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* . "7 ° ABSTRACT . .

An Electrophysiological Search for Candidate Pathways
_— Responsible for "the Rewarding Effect of
» ' Medial, Forebrain Bundle Sti(ulation

/ . - |
Ivan Kiss, Ph. D. . ‘ ) L "
Concordia University, 1987 -

Psychophysically ,hased estimates of the refractory
. periods -of directly. 'fired mneurons résgonqible for the

rewarding effect of electrical stxnulation of the medial’

forebrain bundle were collected. The sti-ulation electrodes,
and parameters used to gather the pbxchophysical data were

also use&‘tJ'elicit compound, a%onal acﬁion potentials from

regions éaudal to the hypothalan%cfleveb of the MFB. Methods

'were devised to isolate and quantify tHe co-pound potentials~

and to est1nate the refractory perion of the neurons Hhore

’
/

firings prqduced then. lo o g .

-
—— -0 4 -

By scaling - th N psy¢hophys caliy-b@séd T ;nd
r .'“ ‘/ * , -
electrophysiologically-based rqfrac;ory period data —:1n

ahalagoul ways, valid conpanisbns between the two fypes' of

data were made possible. Thgﬁe conparisohi lend support to

previous 'fiﬁdingéf'résardiyg the trajectories of medial
A2 U - - .

A

forebrain bundle reward neurons through the Yentral\tésléntaI,

;
e

region and to 4 recent demonstration that such reward neurons

dlsq— connect to :the vgﬂtral portion of the ,centr&l - grey.
- /4 . .

/ ’ C
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. . . . . \

. v . .
s GENERAL INTRODUCTION \ -

In his heirarchical fornulatibn of‘Qhe 'organiaatibn

f behaviour, Gallistel (1974,  1980) sees motivationdl
) /,////f/:tdtes as variable_ strengﬁh pernissi%& ’or . preclusive

»

. )
influences upon behaviqur. These motivational processes are

placed ic the top of his sensori-motor heirarch§\ so - that
o

motivatiohal influences niéht, through sélective"potentiatioﬁ
and inhibition of. lower levels (e.g. locomotion, “ingestion,

reflexes), providF direction. -and aptness to behaviour. His

-

/ N . . ! .
. 8cheme gives reinforcement the role of a tonic' organising

principle, determining the relative influences og various.
» . ° , - -
motivational states upon the lower levels of the heirarchy,

arnd the actibn that ultimately results. There is a long-

k

standing and_»diétihguished tradition of reseanph on the

mechanisms ‘of action that comprise the lower levels of such a
heirarchy, mechgnisms/that’include reflexes, oscillators and
taxes (e.g. Sherringtbﬁ, 1904; Von Holst, 1937; Frae?ke13

1927). Howevef, it has only mofe recently seemed feasible.to

study the physiological properties of the neurons respons;ple

. '

for motivation and reinforcement'in-ﬁammals.

The startling demonstration that animals willlrepedbe@ly
and vigorohsly‘épj; - administer brief eléct}ical stimuli to
intracranial sites ,(0olds and Milner, 1954) has been
in;txumental in promoting this shi?t of focus. As a netessary
first é;ep\ toward the location of these neﬁrons‘ and the
eventual identification . of the éircuita responsible for
N R . ° ; S

. B
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-

-~

reward and motivation, a series . of psychophysical methods

. were develo;ed whereby electrobhysiqlegical properties of the-

heurone directly activated by the stimulat1ng probe could be

inferred (Rieﬂagew and hi&gal 1986; Deutch, 1964; Fouriezos

and Wise, 1984* Matthews, 1977; Shizgal et\.al., 1980;_.

-

Yeomans, 1975 Yeomans, 1979; Yeomans et al., 1979;).

-

’

Brain Stimulatlon Reward - ‘ ' .
Self atlmulation (SS), the self administration of

)

eiectrical stxmuli to central sites$® is a .strongly goal

directed set of actlons that putatively initlate a transient‘

\ r s 4
signal resulting in, braln st1mu1at1on reward (BSR). It ‘has

-

A\

been ‘ argued that the study of SS may reveal the properties
t ) .

