE

was reduced to only 12% of contro}l samples, Residual levels
of this - amine were expected to be’ found, because the

innervation‘ of . the ventral noradrenergic bundle to

éubcortical structures (part of- the anterior-medial \

4
1
$
L
i

amygdaloid complex, ventral-medial septhm and cingulum) was

. spared.
Reductions in DA, produced by 6-OHDA, 'to 75.5% and 74.2%
» of control values .were ‘' found, .respectively, in the same

. . , ]
E? anterior and posterior samples that were assayéd for NE

—_.

) 0
content. This redu%tion,could be accounted for by those

cases in which the toxin was injected more ventrally than had
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- been intended. This reduction in DA content, however, would
not be expected to significantly alter the ratings of DA
densit! that were carried out (see below). In order to

, detect changes in fluorescence intengity, there must be a
reduction of about 60% in the endogenous content of

catecholamines (Jonsson, 1969),

In the sections to follow, where noradrenergic
fluorescence would normally be mixed with dopaminergic
.. fluorescence, dopamine density vas inferred from animals that

N ‘
underwent 6-OHDA lesions.

L Gk

Statistical analysis. o : i
i

~ One of the opjectives‘ of ;this experimental series

: wa8 to determine the characteristics of ICSS elicited by _the
stimulation of the different dopaminergic projéc;ion fie%ds.

" In or@er to explore as much of these fields as éossible. ]

| . the stereotaxic coordinates were varied from one rat to the y
i A .

next and, in some cases, the number of sites that were

‘ stimulated varied as well. Thus, the use of inferential

L - ~ statistics to determine potential differences between scores
L

. ' of any two regions was ctonsidered to be inappropiate, since

no two rats had equivalent stimulation sites,

From an anatomical point of view, each of the
4 ‘ o, .

PR
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) stimulation sites was considered to be an independent
sample, because, as e moveable electrode was lowered,
different neural elements were stimulated, There is,

however, the possibility of a carry-over (learning) effect
from the stimulation of one site to the next, thus
pgtentially invalidating the notion of independehce among the
different stimulation sites within each animal. This problem

will be dealt with in the discussion section.

Workiﬁg under the assumption of "independence of sites",
Pearson co;relaéion coefficients were computed between each
of the A-P, M-L and D=V v?lues that defined the Jlocation of
{ the stimulation sites and each of the dependent )

_ variables that were studied, Correlations were also
determingg among all the dependent variables, which will be

defined, again, here.

:

» , ) Threshold -was taken as the highest stimulation intensity
.tQat_failed to maintain a response rate 6} at least five
presses per min. The second dependent variable was the
higheét pressing rate per min during any of "the last three
sessions of gesting at eéch/stimulatépn site.k Also measured
were the number of sessions that were needed to reach the
R criterion of behavioral stability and to start
gself-stimulating. Behavioral stability was defined as the }*

A
.number of sgessions needed to maintain a threshold value that

" N .

-

~
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did not change more than 4 uA during thfee\ consecutive
sessions.” If an anima} did_not reach this criterion within
ten consecutive sessions, a score of 10 was assigned, and the
electrode was lowered. The electrode was also lowered if a
rag‘ did not ‘start salf-stimulating in five éonsecutive

~ .
e

sessions,

, The fifth wvariable was the relative density of

RPN

dopamine around eadh of the stimulation sites. A four-point
subjective scale (Arbuthnott, Fuxe, and Ungerstedt, 1971) was

used , to define this relative density. A score of 0 reflects

e

( a lack of DA, and a score of 3 indicates the highest density

of DA that can be wvisualized. !

In order to avoid committing a Type I error, the data
derived from the rats that did not self-stimulate were
excluded from the correlations, because non-stimulators would

; | contribute the most extreme values for-some of the/variables
4 (pressing rates ranging from 0 to 4.9/min, hi&begt
"thresholds", etc.), thus artificially increasing the

likelihood of obtaining high and significant r values.

For each brain region that was studied a tdtal of 25

o

different correlations " was computed, :iand a level of

i
3
¥
*

(;’ significance of 0.05 was used. In addition, the percentage
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of sites t;hat yielded self-stimulation within a particular
brain region was computed.

Since there is not a universally accepted way of
measuring how reinforcing the electrical stimulation of the
brain is, a scoring system was used that pernitted ‘the
comparison, among structures, of the L *goodness" of
self-stimulation. Each structure was rank-ordered, from bsst
to worst, on each of the dependent variables that had been
studied and on the perceéntage of positive sites, and its
scores were added togeth.er:'. These ~operations were carrieé
out on the assumption that lower final scores would reflect
( the location of the best self-stimulation re‘gion\s\. In some

; instances this procedure was followed using-only two, three

or four of the dependent variables.

\,J

o —— e e - - et st s ¥
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RESULTS

' Caudate-Putamen.
JTwo-hundred and eight stimulation sites were tested
f‘ within Fhe CPU, from which 135 (64.9%) proved to be positive
for self-stimulation, Fiqures 1, 2, and 3 represent these and

the rest of stimulation sites that were studied,

Thresholds were positively correlated with number of
séésions required to start self-stimulating and, as expected,
thresholds correlated negatively with pressing rates. There
was also a negative correlation between pressing rates and
number of days needed to reach the criterion of behavioral

o stability and with number of days needed to  start
: ) gslf—stimulating. Finally, as the number of days to reach
‘ ' st;gility increased, so did the amount of training needed to
. ‘»’begin lever pressing. Since all regions of the CPU had shown
the same (the highest) score on relative density of dopamine,
no correlations between this paraéeter and the rest of the
variables were computed. Tables showing the correlation

n A coefficients and their ‘associated P values, computed for all

brain regions that were studied)\are\found in Appendix III.
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Fig 1., Schematic representation of stimulation sites.
Small letters represent moveable electrode penetrations, and
each dot and triangle show the stimulation sites. Numbers
under each coronal section (modified from Pellegrino " and
Cushman (1967)) refer to the A-P plame. Self-stimulation
threshold and highest pressing .rate/min derived £from each”

stimulation site are presented in Appendix II.
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Fig 2, §Schematic representation of stimulation sites.

Small letters represent moveable electrode penetrétions, and
each éot and triangle show tlhe stimulation sites. Numbers
under each coronal section (modified from Pellegrino and
Cushman (1967)) refer to the A-P plane. Self-stimulation
threshold and highest pressing rate/min derived from each

stimulation: site are presented in Appendix. II.
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Fig 3. Schematic representat:mn of stimulation'sites.

—— Small vletters represent moveable 91eqtrode penetrations, an/d
"\\') each‘ dot and' triangle show the stimulation -sites. Numbers
under each coronal section a(modified from Pellegrino and

Cushman (1967)) refer to the A-P plane, Selffétimulation

- threshola and highest pressing rate/min derived from each

stimulation site are predented in Appendix II.
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o .
When the positions of the stimulation sites were

analysed, small but significant cor;elations were obtained
which indicated that higher pressing rates, lower thresholds,
fewer days to reach the criterion of stability, and fewer
training sessions to start self-stimulating are associai:ed
with the most anterior, ventral, and medial placements. This
finding, coupled with the results of experiments showing a
topographical differentiation within the CPU with respect to
other positively :(Bermudez-Rattoni ~énd Prado-Alcala, 1979;
Divac, i Rosvold, a]nd\ Swarcbart, 1979) and negatively (Neill
and Grossman, 1970; Prado-Alcala et al., 1980', 1981; .
Prado{-Alcala, Maldonado, - and Vazquez-Nin, 1979; v;;?.nocur,
1974) reinforced conditioned behaviors, led us t.o subdivide
the CPU ‘ into several regions in order o perform a
finer analysis of the data. These regions were defined
as follows: antero~ventro-medial (AVM, n = 30 sites),
anter'o-ventro-laperal (AVL, .n = 26), antero-dorso-medial
(ADM, n =39), antero-dorso—lateral (ADL, . n = 26),
postero~ventro—lateral (PVL, n = 25), postero-dorso-medial
.(PDM, n = 35), and postero—dorso-—iateral (PDL, n = 26) . Onlf
one stimulation site was tested in thé postero—ventro-medial
(PVM) regipn. ~and no self-stimulation could be induced from-
kthis location. ' . 5

\

The boundary between the antetior and posteridr regions
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Ed

was defined as in previous work“‘(Prado-Alcnala, et al., 1979)
and corresponds to the coronal plane at the A-P = 2.0 level
of t:.’he Pellegrino ) and Cushman atlas (1967), At any given
A-P level, the medial-lateral limit was ‘taken as half the
distance between the most medial and most iateral 1b0rdé.t8 <;f

the CPU; likewise, the dorsal-ventral boundary was defined

as“ the horizontal line half way between the most dorsal and

.
-

the most ventral borders of the CPU.
b .

PR -
L

Except for thé negative case in the PVM .reg‘ion,
self-stimulation  behavior y;\s inficed by electrical
stimulation in al} regions. The percentage of positive si«tés
and the characteristics of ICSS varied, however, from one

region to the next. The percentages of sites which yielded

_ICSS behavior were 86.7% in the AVM, 80.0% in the PVL, 76.9%

in the AVL, 71.8% in the ADM, 46.2% in the ;\DL, 28.6% in the
PDM, and 1;\.2% in t;he PDL. . |

As shown in Fig 4 A, tﬁe AVM sites had the \\“Jc‘owest
thresholds and the PDL region the highest, but the ordering
of the rest of the ‘regions did not follow the‘order 'deécribed
above of percenﬁtage/a of positive sites, It should be noted
that within each region, threghold measures (as well as the
rest of the measures t; be dé'scrih)d belvow‘) showed very
iigtle variance, as evidenced by‘ﬁzheir.sfmall standard errors
of the mean. @ ) ,. ¥

©
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. highest pressing rate/min {B), number of sessions to reach <o
behavioral sﬁébility (C), andépﬁmbéE‘of sessions to initiate ‘Y\
self-stimulating (D) are represented for each of the -regions

N T - . '
,0f ‘the striatum that were mapped. The vertical lines in each
, column, in this .and in subsequent .Figures, represent the
standard érror of the mean. See Appendix I for .abbreviations
of regions of the striatum. . N ‘
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v; The\eafmals with stimulation-sites in the . regions
the 1lowest thresholds displayed, as expected, the hig
pressang rates (AVM and ADM), wh11e those with electrodes
the higher-threshold zones. showed %ower rates (Fig 4

Again, the rats with electrodes within the PVL ranked 1

"and _those with electrodes in the AVM ranked first with £

number of day§7of‘training needed to start eelf-stimula
ang'with the lowest number of sessions'to reach the crite

8f behavioral stability (Fig 4 C and D).

S

~7

with

hest
in
B).
ast,
ewer
ting

rion

‘ - s . ‘ N . .
There was a significant negative correlation in each of

[y

the regionsrbetween thresholds and pressing rates; different

<

degrees of correlations between the rest of the variables.

2 o

were obtained for the varlous CPU regions, but there did

appear to be any consxstent trend.
o

not

It 1is important to note that the difference between the

lowest and the highest threshold values for’ a particular

electrode penetration was ‘as large as 114% (from 28 to 60 uA)

in the PDM, 71,0% (28 to 48%) in the ABL, 56.0% (36 to 56 u)

in the AVM, 44, 0%5(36 to 52% uA) in the AVL, and 36% “in-

PDL (44 to 60 uA). , 5 : ,

the

W/

.in the ADL, 108% (24 to 50 uA) in the PVL, 75% (32 to 56 uA) .
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In summary, the’correlation analyses between each of the
stereotaxic coordinates defining  the stimulation - sites
and each of the behaviorfl variables studied, pointed"

to  the existence of .a region within the CPU where the

"best" _self-stimulatior{ coula be fouﬂd. This prediction was

éonfirmed when the data had been analyzéd in ,‘each of sevén'
‘ ~

regions, since in every instgnce the AVH® region produced the

- -
3

best measures of ICSS: lowest threshollds,‘ highest §reséing
rates, fewer sessions needed to start self-stimulating, fewer .
sessions .to achieve behavioral stability,, and the highest

percentagé’ of positive Fites. Exactly'the opposite was true

o
~

for the PpLJ region.