., of the neural circuits that play a role 1n motivation and

"learning (Galllstel 19@#}. An understanding_‘of the
prbperﬁfes’ pf such circgits' could aid in the eventual
déveiopment of a more complete nEUroppysiologicall&—based

~

model of human behaviourr. A better understanding of the

g ¢
|

physiological Bases . of 'a number _of . psychopathologies

N i

invelving learning and motivational deficits such as

- . " - [ 3 . .. ‘
depression, bipolar disorders, schizophrenia and ' autism
could  also result. . ) ‘e

There is' evidencé that a record of the -ma%niﬁude of

rewarding stimuli is retained so that supdects’ responding

\ N y

-.reflects , their previous -exposure to. bfhip - stimulation )

’

- (Gallistel,_ Stellar‘and Bubis, 1974): One can also,féummon

‘

evidence forf the contention that 'BSR and conventional rewards
: ‘ ®

[Saed \
b s 2

. \
'
N e -
. ¥ { , . \
- “ « .
- ’ . - ¢ -
r \

”
~eg



-

(Hoebel, 1968), c_‘cells activatéd during BSR may also be

share a neutallpubstrate; B8R is lodulktgq by a. gastric load

activated by the sight and/or taste of food in food ﬁeprived

animals (Rolls, Burton and Mora, 1979) and most hypothalanmic

neurons whose fi}ins %s inhibited during feeding behave/“

S

similarly during self-stimulation (Sasaki et al.; 1984).

-

The BQR phenomenon may be elicited via electrodes aimed

. at widely dispersed'cential sites (German and Bowden, - 1974).
. S 1

Particularly vigorous and persistent respondina- is Jirecte&

-

R ' . o .
toward obtaining stimulation of the diencephalic portion of
N \ e .

the medial forebrain bundle (MFB). Self-stimulation of this

\

\ ' v - .
“MFB region. is also resistant to satiation (0lds, 1958) and

typically shows sharp, stable ' .threshold .discrimination.

< , . a

'_ especially 6uitable’ for psychophysical studies of BSR.,

L;nklnx ﬁzﬁig Qisgui _4 Behaviour

‘(Gallistel, 1974) . Thus, in a practical sense, 'the MFB is’

. Even if a detailed and conplete’&ap of BSR sites vere _

pyailéblg. one would still'be faced with the daunting task of

e
>

precisely locating ‘neurons whose direct activation is needed

<

‘fog BSR, since these neurons are only a subset ‘of ‘the

population fired by the stimulation. Attempts at localization

SR

of " BSR neurons thhiJ the MFB are further- 1lpeded by the

1
structural complexity of the region

[

The MFB courses between thL olfactory tubcrcle and ‘the

"vehtronedial regions of the mesencephalic tegnentuu and is

composed of fibres of many calibres with widely:'diitributed

. - . Iy R \

J



-

N
-
N

"

origins.and extensivg ﬁrodectidh”fields. In the rat, up to

4

- fifty MFB fibre compartments confined to a cross sectional

area of - about 4 square mm‘have" been ‘identified at \thé

* hypothalamic 'lgvel (Nieuwenhuys, Geeraedts and Veening, .

1982; 'Veening et al., 1982; Nauta and Haymaker, 1969): (
. This structural complexity is manifest in the wide range
[
of effeéts that may be prBduced by electrical stimqlqtipn of

the region. Predatipn (Flynn et al.,_1970), escapé'(Bower ‘and

Miller, 1968), changes in nociception (Rose, 1974); ~motor
twitches (Mathews, 1977), exploration (Rompre and Miliaresis,

1980) and alterations in éndocrine function (Hérris, 1948),

blood éressure and heart rate (Perez-Cruet, McIntyre and -

)

5 .
Pliskoff, 1365) have been electrically elicited and several
actions may result from stimulation via a’single electrode

. . Lot {
(e.g. Bower and Miller, 1958; Matthews, 1977; Roberts, '1958;

130;134 1975;" Rompre and Mtliareéis, 1980; Valenstein, Cox and

>

Kakolewski, 1968). A means is required fo link a particular .

B8timulation elicited effect .t& a specific_'subseé of 'the

activated neurons.

Qomﬁingg Methods ! o

L

in dealing with -the problem of linkage, psychophysical
techniques (i.e. techniques that map the physical qspeéﬁs of’
stimu¥i onto paiqhological variables) pioneered by beutch

(1964) have been essential. These mgthods have provided data.

-

that guide the electrophysiological‘sehrch for neurons that

may subserve BSR. For example, if. the psychophysically

e
x

®

[y

~



-

estimated.'récovery from refractorinesa for .a particular BSRQ
. placement rénges between 0:4 agd 1.5 msec, neqral. elements
abtiyated during SS whose physiologically"determined reco?ery
begins at 3.0 msec are ruled out as candidates for inclusion
in the directly activated neural éobulhtion responsible for
BSR wheféas ;hose‘whose recovery ranges from 0.4 t; 1.5 msec
should bs considered viable candidates. Tne term "candidgte"
is deemed épéropriaie here siﬁce a precise match between ‘the
behaviodral and electrophysiolagical ﬁP eséimatea does not
necessarily mean that the neuron in question is part of the
difectly actibatedystage 9f the BSR ’circuit; elements ;ot
participating in BSR mqy‘ have the sam; RP’s a8 reward
neurons. Neurons deemed to be candidates on the basis of a’'
match between their properties and psychophysically—&erived‘
éroperties of .th; pewgrd substrate must be subjected to
. further tests. For example, if destruction of candidate

neurons had no eﬁ{ect upon SS, the correspondence of their

properties to. the péycﬁophysically—derived characteristics of

- {0
, {

the rew&rd éuﬁstrate could be deemed coinéidental and they
wouia~not_bé considered as parts pf'the Béﬁ circuit.

The psychoﬁhysical results  may be seen‘ as plaging
éuan@itativé conséraints upon the choice of candidate neurons
from electrophysiological data. If the inferences drawn from
the psychophysical ré;ults are correct, they dictate the
) propertieé that neurons mﬁst posseas to be. conaidered‘ as

candidates for inclusion in the directly stimulated stage of

N
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the BSR circuit. An increase '_ in the number of

[

psychophysically-derived - characteristics employed would

.tighten the constraints. For expmpie, comparisons between

psychopﬁysiéhlly-based and ‘physiologically-based estimates of
current integration properties, dbnduction velocities, and
super- and . subnormal excftability cﬁaracteristics are

possible (Gallistel, Shizgal and Yedﬁans, 1981),

Psychophysical Experiments

The studies described in this section employ trddgroffs
between independant ‘stimulation variables to "hold the
behavioural‘effect of the stimulation at a constant levei; It
has beén showﬁ that if the relationship between gtimulus
input and pérformance is monotonic, the outputs of all.

intervening stages .remain constant and trade-off- experiments .

.may be used. to reveal the properties of the directly

;ctivated eleménts Bm . determining the _combinations of
stihulua parameters that ‘result in constant behavioural
output (Gal}istel, Shizéal and Yeomansz 1981). Since this
relationship has been shown to be monoton&c over a wide range
of input values (Edmonds, Stellar and Gallistel, 1974), the
subjects’ peﬁfqrmancehcan be‘ﬁéed to provide data from which

the :physiological properties of the directly activated

elements may be inferred, regardless of the number of

synapses between the diredply activated neurons and the motor

v

ﬁeuronq needed for behévioural. output. Ps}chophysical

experiments have provided a:-basis for inferring the current
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" integration properties, ref;actory per-iods, trajectories and
direetidn of orthodromic conduction of reward neurons. The
techniques that 1led to the;e resultgs have been 'revieded
elsewhere (SPizgal et al.,~ 1980; Gallistel, Shizgal and
Yeomans, 1981; Bielajew and Shizgal, 1986) but the cellision
and refractory period methods, will be described here pince‘
théy are most relevant to thelpresént work.