L]
<

In order tp compare the relative efficacy among all the /

9

regions for yielding ICSS, each of the regions was ranked on

every behavioral measure, from best to worst, and its scores

added. The resulting ordering was \:as follows: AVM{ ADM, AVL,

and PVL, PDM, ADL, and PDL. ) Co)
» . - \

"~

It should ge remembered that several sites were tested

'

in each animal; in most cases, various extta-,-caudatevr
structures and different dorso-ventral regions of the CPU ~’
were stimulated. This "circumstance al;qwed for c’omparing
ICSS characteristics b‘etween different brain regions in

individual rats. Before making.. these conparisons, the

characteristics that accompanied self-stimulation of the NAS

(o
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‘and of the regian of the AMY w1ll be analy'zed~ &. these two

A4

structures are in close anatom1ca1 relationship with the CPU

and both were tested, in several animals, after stlmulatmg

| . ¢

\

'the CPU., T : o

4. \
t i ’ . -

- \‘ - "
Self-stimulation was obtained from 29 (96.7%) of the

e
-t

Accumbens and Amygdéla.

- 30 different sites that,were tested in the NAS. The Pearson

correlation coefficient indicated 'that, as in the case of the

CPU, the higher pressing rates and the fewer traihing"

sessions needed -rto start self-stimulating were associated’

*

. \ .
with. the most medial placements. It also was found that °

‘dépth of stimulation was not only significantly (positively)

corrélated with pressing rates but also with number

of sessions to reach® stabllxty. 'Another 'significant

' correlat:.on was the positlve one between days to criterlon of

behavioral stability and days .to begin Lelf-stlmulatlng,

figally‘, a low positive . correlation was found between-”

pressing rates and thresholds.

No correlations between DA density and the other

variables were computed since the ratings for DA density wvere

o

the same for all NAS stimulation sites (score =:3),

-

Table II gives the c'haracteris"?;icslof' 'ICSS\obtained‘ from

. 5

-

~



‘the basal amygdaloid nucleus. »

S S TABLE/KI - .

2
. ) . A% ’ N
SITE - n % s-8, TH (uA), PR/min DAYS CRIT DAYS PR
A 5 100 X 40,0 187 5.6 1.0
- | " SEM 4.9 3.5 1.3 0.0
ACE s AL 7 100, X  4%1 2376 4,6 1,0
| SEM 2.8 3.4 d.6 0.0
¢ - ‘ g
" ABL 7. 100 X 46.0 22.6 4.9 1.1, -
SEM 1.7 2.1 150 .« 0.1
+ ~ ) ; ! &
AL 5 60  ¥_ .52.7 19.9. 6.0 2.3
SEM 3.7 5.0 2.1 1.3
. e :

.

ICSS characteristics of the amygdaloid-nuclei. Abbreviations

' _are ' as follows: n, number of sites; % S-5, percentage of

A\

3ites that yielded self-stimulation behavior; TH, threshold-
Plll/mih_, . highest pressing rate per minute; DAYS CRIT,
number of days needed to reach the crii:erion of Dbehavioral
stabil ; DAYS PR, number of days ‘needed to start
self-stimulating; X mean score; SEI;I, standard érror of the
mean; AAA, anterior amygdaloid area; ACE, central amygdaloid

. . 4
nucleus; AL, lateral amygdaloid nucleus; ABL, lateral‘parp of

.
-

1) B
. .
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the £dur regions of the AMY that had been stimulated--the

- f\\~anterior"amigdaloié\ area (5 sites), the lateral ?m;gdaléfd‘
- nucleus..(5 sites), the basql.amygdaloid nucleus (7 siteé) and

‘ seven cases where 5oth the ‘bentﬁgl . and .laté;al amygdaloeid -
nuclei . Zere activated by the electrodes. 1In only two cases
(8.3 %) waé there no ICSS, and Ep.both -of these ~cases the
;timulated tissue was within’ the‘ lateral nucleus. ‘When

~ self-stimulation had been induced in three other _anima1§

-

with elect;pdes in ;his nucleus, low rates (3 =‘19.9/min) and
the highest thresholds (X = 52.7 uA) were found. This latter

- obséryation "fits well with the cbr:elation analysis wich

S

showed that the stimulation ' of the areas more laterally

signifiéant was the negative cbrrelation between thresholds
e ) and pressing irates and the 'positive one between rela&}ve
. density of catecholadines and thresholds.

(

. - Working en the assumption that the combined measures of

N

thresholds and pressing rates represent a reasonabie index of

how effective a self-stimulation site fﬁ and givgh that in all -

regions of the CPU and of the amygdaloidgéomplex there was a

-

. significant negative correlation between these two measures,
threshold scores were used to determine whether or not there

had been changes_ as the electrodes were lowered thréugh

C different brain regions in individual animals,  ——_

b . : »

- A

N

0L RO e
.

. situated within €he AMY had the higher thresholds. Also
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consecutiv.

the - stimulation

Fig imulation current threshold d:a;a fro

stimulatjon sites of representative -animals

] i .
" (A-H)., - Numbers |dbove the abscissa refer, respectively, to

the' A-P and ‘M-KT stereotaxic coordinates used for t-pe

"implantat on of the eléctrode;s (Pellegrino, and Cushman, -

1967). " THe change. of symbols (open—filled-open) represents

!

stimulation of regions situated’ - more ventrally. !

J

Abbreviations are ,"pres'ented in appendix I.
i . y

o

e

of one region of the brain, followed by
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As seen in’Fié 5, when moving an electrode from any
region to a more vé;tral region je.g., from the corpus
ééllosgum to the dorsal aspects of the CPU, from the . ventral
regiéns of the CPU to the NAS or the AMY), there was about

the same probability of finding increments, decrements, or no
. \‘ .

1)

The most obvious exception was seen when there had been
a transfer from - the ADM rggion to the AVM region: there was

a decrement in threshold in\(our cases, an increment in one,

. and no thange in another,

A5 in the case of the analyses of the different regions
of the CPU in order to compare the relative effectiveness;of

/

the NAé, AMY, and the CPU for inducing IéSS, anﬂanalysis \wgg
made of all self-stimylation sites with respect to th;
dependent variables that had been studied. For each of these
comparisons, the NAS and AMY averages were compared against
each other and agaiﬁst the best two and the worst two regions

of the CPU.

The NAS had the, best scores for percentage of
se;ﬁ—stimulation sites, pressing rates (Fig 6 B), number of
days to ériﬁerign of‘stapility (Fig 6 C), and for threshold
gscores (Fig 6 A), while the AVM was the best region when days

to start self-stimulation were considered (Fig 6 D). The AMY
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Fig 6. Mean scores for self-stimulation threshold (A),

highest pressxng rate/mln (B) , number of sessions K to reach
behavioral stablllty (C), and number of sessions to 1n1t1ate
selffstimulating (D). ovbta:,lned‘ from the nucleus accumbens
(NAS) and the amygdaloid 'compl'e;\(AMY). Also shown are the
scores of the best two and the worst two regmns of the

striatum, Other abbreviations are the same as in Flg 5.
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‘ranked fourth in all variables, é’xcépt for p‘er’,centage of

. positive sites where it ranked in second place." After adding

the ranké that +had been as'signed to each region, the NAS
resulted with the ‘towest score (best self-stimulation),

followed by,the AVM and the AMY. Even when the measure /):f

- days . to - reach behavioral stability had been omitted from

the analysis, the same ordering of regions was maintained.

Finally, by only taking' account of the thresholds  and

‘pressing rates, the NAS and the AVM had the same (best)

scores, %ollo’wed by the ADM and then by the AMY.

> y

, Septun.,

The next dc;pamiriergic projec}:ion f%eld to be analyzed 1s the
septal area. Represented in Fig‘;:i and 2 are the 127 sites
that ’were gstimulated; 114 of them produced self—stimulatio;x
behavior (89.8%). Taking all the positive sites into '
account, the following mean values were obtained: threshold,
38.7 uA; highest pfessing rate, 14.8/min; number of sessions
needed to achieve the criterion of behav}oral stability, 5.5.;

-

number oﬁ; sessions to start self-stimulating, 1l.2.

- [

There vere geveral gignificant éorréfations in which the
anterior—-posterior d'imension was involved. The further '
anterior the electrode, the higher the thresholds, the higher
the number of days to star’t self-stimulating, and the/ lower

.
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. ? the-density;of CA's, This latter-finding was expected since
it is in the caddal aspect of the septal area that the dense

band of DA terminals is found. The only other significant
-
correlation inGolving the stereotaxic coordinates was'a

positive one in which the more dorsal placements produced

lower thresholds. . -
- . N\ -
A surprising finding was-that in contrast with the CPU,

AMY and NAS, no significant correlations were found among the

rest of the variables, except for the one which indicated

. - -~

that as more sessions of training were needed to start

~

stability were also needed. , :

~The findings that loweggppresholds'were associated -with

.

. ‘ )
the more~ anterior and dorsal placements and that no
. ' signifdcant correlations®~ were . found between the

medial-lateral dimension and any of the other variables 1led

to.a finer analysis by dividing the septal area into four

' .* regions: .,anterior-dorsal -(SAD,, n - = 30 sites),
anterior-ventral (SAY, n = 21), posterior-dorsal (SPD, n =
v 4 , S

'46) , and posterior-ventral (SPV{ n = 30),

o

As in the case of the CPU, the 1limit between the

anterior” and posterior regiong of the septum was determined

" -by the corqnal planeaat the A-P = 2.0 level of the Pellegrino

-~

/ &
/ . . -
.
.

¢

&

‘self-stimulating .a greater number . of sessions to reach
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o

:
-
v
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and Cushman-atlas (1967), which corrésbonds'to the' middle of

the A-P extent of ' the septal area. The dorsal-ventral
! . boundary, at any‘giyen A-~P level, was defimed as half the

. distance between the most dorsal and most ventral borders of
N ‘\
the septum, i ’

ICSS was obtained from all regions with the highest
, /

- percentage of poéitive sites in the SPp (95.7%)[ followed by
’ J

~_the SPV (93.3%)i the SAD (83.3%), and the SAV (71.4%). The

best (lowest) threshold écores were also obtained from the

SPD with the rest of the regions ordered (Fig 7 A). like the

-

case of percentage.of positive sites.
n -

ot

Another unexpected finding was that the region'with the

¢ Iz

¢ highest thresholds, the 'lowest percentage of positive sites,

, ; | B
and the highest number of\sessions to start self-stimsiating

~

, (see below) produced the highest pressing rates, namely, - the
- R 7 /

SAV region (Fig.7 B). Likewise, the region with the lowest

rates of self-stimulation, the SPV, yielded the best measure

1

of the  number of da§s~to start lever-pressing (Fig 7 D) and
to reach the criterion of stability (Fig 7 C).

. When' each region Was ranked on each of the five

3 -

<

dependent variables, from best! to worst,.and their scores

' added, the following ordering emerged: SPD, SPV, and the SAD
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Fig Tf'_ Self-stimulation characteristics of the four

4

septal regions that were mapped. SPD, \bostero-dorsal; SPV,

postero-ventral; SAD, antero-dorsal; -SAV, ante;o—ventral.
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?

and SAV regions with the same (and~worst) scores. - The same

analysis was carried out taking into account various

combinations of two, three})or four of the variables. 1In

géneral, the same ordering was maintained, i.e.p the

~ posterior regions ranked better than the anterior regions

except when a combined ranking was made for thresholds and
preésing. rates, In this case, the SPD continued to be the
"best" ICSS region, followed by the SAV, and then by the SPV
and the SAD which had equal scoreé.v |

L]

only five of the 100 correlations that had been cdﬁputed

for the four regions of tﬁg‘septal area were significant.

These correlations involved the five dependent variables,
each .of the codrdinates that defined the stimulation sites,
and the éelative density of catecholamines around those
stimulation sites. In the SAV and the SAD regions, the

number of sessions to behavioral stability ~ correlated

positively with number of sessions to start self-stimulating;

thresholds correlated negatively with pressing rates in the
SAV and positively with dppth of stimulation in thé SPD; in
the SAV region there was a’positive corrglation between CA
density and pressing rates. None of ~.the correlations were
significant‘in the posterior-ventral area.
Ty
The postefior :égiong provided an excelleng opportunity

for comparing, in individual animals, the charéctéristics for

J

.
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ICSS between sites above, within, and-below the conspicuoﬁs
band of dopamine terminals found in those regions., In seven
rats the three zones were stimulated, each with two sites
within ‘the DA band; in two additional animals the tissue
above the band and one or. two sites, réspectively, within
the band (but none below i€3 were stimulted . Two-tailed.
correlated -t tests were performed, and no significant'
‘differences in thresholds or pressing rates were found as the
electrodes had been lowered from one region #o the next.
Table III shows the rawfdata collected frop‘each of‘ﬁhe nine
rats, and as can be seen, the ﬁrobability of obtaining
increments or decrements in tﬁresholds or pressing rates was
‘ébout 50%. Fij B, a photograph of a glyoxylié acidigreated

brain, shog;hﬁn electrode track crossing the DA band.

Changes in threshold values found when lowering the
.electrode are shown in Figures 9 and 10, These changes can
be summarized as follows: there was a decrease in threshold

when the electrode was moved from the corpus callosum to

the SAD region (5 cases) or to the SPD (6 cases); in one case

_° the threshold remained unchanged. When moving from the SAD

*

to'the SAV, there was always an increase in threshold (4~

cases), while increases (2 cases), decreases | (3 cases) or
no changes (3 cases) were detected when jthe SPV was

stimulated after the SPD.
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TABLE III

THRESHOLDS AND PRESSING RATﬁstoﬁ;AINED FROM SITES ABOVE,
. by ]

WITHIN, AND BELOW THE SEPTAL DOPAMINE BAND

|

| THRESHOLDS PRESSING RATES

S ABLVElWI?HIN 1 WITHIN 2 BELOW ABOVE W?THI@ 1 WI?HIN Z'BELOW

6 36 30 26 32.  22.3 /23.3 18.3  16.7

7 52, 60 60 60  .14.3 9.0 4.7 5.0

2 38 28 18 28 14.3  14.3 11.7 10.0
29 52 44 26 24 12.3  10.0 12.3 13.7
30 30 44 44 48 . 14.7 14.0 '12.0 9.0
31 46 50 50 52 14.3  33.0  14.0 9.3
47 18 22 22 32 13l7 14.0 10.7 14.3
46 24 . 36 40 14.3  11.3 16.0
24 42 16 . 14.3  15.0

X 37.6 36.7  35.8 39.4 14.9 16.0 12.5  11.1
SEM 4.0 4.7 . 5.3 5.2 0.9 2.4 - 1.3 1.4

No ‘signifieant changes in. thresholds or pressing rates were
found when'the moveable electroées had been lowered through the
septal tissue located above, within, or below the band of
dopanine terminal%. The width of the dopamine band allowed
for stimulation of\th sites (within 1 and within 2) ineeach of
eight wvertical ”penetrations and for only one site in an
additional animal (rat No. 24). Abbreviations are as follows:

S, subject; X, mean score; SEM, standard error of the mean.

D TR T
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»

\b_Fig 10, Schematic reptesenﬂatioH of stimulation sites
iduithe

inset's show

in three animals implanted with moveable electrodes

posterior regions of the septal .area; "

8]

photomontages of corresp6§ding glyoxylicvgcid-txeated~tissue;
v .

Numbers 1 to_ 9 represent the consecutive stimulation sites
with their asgdciated thresholds' for self-stimulation and
. ',,‘;9)?"' ! -~ : o
highest pressing rates/min. i:\ pa
t qd . o l
I \ .
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- STIMULATION THRESHOLD HIGHEST PRESSING
SITE . uA RATE /min
| 32 13 4
2 36 | 2. 6
3 30 1 2.9
« 4 44 | 2. 4
5 4 4 10. 9
6 48 o .72
7 28 7.2
8 40 7.6
9 46 7.0
i
Vd
N 1
' i
STIMULATION THRESHOLD HIGHEST PRESSING. ;
SITE pA RATE /min
| 2 4 I 2.3
2 50 1.7
( 3 50 1 1. 8
4 52 TR
5 44 8. 1
6 26 1 1.6
7 24 123
8 30 -~ 10.6
9 NOT TESTED i
- 1
s 1
i
STIMULATION THRESHOLD HIGHEST PRESSING :
SITE - pA _ RATE/min
l NO ICSS 5
2 48 12.8 5
3 40 1.8 !
4 48 9 1 ,
5 48 9 3 ;
6 48 7 4 ‘
: 7 60 4, 2
8 60 4 8
9 : 56 6 0
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Olfactory Tubefcle and Pyriform Cortex. o .
Within the OT region and the pjriforﬁ cortex (PYR), 18
and 10 sites were explored, - respectively (PYR will be
aﬁalysed separatély form} the medial, sulcal and efttorhin
;ortices because the former is not considered to be part o
the mesocortical terminal fields, as defined"above); ‘In the .

OT region significantly high negative correlations were found

" between thresholds and the anterior-posterior and

dorso-venﬁfal eleéfrode placements; threshold values were

also correlated, positively, with the medial-lateral

a’

dimension. In other words, lower thresholds were associated
with the more anterior, wventral, and medial stimulation
sites (as was the -case with the CPU). The only other

significant correlation was a negative one between thresholds

and DA densify. It is interesting to note, however, that no

self-stimulation. was seen in ‘the four caseé where the
highest DA density was~ found. It should be kept in mind
that, as.explained in the Methods section, all correiations
were run with considerstion"only to se%f—stimulatind animals;
thus, C'ﬁf‘ the non-self-stimulators ‘had been taken into
accountg Ehe correlation between DA density and thresholds
would become non-significant, |
- .

In the case 6f the PYR, only three‘of the correlations

that were computed were significant. The A-P and the -M-L
: .

b ma——— DIRVER ' RN
ot et gt , . S [
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A .

dimensions were positively correlated with the number of days
p .

neéded- to =start self-stimulating, thle thresholds were

\ “negatively correlated with pressing rates. ' < 3

4 Q .
¥ 4 - .

. &
Except for the percentage of positive sites (OT = 66.7%;

PYR = 100%), thé& OT regibg}yielded'better Scores than the PYR

¢
for the rest of the dependent variables. Fig 1 shows a

°

’ schematic representation of the stimulation sites in these

two areas,

a FOTCAR Dy
L
[

5, . . .

S - To determine the relative efficacy of the OT and the PYR

for ;f%ﬁucing BSR, their respective mean scores ‘on each of
. ) s

the éependent variables were rank-ordered, from best to

worst, as were those of the four' septal regionsf and their

overall sum of ranks was taken as an jndex of "goodness" for

P 1

L ' eliciting self—étimulation behavior. This [resulted in the

3 v following order: SPV, SPD, OT,’SAD and SAY( and PYR, .When

; ’ different combinations of only two, ‘tﬁfee or four of the b

vériables had béen considered, the posteriof regions of the |, . |
; /v | septal area (SPD and SPV) alyays .ranked in the first two
b ‘ places and Iwege foliowéd by the 0T, the éntq;iqr séptgl
% ' . regions (SAD and SAV), and_ﬁYR (always ranking last). The
only exception Appeared when/;hresholds"and pressing rates

. were combined: the SPD and the OT, showed the best scores and

v

theArest of the regions shared the same lowest score. Fig 11 .
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'Fig 11. Self-stimulation characteristics . of the
+ o&fa&tory tubercle (OT), of the pyriform cortex'(PYR), and of

the four septal.regions that were mapped.
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shows the mean scorés on each of the dependent variables

" that were compared.

\

Cortex. ' ' ' N

A total of 125 mesocortical projection sites was

. tested., A summary diagram showing these sites is presented

in Figs 1 and 2. In the medial prefrontal cortex, 53 (76.8%)
of .the 69 sites were positive for self-stimulation, but no
significant correlations were found in this region. In the
sulcal cortex 60% (l% out of 20) sites ;ielﬁed ICS5 and,
again, no significant correlations between any of the
variables were found. Of the 36 entorhinal stimulation
sites, which were located outside the field of dopamine
islands, 29 (80.6%) were positive. The corrélation ;nalysis
indicated that, in tgis region, a higher DA density had been
associated with electrode placements in the more anterior,
ventral and lateral regions that wéwe explored, A - positive

correlation was found between number of sessions to

behavioral stability and number of sessions to start
t

. self-stimulating, and a negative one between pressing rates

and number of sessions to étgrt self-stimulating.
t .
When the self-stimulation characteristics of,; these
cortical areas were compared against each other, the medial
PFC~-Always rgnked first, with the best scoreé in all of the

dependent variables; both sulcal and entorhinal cortices had

S P f e

k.

ey ot o R

PISLERES S TR

P -

PR

L thder B e Bl o el e e

4

§
d
K
g
hea)
§




% .

TREYE ey

Be e dwnre T AR . e et} e -

. -

. :
- 120 -
[ ” . B h Y : !
. \
* 'I

Fig 12, Self-stimulation characteristics of the

mesocortical pfojection fields. M, medial prefrontal 's:ortex;

. : e
S, sulcal prefrontal cortex; E, entorhinal cortex.
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the mesocortical projection fields (A-P = 0.2 to 0.6, M-L =
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an equal lower .score, as can be seen in Fig 12,
Consistent with the results showing ~ a lack , of
correlations between DA density and any of the dependent
variables are the observations that the highest pressing rate

(35.3/min) and lowest threshold (28.0 uA) in the medial .PFC

~were obtained from sites .that had been given scores on DA

density of 2; in the entorhinal cortex, the highest response
rate (18.3/min)‘ "and lowest threshold (30.0 uA) were
associated witﬁ a relative 'density of DA of l. More
interesting ;as the finding that, in the!sulcal cortex, the
best réte (31,7/min) and threshold.(26.0‘uA) were_obtained in

a gone with no detectable levels of DA.

Seven sites were tested in she parietal cortex, outside
' \

3.8 to 3.72, D-V = 3.7 to 2.2). The score for DA density was

0 for each of these sites, and no self~-stimulation could be

elicited from any of them.

Non-Dopaminergic Fiber Tracts.

- - Forty-four stimulation sites were located within the

corpus callosum (CC); 50% were positive for BSR. Eigﬁt‘sites
were within ‘thg olfactory tract (OTr), with five of thenm
pal ‘ o

yielding self-stimulation (62.5%). Only four placeménts were

-
L4

.
LR SR S e
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, within the’ anterior commissure (AC); all produced ICSS.

Schematic representations of tpese~sites'are shown in Figs },
2, and 3. The AC yielded ‘the best values for i
self-stimulation--lowest thresholds, highest pressing rates,
fewer sessions to start self-stimulating and to achieve

behavioral stability. The OTr ranked second in all of these

\
variables, except for the number of sessions to achieve

stability where the CC ranked second (Fig 13). : o

-]
[

- A few significant correlations were found in tHese

R

regions. The number of sessions to start 1lever pressing
correlated positively with the number of days-to achieve
behaviofal stability in both the AC and the CC and negatively

with pressing rates in the latter structure. In the OTr

esholds correlated positively with sessions to start

self-stimulating.