The , psychophysical methods for refractory period
esfimatlon‘ enplo¥ Yeomans' (1975) modification of the t;ade-
bff or equivalentistinulus paradigm introduced by Deutch
(1964). Lever presses are- rewarded by constant duration
trains of eléctrical pulse pairs and the npumber of pulse

,pairs per train is traded off against the intra-paicr (CT)
interval ?o thaé the S8 rate remains constant. As the CT
interval is reduce&. thcﬁ second or test (T) pulse has\ a
progressively dimivzshed effect, presumably because of the
refracgoriness of the directly fired neurons following their
firing b& the first or conditioning (C) pulse. To hold

behavioural output constant, the action potentials lost due

I

to refractoriness must be replaced by increasing the number

]

of pulse pairs per train. The decrease in |the rewarding

r

effectiveness of the stinpfation due to he refractory
‘state of the directly stimulated neurons is ipdicated by the
size of the required inqrea;g in the number of pulse pairs.

The collision procedures can provide a basis for

*ainferrinsz direct: axonal linkage . between /| BSR sites. In
- ‘ ) [ 4

A
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contrast to the 'RP methods, coliision.ﬁgxperiments regquire
that each membéf of the stimulus pair be applied to a

&
separate BSR 8ite via separate electrodes. At short Ch

intervals, an ihcrease in the number of pulse paiya is again

required in order for constant behavibural output to be "

/
maintained. This reduction in paired pulse effectiveness has

been ;ttribnted to collisionl between’ ~antidromic and
orthodromic action potentiaiq in axons that link both BSR
sites .(Shizgal et al., 1980). As the CT interval is
increased, an éften sﬁep-like pisé in effectiveness is

' /
encountered and is taken to indicate that the orthodromic

action potentials -generated at both stimulation gites

- successfully propagated to the’s}naﬁtic'terminals. The time

at which this abruptigise $ccurs is présumed to be fhe sum o¥f
the conduction time—between sites and the refractory peri;d
of the neurons undergoing collision. Divi;;ng the conduction
time by the inter-electrode distance provides an estimate of
the conduc§}on§?eloéity ;f the axons undergoing collision.

The implications of these paired pulse tradeoff
expeéimenth ibclgde thégfollowing

1) The , Tecovery ;frah reflractoriness of directly
stimulated MFB elements subserving|{ BSR oécurs‘primarily byer
an interval of about 0.4 to'1;5 msdc.

’ ’.2) SS sites at the levels o the lateral hypothalamﬁs

(LH) and ventral tegmentum {(VT) separatea by a distance of

about 3 mm are directly linked by 'axons of neurons

vJ
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responsible for BSR. Orthodromic conduction in at least some

-

of these axons proceeds in the rostro - caudal direction

‘(Bielajew and Shizgal, 1986).

L]
*

3) MFB reward nedrénb have estimated conduction

!

velocities of between 1.0 and 8.0 m/sec.
4), These results are not conpatiblé with the notion

that the . directly fired stage of the BSR 'ef{:uit consists

largely of catecho}anine—containiqg neurons. While there is
. . ‘ .

substantial evidence for the participation of these npeurons

in 88 (Fouriezos and WEUe. 1976; Pranklin, 1978; Franklin and
McCoy, 1979; Gallistel et al., 1982).0 the paired pulse
experiments have indicated that, by and large, CA neurons

have - longer réfrac&ory peiipds and lover conduction
velocgties than the behavioutally‘ch$racterised elements in
the MFB (Yim and Mogenson, 1980; Maeda and Hdgenson. 1980;

Deniau, Thierry and‘PeséT, 1980; der-an, Dalsass and Kiser.