-
v

The t test for correlated samples waé uged te determine
whether or not there had been significant differgnces in
threshplds and pressing rates between CC positive éites 'and

. posifive sites in the tissue beneath it (within 250 um of the
| CC sites). In nine rats, the dorsal aspect of the septal
. : ~ area was tested after testing the callosum, and in 6 animals

testing of the callosum was followed by stimulation of the

- b e e 8 e ALt

. J
' ' ', dorsal CPU, -When considering all 15 pairs of threshold
' °Valdés, no significant differences became evident (mean
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Fig 13. Self-stimulation characteristics of  the
non-dopaminergic  fiber = tracts that were studied. AC,
anterior commissure, OTr, olfactory tract; CC, corpus
callosum. 7
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> 0.20).

of the nine CC sites immediately above it (12.9/min; ¢t

L : f By
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values for the CC an the dorsal _ aspects of the

gseptum—-striatum were,™- ectively, 45.5 and 42,3 uA; t =

1.50, d.f. =14, P = > 0,10), By the same token, no
' — .
significant differences appeared in pressing rates (CC =

£

13.9/min, septumﬁstrigghm = 15,7/min; t = 0,70, d.f. = 14, P

A finer analysis was made by comparing, separately, the

CC against the dorsal CPU and ggainst the dorsal regibns of
the septum.. The same picture emerged when the mean thﬁeshbld
value for‘the six éC sites (48,7 uA) above the CPU waé
compared- agaihst the corresponding six striatal sites (49.0
uA; t = 0,08, d.f. =5, P > 0.10) and aiso when the mean
presging rates wefe compared (CC = 15.47min, CPU = 19.3/min;
t=0.61, d.f. =5, P > 0.,20). 1In agreement with\the agove
findings, mean pressing .rates of the dorsal regions: of the

septum (13.3/min) d4id not differ significantly from the rates

0.70, d.f. = 8, P > 0,05). ‘There was, however, a
significant difference in thrgshold values between these two'
regions of the brain (CC = 43.3 uA, dorsal septum = 37.8 uA; o
t = 2.57, d.f. =8, P < 0.05). "

Two of the'five positive sites in the OTr wefe the only

. two sgites tested in a pérticglar”fat; in a second rat there -

‘4
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\ -
were three succesive OTr points tested after testing the

tissue: immediatlely above it. There was a 41.6%fdrop in
threshold upon entering the OTr (f;;; F4_8~ to 28 uA), as well
d4s a small increment in pressing rates (from 71 to 88). Of
the four '‘AC sites, two were tested in each of two rats, When
lov;ering the electrode from the AC into the NAS, there was a
small decrement in threshold in one rat (from 38 to 34 uA)

and no change in the other. In one of the animals, it was

possible to compare threshold values as the electrode was

moved from the NAS into‘the AC, and an increment was found
(from 32 to 44 ua). In all cases where there had been a
change in threshold, the opposite change was} found for
pressing rates. Percentage of positive sites and mean values
for each of the dependent variables that were measured are

presented in Table IV . The ranking of the 21 brain regions
o

refers to the relative efficiency in eliciting ICSS, as

described in the Methods section.
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TABLE IV

SUMMARY OF THE DATA

Abbreviations are as follows: N, number of sites; DAD,

density of dopamine; % percentage of positive sites; TH, _/>/—<

threshold; ‘PR, hiéhest pressing rate/mj:n; DC, number of

-1

sessions to achieve behavioral stability; DPR, number of

LN . k)
sessions to start self-stimulating; *, dopamine density in
6-OHDA lesioned rats. Abbreviations for brdin structures are

‘ {
given in Appendix I. “ 3

-
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TABLE IV
' N Q

SUMMARY OF THE DATA

SITE RANK- -- N DAD Y TH PR DC . DPR

NAS 1 30 3.00 96.7 36.1 47.0 4,0  1.06

AVH 2 30 3.00 8.7 36.4 32,0 4,3  1.00

AC 3 . 4 0,00 100,0 39,5 23,4 5.0  1.50

MCtx 4 69 2,00% 76.8 39.6 30.0 4.9  1.09

SPV 5 30  2.04 93.3 38.4 11.3 5.0  1.00

SPD 6 46 1.34 95,7 32.9 16.2 5.6  1.10

AMY 7 24 1,96 91.7 44.6, 21.7 5.1  1.95 :
ADM 8 - 39 3.0 71.2_4T.9] 29.3 5.8 1.38

' SAD 9 30 1,20 83.3 42.5, 14.5 5.7 1.50°

AVL 10 .26 3.00 76.9 49.6 ) 20,7 ° 5.1  1.68 3
PVL 11 25 3,00 80.0 42.9 18,5 g.i 1.52 o
SAV 12 21 1.2 71.4  48.7 17.6- 5.2 170

sCtx 13 20 0.83% 60.0 45.7 20.5 5.3  2.00

ECtx 14 36 1.39% 80.6 43.5 16,4 6.3  1.97

PYR 15 18 1.00% 100.0 49.2 20,0 8.2 - 2.00

oT 16 . 10 1.57% 66.7 45.8 20:4 6.6 1.80

OTr 17 8 '/o.oo. 62.5 42.0 21,2 8.0 2,20

PDM 18 35° 3,00 28.6 46.8 17.8° 6.0 2.00

ADL 18 26 3.00 46.2 49.7 19.7 . 6.7  2.60

cc 20 44 0.00 50.0 46.4 - 17,3  7.00  2.80

PDL 21 26 3,00 19.2 51.1 14,3 6.9 3.22

e e s '~ e R EEE o~ g



. T w DISCUSSI

d E

In agﬁeemqnt with earlier experiments; the present:study

. has shown that self-stimulation can be obtained from each

¢ ¢

of the major dopaminergic projection fields. However,

“ 7

sélﬁ—stimulation -did not bear a special anatomical relation
- to the location or density.of ddbamine terminals. First, the
‘boundaries qf the terminal fluorescence did not correspond to

5 ¢

. ‘ the boundaries of BSR; self-stimulation was seen regardless

A N A e IR AT S, s NS S N

— i , 4
. }ofm'whether the stimulating electrodes were placed within or ?
outside DA terminal fields. This was seen, for example, when :

the electrode stimulated.the corpus callosum first.and then . §

-

. the CPU or- the - septum and when the accumbens was tested - H

L

L Y

before or qfter testing the anterior commissure. This finding Tl e

2

/
rules ouﬂ the possibility that BSR in these rggions ‘is

.

R TR A Gy
&
!

e M 1 A b

géne;%%ly mediated by direct activation of DA terminals or

7 ‘ their “-efferents. Second, -except ‘for ohe case, neither
- - - ‘ »

i

. positive nof negative correlations between DA densiity and any’
of the mpa;aﬁeters that defined the characteristics  of

¢ sel%;stimulation were foﬁnd in any of the regions that had

. l seems‘ :thqt BRS derived from

) \ .
of the ‘dopaminergic terminal fields does not

. been mapped. Hence,. it

stimulationl

. ' involve the direct ackivation of DA X terminals or their

PR A
a
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‘og the Prado-Alcala et al. (19Y5) study. .
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/
efferents. The possibility that DA terminals and DA
efferents agéd involved 'im 'a subsequent step in the reward

process remains an open question.
Methodological Considerations

The present study involved the use of a combination of

training techniques in an attempt to elicit self-stimulation

behavior. As in the case of Rbuttenberg's (1971)‘ study,

training of the rats involved daily 15 min periods of

exposure to the experimental box with no response shaping and

with delivery of electrical stimulation of fixed intensity.

-

every time a lever press response had been made. In some
cases .this sufficed tggproduce: self-stimulation, When ‘ no
spdntaneous self-stimulation was seen after the 15 min
pefiod, the rats were then shaped by the expetimenter to
approach and. press the lever, dsing an intenéity that seemed

newarding,[as described by Phillips et al. (1976b); in the

present study shaping with. a given intensity only lasted for

aboug_ls min rather than 30 min,’ During shaping, not only
. N '
the pre-selected curreént that seeméd rewarding was used;

other ihtensity levels Q:?g tested as well, as in the case

!

This combination of training techniques proved to be

e
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more effective than any of the in@ividual techniques alone.
Thus, evén when only 5 maximum of five sessions of training
were'given at each stimulation site, as opposed to a maximum.
of 14 or to a total of 28 sessions, respectively, by Phillips
et al. . (l1976b) or by Routtenberg (1971), self-stimulation
could be observed in 64.9% Of the striatal sites that were
tested. In one of those experiments, where self-stimulation
was obtained from all regions of the CPU, oﬂly 25% of the
animals acquired this behavior within the first five sessions
" of testing (Phillips et al., 1976b, Table.I); in the case of
Routtenberg's study where 12 stimulation sites in the medial
caudate were testéd, only 66.7% were positive for
self-s£imulation. (Routtenberg, 1971, Figs 1 ahd 22), as
opposed to 88.5% <€ound in the equivalent regio; in the
present study (ADM + AVM).  Finally, in the experiment
reported by Prado~Alcala et al. (1975), none of the 37

placements, scattered throughout all of the CPU, produced

self-stimulation,
T

.

-

»

Since in the present mépping study several brain sites
‘were tested in every qnimal, a general commeqt about the' use

¢ of the moveable electrode is warranted. One of the
advantages of using the moveable electrode . (Wise, 1976) 1is

that multiple brain sites can be tested in the same animal,

‘: thus allowing for intra-subject comparigons. There 1is,

t
!

however, a potential disadvantage when using this technique

L xR . o
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in studies of the kind reported here where comparisons among
differeht sites within a vertical ‘penetration are made. This

problem stems from the -possibility of  a carry-over"

P

effect from the stimulation of one site to the next. This
effect could producé a biased tendency in responding after

the rats have been tested for sevleral days or weeks at more

-

dorsal sites,
. o

Thus, increased response rates obtained from a ventral !

site could simply reflect an improvement in performance after {

n

this response was learned during trials where a . more dorsal
site had been tested; %imilarly, }f a aecrement in threshold
occurs after lowering»the electrode, it could be due to the'
development of sSome sort of sensitization of the newly

! ~

stimulated tissue resulting from stimulation above it,

- L)

To determine the relative importance of multiple testing

.with a single electrode per se, correlation analyses were run

e

between the depth of stimulated sites and each of the

B
b

dependent variables for eacy of the }egions that were studied
(CPU, septum, NAS, AMY, entorhinal and pyriform cortices,
. sulcal and medial PFC, CC, AC, and OTr). Out of the 60
correlation coefficients obtained, only 13 were statisticélly
reliable. Depth correlated negatively with thresholds in the

CPU, AMY, OT, and medial PFC and positively in the septal
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. . : ,
ares and OTr. .Depth of stimulated tissue also correlated

nedatively with, pressing rates in the AMY and positively in
the medial PFC; days to criterion and days to start lever
pressing correlated positively with depth in the AMY and OTr,

resbectively, and negatively in the CPU,

Given these results; it seems reasonable to conclude
that whatever changes in values of the dependeht variables
were found as the electrodesvhad-been lowered, they were due
to differences in the normal functional properties of the
tissue that had been stimulated andlnot to any simple form of
carry-over effect. If ;the 1;tter. had been the case,
consisgent,(negative or positive) correlations shoulqﬂ have

3
been found in all- or most of the regions between the depth of

“the stimulating elec¢trode and all (or mést) of the dependent

variables. Inspection of Figs 5 and 9, vwhere chahges in
threshoid as a function of depth of stimulation are depicted,
will help clarify this point. As can be séen, therg
were instances where definite decremgnts (Fig 5, F) or
increments (Figs' 5, E and.H; 9, D and F) in threshold had
been found, but rin most Cases both types of change were
apparent in individual rats (Figs 5, A-D; ‘9',A—C,\b énd H).

.

Regional Findings'

Nigro-Neostriatal System
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In( agreement with the report of. Philligé et al.
i1976b), the present study revealed  that good
self-stimulation ca be obtained with electrode sites
throughout the cﬁudate. The ventro-medial quadrant of the
anterior aspecé of * the neostria£um yields the highest'
pressing rates. This regiéﬁ also yielded the highést
percentage of positive sites, lowest thresholds, and fewest
sessions to start self-stimulating and to achievé behavioral‘
stability. The worst scores on each of these variables were™
obtained from the postero—-dorso-lateral region df the CPU.

As pointed out in the Iniroduction, several experiﬁents
in the 1literature are in conflict on the question of whether

electrical stimulation of the caudate nucleus produces

.positive reinforcement (O'Donohue and Hagamen, 1967; Phillips

et -al., 1976b; Routtenberg, 1971), averéive consequences

(Olds and 0Olds, 1963; Wurtz and O0lds, 1963), increased

operant responding due to a generalized motor activation
- [

(Justesen et al., 1963), or no rewarding consequences at all
(Prado—-Alcala et al., 1975). This wide range of
interpretations represents a good example of how different
methodologies can produce confusing results. The results of
the present experiment are offered as a éefinitive—answer to
the question: almost all regions of the caudate nucleus are

) . s

capable of supporting-sélf-stimulation. ' - o

kS
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. It was not until recently that gstimates were made of
conduction velocities and refragtory periods of the
reward-relevant fibers that are direétly activated by a
self-stimulation electrode. These estimates strongly suggest

that the reward-relevant fibers of the MFB are myelinatéd énd

" have response characteristics incompatibie with those of the

4 f e~ <

non-nyelinated, ‘slow-conducting, catecholamine axonS
(Gallistel et al., 1981; Shizgal et ‘al., 1980; Yeomans,
1979). 1It is assumed that MFB stimulation fails to. activate
DA fibers directly because they have a high thresﬁold for
direct éxcigation (Shizgal &t al., 1980).

The inferénces that follow ére bagsed on the assumption
that, even in the dopaminergic projection fields, electrical
stimulation in regions of high dopamine terminal density is

likely -to direcfly activate the dopaminergic post-synaptic

efferents, as well as non-dopaminefffic afferent's and

efferents, but not the dopaminergic terminals themselves

(since self-stimulation thresholds in this region are of the

: same order of magnitude as those in the M?B).'

As _ judged through the glyoxylic acid-induced

histofludrescence, the CPU has a relatively homogeneous,
. ?

high, DA density and thus a reasonably uniform density of DA

efferents. This fact notwithstanding, a wide ranée of

[SIUROIIE W
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self-stimulation scores was obtained from various striatal

regions, presumably reflecting regioqél differences in the

rewarding effects of CPU electrical stimulation. It was
found that in individual animals, and even within particular
regions of the CPU, there had been high differentiai‘values
in threshold; for instance, in the ADL there wés a
differential value of ‘114% between the lowest and highesﬁ
thresholds. As well, this heterogeneity of values was foundﬁﬁ
in the rest of ;hi:measures of BSR (Fig 4). Thus, regional

variations in ICSS were not an obvious function of

corresponding variations in DA fluorescence,

The case could be made, however, that the differehcqg
in BSR se&h among the various regions of the caudate (the

anterior regions yielding better ICSS characteristics than

the posterior rggioné)‘ could be related to topographical
variations in DA parameters éhat are not seen with the
relatively insensitive methods of fluorescence histochemistry.
DA content and- [3~-H]DA uptake have been foundl-to decrease
‘regularly from the rostral to the caudal regions of the .
striatum (Tassin, Cheramy, Blanc, Thierry, and Glowinski,
1978) . Also, when the degree of DA recepﬁor~binding was
' measured, a similar rostro~caudal gradient was found, as well
.as a lower dopaminergic recebtor activity in the ventral than .

in the dorsal striatum {Bockaert, Premont, Glowinsgéx .

« L , N [ R T et m e
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.Thierry, and Tassin, 1976). In neither case is there a

difference between the medio-lateral and dorsal aspects of

the CPU. 1In the self-stimulation mapping study the vebtral

/
and medial regions' of the CPU yielded better behavioral

scores than the dorsal and lateral regions, Thus it appears

.that there 1is no special relationship between striatal DA

aensity, uptake, content or receptor activity and striatal

self-stimulation, even when sensitive assay measures are
{ >

considered. CPU Eéif—stimulation would thus appear to result.
, ,

from diréctnkdgéivatibn of neither DA terminals nor DA

s
efferent cell meata.

Taken together, several studies may provide a basis for
a hypothesis as to the neurocanatomical substrate for BSR
dérived from thHe nigro-striatal system. The ventral regions
of the striatum, which produce‘ the"best measures of ICSS
(Phillips et al., 15%6?& this study) and where manipulations
that alter dopaminergic transmission produce marked changes
in self-stimulation behavior (Neill et  al,, 1975, 1978),
project primarily to theigorsal SN compacta and to the Al0D
and A8 cell groups (Bunney and Aghajanian, 1976a; Domesick,
1977; Nauta, Smith, Faul, and Domesick, 1978), The meéial
and' ventral aspectausgf :he CPU are, in turn, innervated by
the medial SN,. ;aterél Al0, and A8 efferents (Fallon and
Moore, 1978). It was in the regidn of the SN‘compacta and of

the Al0 cell group that high rates of éelf-stimulation and

o
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low thresholds were ‘found by Corbett and Wise (1980); no
self-stimulation was seen witﬁ electrode placements in "the
most caudal aspects of these areas containing DA cells nor
outside this high DA-containing region, ;uch as the SN
reticulata. The zona reticulata is innervated, mainly, by
the dorsél regioné of .the CPU (Domesick, 1977; Nauta et
al., 19?8), wfthin which the worst self-stimulation was

L
found in the present study. Consequently, the best

. v

self-stimulation sites‘within the striatum are anatomicélly
linked to the best GSN-VTA self-stimulation sites, and -the
worst self-stimulation region within éhe caudate is most
strongly connected with the SN reticdlata,_where BSR is not
apparent. It is also evident that the CPU has a parallel

rostro-caudal distribution of positive self-stimulation sites

-‘to that seen in the region of the VTA where, again, good

self-stimulation effects are seen in the rostral regions of
this DA <cell conglomerate while poor rewarding effect of

electrical stimulation is seen in its caudal regions.

In the case of the anterior-ventral-medial CPU-

self-stimulation, the electrical stimulation could have

R

directly activated DA efferents or some striatal output

‘ fibers that feedback, directly or indirectly, to DA cells in

the region of the VTA, This c¢ircuit could be the same

circuit (déscribed in the Introduction) that seems to be

JROSESIIRE
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involved in passive avoidance learning, which is composed ©of
the' nigro-neostriatal dopaminergic projection that makes
synaptic contact with caudate cholinengic\interneurons; these
interneurcons, in éurn, activate striato-nigral GABXergic
neurons that close the circuit by synapsing on SN-VTA
dopam}nergic neurons. There are also some indications that
this GABAergic link may be involved in BSR. For example,
Kent and Fedinets (1976) found that GABA-blocking agents
(picrotoxin and bicuculline) depressed LH self-stimulation

rates without affecting lever—press escape responses. On the

other hand, a GABA-mimetic agent (muscimol) produced

‘dose-related increments in the rewarding value of brain

stimulation (Zarevics and Setler, 1979b). Later it was
reported that picrotoxin produced inconsistent effects on CPU
self-stimulation; in some animals there was a reduction in
stimulation rates which was accompanied by ;n increase in
“fewagd value®”, while no changes in these parameters had been
seen in -other animals (Kent, 1978). This latter work was
reported in abstract form and no histological material was
presen;gd, and it can only be speculated that the different
effects of picrotoxin could havelbeen due tq «differences in
electrode positions within the CPU. Whatever the case may

be, the point is that the GABA link in the nigro-neostriatal

feedback 1loop ma& ‘prove to be an important link in BSR

processes,
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There is also the possibility that self#stimulation from

the ventro-medial regions of the caudate may be associated

with other fiber bundles, such as the one described by

Routtenberg (1971) which 'is a descending pathway that
origin;tes in the prefrontal cortex and runs along the medial
aspect of the CPU and then through the intefnal capsule and
Qescends to at 1least the 1level of the mesodiencephalic
junction. The involvement of this fiber system in BSR has

been suggested further by Clavier and. Corcoran (1976); they

found that electrolytic lesions of self-stimulation regioné~

of the sulcal PFC produced a marked reduction of ICSS derived

from the SN. Their associated histological work demonstrated-

that there was a fiber pathway from the sulcal cortex to the

-
»

regions of the SN self-stimulatibn Sites.
- ¢

There are no‘published lesion or pharﬁacoiogical studies

specifically dealihg with the involvement of dopaminergic

activity in self-stimulation of the ‘ AVM region and,

therefore, no conclusive statements can be made about fhe

involvement of DA in self-stimulation of this region.

’
-

In summary, the mapping of the CPU showed no obvious
relationships between dopamine density and self-stimulation

behavior. This finding leads, in turn, to the conclusion

that if striatal dopamine should play a role in striatal BSR,

P Py Ay
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as seems to be the case (Mora et al., 1976; Phillips et al.,
1976b, 1979), it should do so in a complicated manner which

is independent of the absolute values of its/distribution in

this ~region of the brain and which ossibly involves ;
afferents to the DA cells, rather than efferents from them,

as the directly activated substrate. 1
\

»

Mesolimbic System
]Accumbens. When ; comparison of the overa;l rankings
of effectiveness for producing self-stimulation was made
‘ among all the regions that were mapped ' (Table IIT), the
'( r accumbens obtaingd tpei best score. As {n the case of the
'CPU, the best BSR within the NAS was associated with the
medial- and ventral electrode placements. The AVM reqion of
the caudate ranked second in\ effectivehess to support
‘ ' self-stiéulation. These two regions had a high percentage of
positive self-stimulation sites and ranked within the first
three places on all of the dépendent variables; furthermore,

both regions, which had equally high:DA dené@ties, showed

ot

ey

relatively 1low and: homogeneous thresholds. * These close

1

anatomical and functionaf'relationships, coupled  with the

D . Y

fact that the dopaminergic innervation of\ these regions
-shares the same primary source of origin ]5the AlQ0 cell
group), suggest that these regions could sha#e a common
‘E' neurochemical substrate for self—stimulationl These facts

also fit with the notion that the ventral caud te and the NAS

P

3
B
2

ta

+

o

L

b




Bhaata s L ube bl o ,-«‘” T M T

Pl

- 143 - ° e
are part of a single anatomical entity (the "ventral.
striatum”) which has been proposed by several authors (e.g.,

Heimer and van Hoesen, 1979; Newman and Winénss 1980) .

. P -

Olfactory tubercle. The concept of a ventfal striatum
not only involves the conceptual unification'of the ventral
caudate with the NAS but also with the olfacory tﬁbegéle
(Heimer and van Hoesen, 1979{ Newman and Winans, 1980). j3As
stated earlier, the AVM’regioﬁ of the CPU and the NAS showed
a strik{ng functional similarity regarding BSR ‘(with the
exception tﬁét pressing rates correiéted positively inlthe
NAS and negatively in the AVM with thresholds and number' of

sessions to reach behavioral stability). As discussed below,

" the OT does  not share these similarities with the NAS the.

AVM region of the striatum and, therefore, does not seem to
be functionally related to them.

The mapping of . the region of ‘the OT revedled no
similarities with the ventral CPU oi ‘the, NAS rggatdinb

self-stimulation, apart from the finding - that lower

—

‘thresholds were associated with the more anterior, ventral

and medial stimulation sites. While the NAS and 'the AVM
ranked first and second, respecg;vélﬁ, in the overall ranking
of effectiveness to produce}ICSS, the OT ranked sixteenth,

whereas relatively low thresholds for self-stimulation

L R
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were foung in the AVM and NAS, high thresholds were obtained

~from the OT. In the farmer two }egisns a number of

4 .
correlations/xgetween several"yariables were found to bg
\ -4
‘ significant/but none were found so in the OT, -
. ’ l g N7

Five of the OT stimulation sites had a relative density

~

~ of DA that was as high as that found in the NAS and in the
- ' CPU. In four of these sites no self-stimulation behavior
could be elicited, and in the* fifth only low rates.. of

r¢sponding were seen (11.3/min) . Similar results ‘regarding

\ e“relationship between CA density and BSR were obtained

from stimulation of the amygdaloid complex.

A .

~

o Amygdala, In the AMY the correlation analysis indicated

o . that the more lateral placements and the regions with higher
DA density corresponded with higher stimulation thresholds.

These correlations are a.reflection of the finding that the

A

worst selfystimulation characteristics within the AMY are

o

" yielded by a laterally situated region which contains a

a8

relatf\ely high density of dopamine--the lateral nucleus.

u ? ©

o 3 o

-

Thus in the case of amygdala BSR, as well as in the casge
. of olf;ctcry tubercle.BSR, there was a tenéency for BSR to be
o weak whers electrodes were .best situated to activate DA
efferents.rtln these two cases where the. hiéhest dopamine

' density was correlated with theiﬁoorest selfi-stimulation, it |

»
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. is clear that activation of dopamine efferents is not the

mechanism for brain stimulation reward. It remains possible

that it is dopamine terminals themselves which are activated

by rewarding stimulation in thése regioﬁs, but this seem
unlikefy. For this to be possible, it would have to be the
case that the thréshold for activation of dopamine terminals
in these regions was well below that which seems required to
activate- dopamineréic ‘fibers in other regions ‘(Gallistel et
al., 1981)., If the thresholgf were lower in .these "regions
than it appears to be in othefs and if aéfivation of DA
tﬁrminals in this region is responsible for the rewarding
e#fects of stimplation, then the fact that stimulaéion in the

densest region of terminals was less rewarding than in

surrounding regions could be interpreted as reflecting, the

fact that 'stimulation of the dopaminergic efferents would

counteract thg rewarding effects of stimulating dopaminergic

terminals themselves. It seems more likely, however, that.

1

/ . 1] . . N

‘brain stimulation in these areas is rewarding because of

activation of either intrinsic neurons or fibers of passage
R 7 !

that are neither dopaming5gic nor direct dopaminergic

efferents.

Septum, The mapping of the septal area produced some
surprising results., First, when taking into account all

self-stimulation sites, only one correlation coefficieht

8

o
.
.
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between the various depéndent variables turned “out to Se
signifiéant (a2 positive . relationship.between the number of
sessions to start self-stimulating and the number of sessions
tQ behavioral stability). Second, even though i; was the
anterior—venfral region ykich showed the lowest percentage of

~positive stimulation sites and the worst scores on threshold

(
and number! of sessions to start self-stimulating, it was this:

region that yielded the highest septal response rates,
Third, it was in the anterior-ventral; region of the séptd!

area, out of all the brain regions studied, where  the ohly

positive correlation between CA density and a behavioral

variable (pressing rate) had been found. This was true in
spite of the fact that it was in the_postérior regions of the
septum where the highest CA density had been found. 1If the
stimulation of the anterior-ventral region activated neurons
that were post-synaptic to DA terminals and‘if dopamine

‘inhibifs its efferents in this region, then we would be

facing a case where dopamine could have an inhibitory effect

on self-stimulation, i.e., dopaminé€ would have an effect
opposite to that éf electricalvstimulation. However, since
CA density did not éorrelate significantly yith thresﬁolds or
<§ith any other of the dependent variables, it 1is very
probable  that catecholamfhergic activity in this region is

involved in BSR in a more complicated way, if at all.

The significant correlation between CA density and

H
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pressing rate ih this region must be interpreted cautiously
in any caée, éince in the anterior regions of the septum
there is an important noradrenergic innervation. The
Histofluorescence method, as used in this part of the study,
does not allow differentiation between the. two primary

catecholamines.,

\ Perhaps the most interesting aspect of the septal
mapping is that, in comparison with the rest of the
dopaminergic terminal fields, the posterior septal regién
lent itself better‘ to a direct test of the R;¥othesis that
BSR results from direct activation of DA terminals or thgir
efferents. ., This wés because it is in this region that the
major dopaminergic innervation is found in a 'conséicuous,

P

preciseiy defined, diagonal band. . ]
‘If tﬁe mesolimbic dopaminergic projection of its
efferents play a critical role in septal selﬁ-stimulation,
either by inhibiting or by activating its synapt%c contacts,:
then one would expect to Kfind a change in thresholds or
pressing rates as the self-stimulation electrode was moved
from the tissue above the DA band into the band itself. &
further change in self-stimulation when ﬁhe electrode was

subsequently lowered out of the band would also be expected.

[ ]

~
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Whatever effect its release has on posterior septal
neurons, dopamine seems not to bear a special relation to
self-stimulation involving electrodes in this region. ”i‘his
statement is based on the fact that there were'no significant
diffe}:ences in thresholds or pressing rates when the tissue
above, within, and below the DA band was succesgively
stimulated ('fable I11). Hence, it «can be copcluded that
activation of neither dopamine terminals nor dopanmine
efferents 1is critically involved in septal s"elf-stimulation.'
The activation of some different chemically-coded sys'tem(,

widely distributed throughout the septal area, must be

postulated as the directly-activated substrate for

v
Pyriform cortex. The pyriform - cortex, where

dopamine-containing axons are- found (Lindvall, Bjorklund,

Moore, and Stenevi, 1974), ranked poorly on efficacy to

. elicit self-stimulation (fifteenth place) in spite of the .

fact that 1008 of the stimulation sites had supported this
Behavior. No correlation coefficients between DA density and
any of the rest of the variables could be computed, becauge
the same minimal fluorescence intensity (score = 1) was
c_i\etected around each of the stimulation sites.

In this régibn of evenly distributed DA dehsity,. high

differential scores in thresholds and pressing rates were

«

. e
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found (ranging between 36 and 69 uA and 7.0 and 37.7

responses/min, respectively). Thi;; outcome resembles that

“found in the case of the CPU, except that in the striatum

there is a higt; dopamine density. Thus, it can be said that
if in the region of the pyriform cortex dopaminergic activity
plays some role in BSR, it shoilld be a complicated one, which
is independent of the absolute levels of this catecholamine.
This interpretation should be taken cautiously since only 10
sites were stuéied, involving three animals. It is 1likely
that these results are only expressing a fragmented picture
of the functional relationships between DA and
sel'f—stimulatiqn of i:his area, There are no other published

studies relating dopamine activity and self-stimulation of

the pyriform cortex and, therefore, there are no empirical

sources upon which to base and to expand this discussion.

. Mesocortical Systen

Prefrontal cortex. Routtenberg and Sloan (1972) mapped
the frontal cortex for self-stimulation effects and . found
somewhat higher pressing rates in the medial than in the
sulcal PFC and no self-stimulation in the other cortical
regions, which are outside the mesocortical dopamine
projection fields, The present study confirms their findings
éipce it was found that the highest average pressing rate

in the medial PFC was 30,0/min while in the sulcal PFC it was

&
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20.5/min, and no self-stimulation could be elicited from

the parietal sites that were tested. Furthermore, it was
found that there was a higher percentage of  positive
self-stimulation sites (76.9%) in the medial than in the
sulcal (60.0%) PFC, and the former had better scores on each
of the dependent variables (Fig 12). The relative magnitude
of these differences was reflected in the overall ranking
for effectiveness' in eliciting self-stimulation; thermedial
PFC ranked in fourth place while the sulcal cortex ranked in
thirteenth place. Hence, the conclusion can be made that
these two cortical regions have different functional

characteristics regarding BSR.

These differences cou;d be exélained by the finding that
CA density around the stimulation sites was higher in fhe
medial (1.49) than in the sulcal (0.83) cortex and could be
Eaken as evidence to support the DA hypothesis of BSR. Two
additional findings, however, are not consistent with this
hypothesis, Firét, neither of these cortical regians
produced significant correlations between DA density and any
of the dependent variables that were measured. Second, in
the sulcal cortex tbe highest pressing rate and lowest
threshold were obtai%ed from a stimulation site which had no
detectable vaels of dopaminergic fl&ogescence. fhus, it
seems clear that PFC self-stimulation is not mediated by

direct activation of the mesocortical dopaminergic terminals

| 4

|
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or of their, efferents. Moreover, the lack of correlations
between DA density and self-stimulation characteristics
support the idea that BSR derived from the prefrontal cortex
is independent of mesocortical dopaminergic activity (see,

for . example, Robertson, Laferriere, and Franklin, 1981; Simon

et al., 1979).

’

Entorhinal cortex. It was found in the present study
that those stimulaﬁion sites at the more ventral, anterior,
and lateral region that were mapped in the éntorpinal cortex
were associated with. a ﬁigher DA density. ™ Dopamine

~

density, on the other hand, did not significantly correlate

" with any of the variables that defined thee characteristics of

'self-stimulation. These results would seem inconsistent with °

those of Collier et al. (1977); they reported that
there was a trend toward higher pressing rates in a regfon
where a high density of dopamine is found, ﬁamely, the
ventro-lateral aspect of this cortical region where dopamine
islands are found. This inconsistency may - stem from the
circumstance that the most ventral regions of the entorhinal
cortex, explored by Collier et al.\(1977), were not mapped in

the present study.

b
' In relation . to the other neocortical areas that were

explored, the entorhinal cortex appears to have a closer
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functional similarity, regarding ‘éelf—stimulation, ‘to the
sulcal than to the medial PFC (Fiq 12). When these three
areas were compared with each other, the medial cortex rank‘?d
first on all of the dependent variables, and the other two
regions shared the same lower ranking; when compared with the
rest of the régions, the medial cortex ranked fourth while

the sulcal and the entorhinal cortices ranked thirteenth and

fourteenth, respectively (Table IV). At present there are no

- 1Y
sufficient data available to explain these functional

o -

LY Sy

PR

relationships. ’ .

- In summary, the data obtained onn} the mapping of the

prefrox?tif'al and entorhinal cortices fail to give support to

the hypothesis that direct activation of mesocortical

dopaminergic terminals or efferents or indirect inhibition of

-l e

DA efferents is critical for self—stimulat-:i”on elicited from

.
3
9

these cortical fegions. The data would favor the notion that
a non-catecholamihergic system is directly,‘activéted in the
, case of cortical BSR, - ‘ {
‘ '.»Myelinated Fiber Tracts ) 1 - -
.The finding that self-stimulation caﬁn be elicited from .
. non-dopaminérgic fiber tracts was not.‘unexéected. There are
instances of BSR derived from stimulaﬁion,j of regions of the

f
brain devoid of dopamine, such as the posterior part of the

medial entorhinal cortex (Ott et al,, 1980) and the wventral
' o

*

L7

R AW a4 e . ’ ! : [ . fute i



T e T D TR

e s ST

- 153 -

E

fornix columns (érown and Winocur, 1973). Early experiments
(Lilly, 1958; Olds, 1960; 0lds and Olds, 1963) showed that
.gositive reinforcement could be obtained from stimulation
througﬁ e;ectrodes _J‘.mplanted in {:he anterior commissure; this
finding was later confirmed and extended. All electrodes
implanted within, or in contact with, the AC yielded
self-d:imulation, as did five out of thirteen electrodes in
the corpus callosam (Routtenberg, 19711,'<Figs 1 and 2). In
the present study self-stimulation was obtained from Ithe
four AC placements, from'2‘2 of the 44 CC sites, and from five

of the eight OTr placements,

The dafa obtained from the two commissures (AC and CC)
and from the OTr should be taken cautiously, however. These
fiber systems are surrounded by, or in close proximity to,
adjacent tissue that supports self-stimulation. Hence,
self-stimulation obtained with electrodes within the CC could
have been observed as a consequence of the direct activation,
due to spread of current, of the adjacent striatal or septal
tissue; likewise, self-stimulation of the AC and the OTr
could have been due to activation of the accumbens and the
pyriform cortex or the olfactory tubercle, respectively.
Although these possibilities could not be ruled out in t“he
present experiment (nor in those mentioned above) r. two

findings indicate that in some cases BSR was probably

PURSIN B e b
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I

mediated by the direct activation of the fiber tracts,

First, there were no significant differences in pressing
rates between the callosal placements that supported
self-stimulation wnd the caudate or septal sites beneath the
CC. The same result was obtained when thresholds were

compared between the CC and the same CPU sites; as depicted

in Figs 5 and 9, there were some instances of moderate,

increments in thresholds when the electrode had been lowered
from the CC'in;o the CPU. On the other hand, a significant
difference was féhnd in threshold values between the CC and
the' corresponding septal sitesé as shown in Fié 9 A-E, large

decredses - in . threshold were obtained when paSsing'from the

CC to the dorsal region of the septum. Spread of current to

bthé septal area might thuss explain the latter cases, but

spread to the caudate seems inadequate to explain the former.

Second, in the only case-where comparisons could be made
between.the OTr and the tissue above it, ‘a 41.6% drop in
threshold and an increment in pressing rate were found upon
entering the.OTr. An increment in- threshol@ was measured
when lowering the electrode from the accumbens to the AC,
while no change in one case and a small decrement. in ‘another

were measured when further lowering the electrode from the AC

into the accumbens.

- &
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. 8ignificantly higher and, because of this, it
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If self-stimulation from electrode sites within the

-fiber tracts were due to spread of current to neighbouring

tissue, then higher thresholds and lower pressing rates
should have been consistently found in the AC, CC and OTr

relative to -those sites immediately (within 250 um) outside

" these regions. It was only in the case of the callosal

stimulation above .the septal area that

was the only

instance where CC self-stimulation fas likely to be due to

current spread. Taken together, the data from this mapping"

of the nmyelinated fiber tracts reveal a clear example where
the direct activatiohj'of dopaminergic fibe{s or their
efferents . is not a necessary condition for the production of

BSR. , .

-7
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SUMMARY AND CONCLUSIONS

Self-stimulation was obtained with electrodes placed in

"all terminal fields of the ascending dopaminergic systems,

“but in only one of the twenty-one regions that were mapped
was there a correlation between dopamine )fluorescenqe density
and self-stimulation. The results obtained from the mapping
6f the nOnLcatecholaminergic fiber éystems suggest that the
directly alct'ivated‘ rewéx;d—relevant neural substrate is most
ﬁrob_ably hon-doparpinergic; thisaconclusion fits well with the
conclusion 'of electrophysiol_Ogj:cal studies ba\sed on MFB
élect;rodes (Shizgal et al., 1980; Yeomans, 1979). The
present results are tht{\s inconsistent with the widely,\_ until
recently, held idea (Gallistel et al., 1981) that direct DA
activation is critically involved in brain stimulation
reward\. This idea has been supported, mainly, by results of
expériments involving systemic application of DA agonists and

antagonists, which produce their effects in all
i - ‘

e o sy W

|

dopamine—sensitive areas . of the brain. Such studies do not,’

of course, pinpoint the- mechanisms at the electrode tip

«

itself. = | | | -
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A parsimonious explanation of some experimental results ,
e

.related to- tl’ue' hypothesis that dopamine is, neverthele’ss,

wt

i

critically involved in brain stimulation reward will now be

suggested. '

Electrical stimulation of any of the DA terminal fields,

and of any other regions of the brain, could produce the

activation of afferent fibers to mes',_endefhalic DA neurons.
Activation of these neurons-\co‘ulid ,px.‘lodu'ce a generalized -
release of DA in several terminai fieié;: dependi'rig on the
degree of actiwation of the DA afferents and mesencephalic DA
cells, a greater or lessef amount of DA would be released

-~

and, as a consequence, a greater or 1lesser rewarding state
4

could be produced. This rewarding state could be mediated by

) " either ‘the combined dopaminergic synaptic activity in the
various terminal £fields where DA release ocCccurs or by
dopaminergic activity in a few .,('perba‘ps only one) cr‘\itical
regions of these dopaminergic terminal fields. The

{ : suggestion is that while reGKrﬂing stimulation seems lnot to

? directly activate DA neurons, it may, nevertheless, activate

& M them indirectly (trans-syanptically).

This hypothetical series of events would explain, for ‘ 'c’,g
example, the lack of correlations between BSR produced by the:
. stimulation of specific DA projection fields and °~ their

associated DA density at the electrode tip. Because the
. , .

! . . . 4
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rewarding state is dependent hp&n the indirect release of

dopamine in one or more distal terminal fields; and not

necessarily upon the direct release of dopamine in the region
r) '

of the electrode, drugs that modify DA synaptic . activit%

modify self-stimulation , with electrodes in

l would
| non-dopgninergic as well as dopaminergic regions of the
A
brain. If more than one dopamine field is involved, this

would also explain why no dramatic effects on BSR have been

t >

produced by pharmacological interference with synaptic
- ,
ot activity of specific  structures of the forebrain.
P . & i .\Q‘ 4 - 0
w ‘ ) .
o N

To conclude, it is postulated that direct activation of

- dopamine terminals or dopamine efferents 1is not usually

u

- involved .in the production of brain stimulation reward in the

various dopaminergic terminal fields., The hypothesis is

“ advanced that brain stimulation reward may, nevertheless, be

e T
o

- dopamine in one or more areas of the brain, not necessarily

at the electrode tip. ° »

. 3

o

research is needed to define anatomical systems

. FPurther
wyibh have boundaries and relative densities corresponding to

themreward circuitry of the brain ds mapped with the

)
r

brain

. stimulation reward paradigm.
o

-

S

O

ultihately dependen% on indirect (trans-synaptic) release of'
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" APPENDIX I

ABBREVIATIONS OF BRAIN STRUCTURES

Anterior comnissure

‘

' ]

" ) v .Antero-dor‘so'—\laterala region _ot: the caudate putamen
Antero-ventro—medial x;‘egion of the caudate putamen

' 'Amygdaloid compleéx

Antero-ventro~lateral region of the caudate putamen
Antero—w{gntroémedial ,reg;ion of the caudatg putamen
Corpus callos_um

.Caudate pﬁtarﬁen

Entorhinal _corf:ex‘ - j
Medial prefrontal -cortex

Nucleus accumberf'}yepti ’ ‘ /
ERACT ' Olfactory tract

.(Olfactdry tubercle
Postero—-dorso—lateral region of the caudate putamen
Postero-dorso-medial region of the caudate putamen ¢

Postero-ventro—lateral region ofi_,the caudate‘pUtamen

'Postero—ventro-rﬂedial region of the caudate putamen 3
‘Pyriform cortex | k ;
Antero-dorsal region of the septum
" postero-dorsal region of the septum

Postero-ventral region of the septum ,: ,

P e
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]

. Threshold and H;ghes't pressing rate/min (first and
second réws ‘after small letters, rbsﬁectively) obtained from
each stimulation site, which are represeﬁted in Figures 2, 3,
and 4. ~Numbers 1 to 11 représent shccessive'stimul;tion
points (250 um steps), numberg{x parenthesis correspond to

the A-P dimension of the Pellegrino and Cushman stereotaxic

atlas (1967), and small letters refer to each moveable

L]

/,éle'ctx:ode ‘that was used. **,  pressing rate of less than

R

(:\» ' o S/nin (n_o gself-stimulation).-

\ , ‘1
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8.0 w* 17.0 15,3, 10.0 19.3 23.3 30.3 23.0

(0.2)
c 60 60 60 60 60 60 ° 60 -"60 60
*h * *k

*k L L ] k% * % ** k%

d 60 60 60 60 - 60 60 60 60 60 60
* %

** *N L 2] ** N 10.7 %k * % *% **‘
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\<. ) * (000)
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E (-0.2) j
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: . ' (=0.4) )
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APPENDIX III S

. : A\
Tablgs showing the correlation coefficients, and

" associated P values, between each of ﬁhe variables that were

. -~
studied. ::::: means uncomputable,. .

hN

Abbreviations are as follows: TH, threshold; PR,

pressing ;ate/min; DC, number of sessions needed to achieve
i 1

the <criterion of behavioral stability; DPR, - number of
sessions needed to start self—étimu;ating;‘#, L, and H refer,

respectively, to the anterior-postérior, medial-lateral, and

dorso-ventral stéreotaxig coordinates. "

i

dy

In all cases N refers to the number of sites that were

tested in animals that showed self-stimulation behabior.

@

See Appendix I for abbreviations of brain structures.
' "\

@

-
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; ALL CPU POSITIVE SITES, N -.1@5\\'

L TH PR ' DC DPR
; A 0.020 0.171 =0.182¢ -0%153
: P 0.815 0.048 0,035 0.076
‘ /L , 0.340 -0.475  0.207 0,305
| P 0.001 0.001 0.016 0.001
B " ~0.175 0.085 =0.250 <=0,235
P 0.042 0.329 0.003 0,006
TH 1.000 -0.656 0.175/ 0.500
P 0.001 0.001 .0.042 0.001
PR -00656 10000 .b0-825 -00458
. P 0.001 +0.001 0,001 0.001
! DC 0.175 ' -0.325 1,000 0,510 */
P 0.042 0.001 0.001 0.001
DPR 0.500 -0.458 0.510 1.000
N ( P 0'001 00001 0.001 OQOQI : ’
: {
ADM’ N = 29.
TH PR DC DPR
\ .
A © 0.298 -0.199 -0,247 0.013
: P 0f116 ©0.300 0.197 0.947
% + ’ ,
» P 0.001 ©0.001 0.344 0,003
i . H 0.019 0.309 =-0,506 -0.271
P P 0.922 0.103 0.005 0.155
TH 1.000 -0.701 ~0.019 0.556
P 0.001 0.001 0.921 0.002
PR ~0.701  1.000. =-0.053 =-0.531
P 0.001 0.001 0,787 0.003
DC =0.019 -0.052 1.000° 0.293
P 0.921 0.787 0.001 0.123
. » :
DPR , - 0.556 =0.531 0,293 1,000
P

0.002 0.003 0.123 0.001
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P . P; .
; ADL, N = 15,
TH . PR DC DPR
?
-0.650 0.833 =-0.264 -0.539 ;o
0.004 0,001 0,171 0,019 -
0.284 -0.495" 0.087 0,414
0.153 0.030 0.379 0.063 .
0.033 0,001 0.291 0.097
- &
1.000 -0,802 =-0.189 0.073 .
-~ 0.001 0,001 0.250. 0.398 . .
-~0.802 1.000 =0.121 -0.370
0.001 0.001 0.333 0.087 .
. -0,189° -0.121 1.000° 0.280 )
0.250 0.333 0.001 0.157 .
0.073 =-0.370 0.280 1.000
0.398 0.087 0.157  0.001
AVM, N = 26, ,°
~TH | PR ° DC DPR .
0.404 -0.584 0.155 :::::
0,041 0.002 0.450 ::s::
0.544 -0.627 0.199 :z:::
0.004 0.001 0.331 ::::: -
~0.281 .0.184 =0.109 ::::: T
0.165 ©0.369 0.596 :::::
1.000 -0.469 -0,058 EEEEE
0.001 0.016 0.779 R
.
-0.469 1.000 =0.457 123182 .
0.016 0.001 0,019 ::::: ,
-0.058 -0.457 ° 1.000 " s::::
0,779 0.019 -0.001  :::::
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TH

. =-0,529
0,011

0.252
0,259

« o

0.052
0.818

' 1.000
0.001

-0, 650
6”001

0.182
0.418

«

0.755
0.001

—

TH

-0.574
0.040

0.631
0.021

‘00449
0.124

1.000
0.001

-0.718
+ 0.006

"0.136
0.659

0.622
0.023
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AVEL, N = 22,
PR DC

0-674 -0 .16’7
0.001 0.459

-0.734 0:294
0.094 0.185

0.330 .-0.536

. 0.134 0.010

-0.650 -0.182
0.001 0.418

1.000 -0.488

— 0.001 . 0.021
-0.488N\, 1.000

0.021 " 0.001

-0.679 0.592
0.001 0.004

PDM, N = 13,

- PR DC

0.426 =-0.363
0.147 0.223

-0.414 0.30%ﬁ

. 0.160 0.31

0.071  0.073
0.819  0.813

-0.718 0.136
10.006 0.659

1.000 =-0.511
0.001 0.074

-0.511 1,000
"0.074 0.001

-0.577 0.540

0.039 0.057"

DPR"

’"‘0‘409

0.059

0.196
0,382

~0.240
0.281

0.755
0.001

-0.679
0.001

0.592
0.004

1.000

0.001

DPR

-0.600
0.030

0.594

~0.032

-00251
0.409

0.622
0.023

-00577L

0.039

0.540
0.057

1.000
0.001

S L i Y e ah i o i
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0.337
&.187

‘0 L) 3192
0.148

1.000
0.001

 -0.548

0.063

0.676
0.023

0.552
0.062

- TH
< 0.64
0.001

- -0 0258
0.129

0.122
0.300

1.000
0.001

0.001

. 0.148
0.261

0.402

0,035 « 0.062.
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. PDL' N.z 9.
PR DC
© 0.198 =0.002
0.305 0.498
-0.133° -0.024
0.319 0.476
_0 0266 '-0 0473
0.245 0.099
0,063 0.023
1.000 =-0.864
0.001 0.001
-0.864 1.000
0.001 0.001
-0.827 0.983
0.003 0.001°
PVL, N= 21.
PR DC'
-0.697 0.102
0.001 0.330
0.111 0.175
0.316 .0.224
0.001 =-0.230
0.499 0.158
-0.748 0.148
0.001 0.261
1.000 =-0.195
0.001 0.199
-0.195 1.000
0.199 0.001
~0.347 0,540

0.006

. DPR

-0,021
0.478

0.004.

" 0.496

-0.415
0.134

0.552
0.062

0.003

0.983
0.001

1.000
0.001

DPR -

0.579
0.003

-0.359
0.055

' 0.078
0.368

0.402
0.035

=0.347
0.062

0.540
0.006

1.000
0.001 .
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ALL SEPTAL POSITIVE’SITES, N'= 114.

’ TH
0.397
0.001

-0.088
0.350

0.479
0.001
1.000
0.001

-0.158
0.093

o

N

- -0,154
0.101

)
)

0.220
0.019

. e

o oo g g "UE:i win o o>

4
*

TH

0.082
0.697

>

0.256
0.088
0.677

1.000
0.001

-0.627
0.001

-0.169
0.420

wo w o WY wm. )
o "8 w m i

0.217"

R - 0.044
0.833

PR

0.067
0.460

-0.010
0.920

-00057

0.546.

-0.158
0.093

1.000
0.001

-00127
0.178

-0-205
0.029

DC
-0046

0.626

0.111
0.242

-0.153
0.105

-0.154
0.101

-0.127.

0.178

1.000
0 .09/1

0.423
0.001

SAD' N = 25,

| ]

PR

-0.001
0.995

-0.313
0.128

-0.016
0.939

=0.627
0.001

_1.000
0.001

-0.066
0.753

~0.359
0.078

DC
-0.134

0.524"

0.119
0.571

-0.254
0.221

-00169
0.420

-0,066
0.753

1.000
0.001

0.544
0.005

DPR DOP -
0.250 =-0.266
0.007 0.004
0.108, 0.166 .
0.251 0.077
0.094  0.148
0.319 0.1}5
0.220 -0.049
0.019 0.605

-0.205 . 0.089
0.029  0.349
0.423 =-0.117
0.001 0.214
1.000 -0.188
0.001 0.046

DPR DOP

-0.008 0.190
0.971 0.364
0.386 0.291
0.057 0.158

-0.050 0.201
0.812 0.335

'0.044 -0.004
0.833- 0.984

-0.359  0.022
0.078 0.918
0.544 =-0.239
0.005 0.250
1.000 -0.244
0.001 0.240
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TH

0.160
0.540

- =0.210
0.419

-0-189
0.468

L4

e 4]

1.000
0.001

P

-00303
0.237

d,
“m

0.114

" 0.151
0.329

0.024

0.545
0.001

e

1,000
0.001

°0.056
0,718

el

8’6

-0.039
0.800

~

0.057
0.713
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0.397'

0.876
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SAV, N = 29.

PR

-0.046
0.862

.0.294
0.251

0.321
0.209

=0.303
0,237

1.000
0.001

-0.351
0.167

DC

' =0.351

0.167

0.277
0.283

-0.041
0.875

0.367
0.147

-0.421
0.092

0.881

- 0,001

SPD, N = 44,

PR

-0.093
0.548

“0.180
0.242

-0.301

0.047"

~0.056
0.718

1.000
,0.001

-0-044
0.778

0.011
0.943

P

DC

0.008
0.961

0.081
0.601

-0.012
0.939

-0.039
0.800

‘00044
0.778

1.000
0.001

0.279,
0.067

DPR

-0.360
0.156

0.206
0.428

-0.120
0.645

0.397
0.114

-0.351
0.167

1.000
0.001

DPR

0.153
0.321

0,086
0.578

-0.145
0.348

0.057
0.713

0.011¢
0.943

0.279
0.067

1.000
0.001

-0.154
0.555

0.501
0.040

0.400
0.111

-0.252
0.329
0.930
0.001

~-0.196
0.452

-0.160
0.299

-0.217
0.157

0.325
0.032

0.095
0.541

0.305
0.044

-0,076
0.623

-0.096 —
0.537
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N SPV, N =28,
T™H PR DC
A 0.340 0,311 -0.,276
P 0.077 0.107 0.156
L -0.234 -0.206 0.174
’ P 0.231 0.294 0.376
H 0.371 =-0.285 -0.243
P 0.052 0.141 0.214
TH 1.000 -0.263 -0.442
P 0.001 0.177 0.019
PR -0,263 1.000 0.023
P 0.177 0.001 0.910
DC -0,442 0.023 1.000
P 0.019 0.910 0.001
DPR T2t v o 11222
- P HE S I HE RN HER 8
NAS, N = 29,
TH PR DC
A -0.089  -0.001 0.429
p 0.647 0.998 0.020
L -0.296 -0.46 0.288
P 0.119 0.01 0.130.
H 0.177 0.482 0.516
P 0.360 0.008 0.004
TH 1.000 0.388 =-0.201
P 0.001 0.037 0.296
PR 0.388 1.000 0.130
P 0.037 ‘0.001 0.502
DC ~-0,201 0.130 1.000
. P 0.296 0.502 ¢.001
DPR -0,209 =-0,201 0.721
P 0.277 0.22? 0.001

N HICR AL s b ML wws o i o o e e g i % e n

DPR

0.212
0.270

0.533
0.003

0.196

0.308

-0,209
0.277

-0.201
0.296

0.721
0.001

1.000
0.001
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-0.391
00.072

0.591
0.004

-0.717
1.000
0.001

‘-0 0580
0.005.

'0.458

0.282
- 0.458

TH

;0.795
0.002

0.805
0.002

-0.800
0.002

1.000
.0.001

-0.138
0.669

-0.300"-
M 0 0\344

0.300
0.347

0.001

- 212 -

AMY
PR

-0.221
0,324

-0.33
10.125

0.443
0,039

-0.580
0.005

1.000
0.001

-0.213
0.340

0.340
OT, N =
PR

-0.111
0.732

-0.156
0.627

" 0.427
.0.166

-0.138
0.669

1.000
0.001

-0:234
0.464

-0.066
0.838

' pC

DC DPR DOP
0.231 -0.098 =0.428
0.302 0.663 0,047
0.001 =0.040 0.529
0.998 0.858 03011
0.017 -0.223 -0.674
0.940 0.318 0.001

-0.167 0.282  0.551
0.458 0.203 0,008

-0.213 \-00090 -0.283
0.340 0.691 0.202
1.000 0.172 -0.272
0.001 0.445 0.221
0.172 1.000 0.087
0.001 0.445 0.221

12, WITHOUT 6-OHDA. -

DPR DOP
0.234 -0.290 ~-0.035

' 0.463 ° 0.361 -0.913

-0.136 0.314 -0.022
0.674 0.320 0.946
0.177 =-0.303  0.480
0.582 0.338 0.114

[

-0.300 0.298 -0.140
0.344 0.347 0.665

-0.234 -0.066 0.238
0.464 0.838 0.457
1.000 0.320 0.046
0.001 0.311 0.887
0.320 1,000 0.066
0.311 0.001 0.838

—

o it s gy e 73 e PRI, WM A St

PP RN



P Tr e e o e s <
’ B

bt

SNk 7y T m T
el i o

Wiy wE o dm wWEe o

>

-
-

& "3 "2
[ ]

wy o
J
w

3 o=} Ll o >
¢

8 g g g

o m
-

i ;
[
.a
(=3
o
o

g o
‘g
w

- 213 -

oT, N =7, WITH 6-0HDA, ~ ~ -

PR DC

0.678 « 0.533
0.094 0,218

-0.516 -0.753

0.236 0.051

1.000 0.295
0.001 0.521

0.295 1.000

00521; 0-001

0.130 0.500
0.256
PYR, N = 10.
PR . DC

0.013 0.249
0.971 0.487

'=0.041  0.255
0,912 0.478

-0.088 -0.176
0.810 0.827

-0,.823 0.276

.,0.003  0.440

1.000 -0,264
0.001. 0.460

-0.264 ° 1.000

“0.460 0,001

-0.368~ 0.361
0.295 .0.306

v
S LA 23 A

DPR

-----
-----

0.735

0.083
0.860

0.130
0.782

0.498
0.256

1.000.
. 0.001.

DPR

0.777
0.008

0.783

0,007 .

-0.026
‘ 01944

0.528
0.117

-0.368
0.295

0.361
0,306
1.000
0.001
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TH

0.280
0.043

0.256

-0.577
0.001

~

1.000
0.001

]

-0.315

'Ug g3 g o g >

. 0.260
0.060

'U% 'Ug
o

i< I o >
.
.
.

-0.385
0.173

el

. 1.000
P 0.001

-0.124

P . 0.385

-0.031
0.471

0.241

0.065

0.022

- =0.320
0.020

P 0.283

- 214 -

MED PFC, N ='8(

DC

-----
-----

0.411 ~0.741
0.156 0,018
-0.124 -0.031
0,385 0.471
1.000 -0.042

0.001 0.461 .
-0.042 1.000
0.461 0.001
0.395 © 0.585
0.167 0.064
\

)

)

'‘DPR

R e e R ARSI IR

1

MED PFRC, N = 53, WITHOUT 6-OHDA., -

PR DC . DPR DOP

'-0.176 =-0.081 0.208 0.709
0.203 0.562 0.135 0.001

-~0.218 -0.176 0.082 0.610 g
0.417 0.207 0.559 0.001 .
0.441 0.248 -0.241 =-0.430
0.001 0.074 0.082 0.001

-0.315 -0.320 0.260 =0.027
0.022“ 0.02 0.060 0.849 -
1.000 0.190 -0.087 =0.119. .
0.001 0.173 0.536 0.395
0.190 1.000 0.227 -.0.ll0
0.173 0.001 0.102 0.433

-0.087 0.227 1.000 .0%146
0.536 0,102 0.001 (Q.298

WITH 6-—-OHDA.

------
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TH

0.273
0.390

0.146
0.652
A

0.468
0,125

1.000
0.001

=0.115
0.723

-0.084

0,795 °

0.612

TH.

0.282
0.139

0,255
0.183

-0.140
0.469

1.000

0.001

- -0.290

0.128

0.042
0.828

0.384
0.040

- 215 -
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SULCAL PFC, N =12,

PR DC
0.796 0.053
-0.686 -0.472
0.014 0.122
0.391 0.128
0.209 0.692
-0.115 -0.084
0.723 0.795

10000 ’-0 0048

0.001  0.883
-0.048 1.000
0.883  0.001
0.081 0.630
0.802 0.028

LY

DPR

0.109
0.735

-0.246
0.442

-0.178
0.579

~0.164
0.612

0.081
0.802

%0.630
0.028

1.000
0,001

DOP

0.438
0.155

0.525
0.080

0.179
0.578

0.500
0.098

-0.652

0.022
0.030

-0.174
0.588

ENT, N = 29, WITHOUT 6-OHDA.

L5 4
.

0.001:

PR DC
-0.276 0.297
0.148 0.118 -
-0.239 . 0.291
0.211 0,126
~0,204 -0.041
0.288 0.833
-0.290 0.042
0.128 0.828
1.000 -0.318
0.001 0.093
-0.318 1.000
0.093 0.001
-0.499 0.614
0.006"

DPR

0.156
0.420

0.127
0.512

0.314

0.384
0.040

~0.499
0.006

0.614
0.001

1.000
. 0.001

1

DOP

-0.395
0.034

-0.383
0.040

0.796
0.001

-0.265
0.165

0.029
0.883

-0.036
0.851

-0.207
1 0.283
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