1980).
Elggngghxgiéigxiggl Recording i Rationale

The psychophysical collision experiments have
established that axonal elements 'of MFB reward neurons
extend betﬁeen the LH and VT qnd probabiy beyond (Boye,
Ronp?c and Shizgal, T987); Although further behaviouraf
studies - could contrikﬁie -to finding the qr{'ihl 'and‘“
terminations. of MFB reward 'fibres, olccttqphysiploilcpy

methols guided by psychophysically based inferences will be

employed in the present work because of the relative rapidity.
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with which~ physiological studiei/may be P! rformed. Recording
data ca; reveal the locations of elements ﬁirectly f1red by
rewarding s}imulation whose propepgles ‘'match the ‘behaviourally
determined profile for ;eward neurons. Th@se'daté ﬁould then
be used to guide subsequent beﬁavioural'experiments focused
upon regi?ns kpown, on electrophysiological grounds: 'tp'
contain candidates fdr'inclusion.in the directly ‘activateé
"Btage of the BSR gircuit._ )

In . previous -electrophysiological - experiments,

. exbracéllular recordings have been obtained from2~qeurons
d1rectly driven by rewar?&fé hEFB:hstimulat?on '(Gallig ely
Rolls and Greene, 1969 olls 9/71; Rompre and SﬁkéZaL,
1986 Kiss,  1982).° l ot “

ecord single unit activity in
N ;
In these cases, the tip of the

three atudies,
&

st

microelectrodes were used tg
tﬁe‘rvicinit§:‘of
recording electrode and thus the regicn overj which current
‘was integrate waQ véry small so thact; .ideallé,_ a single
neuron ‘was ecorded at a t;ime._l Somata generally .produce
considerabiy gregtgf locgl curreﬁtg than single axons within
Ehf}r vicinity. Thus the activity of cell bodies 'would be
gﬁg}erential]y recorded, probably even in areas containing
mostly fibres. The ﬁgrphology of at 1eas£ some of the unit
resPohBes recorded by Rompre and Shizgal '(1986) confirm
their somatic 6rigin (Taséki,.Polley and Orrégo; 1958fJ~

In contrast, macroelectrodes may be profitably used to

1ecord from populations of MFB,éxo‘é activated by rewarding

-

PN



stimulation. . Since stimulation at reward sites involves

X
synchronous activation of populations of fibres, a lasger

brain/electrode ° interface permits simultaneous recording of

.

current flow frdm\\gg}tiple fibres &ielding records that
consist of compound action potentials (CAP’s). In fbrevioqs

.experiments employing macroelectrodes to measure neural
-

activity at one MFB site elicited by stimulating at another

-

MFB'site‘(Kiss,‘f9§2;-Shizgal, Kiss épd Bielajew, 1982), the

potentials recorded met the major criteria for  axonal

A

compound'responses (Tasaki, Pofley and Orrego, 19§8).

Field Potential Recérding : Improved Methods
Previous physiological studies provided support for
pbychophysically—basgd inferences of the properties of

“

neurons tﬁht"convey the rewarding effect of electrical
stimulation of the MFB (Kiss, 1982; ‘Shizgal, Kiss and
Bielajew, 1982). These CAP recog@ing studies provided
evidence for the existence of MFB neurons with RP’'s ‘well
within the ranée of the behaviourally-inferred values and
provided support for the interpretation of psychophysical
collision experiments by demonstratiné tha£ MFB fibreas ‘'with
RP’'s within this range were continuous beyween the LH and
VT. Nonetheless, thesg records were deficient in several
respects. Since ' the rdistance getween stimulating \ and
recording electrodes was small, th; resuftan@ short latency’
reéponses vére often p#rtially o?scured by the stimulus
artifact. In addition, during pecor@}ng éxperiments involving

h
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paired stimulus pulses, thevgrtifact and responsges produced
by the C and T pulses were oftgn, at least -ﬁgrt?ally
superimposed, Taking it difficult to assess the degreé of
recovéry. These\problems were exacerbated at times by random
electrical noise that partially obscured the responses.
. These early attempts to provide physiological estimates
\of refracgary periods we;elbased upon direct measurement of
the amplitﬁdes of what. were, judged, on the basis ofﬂ/visual
inap;ction of photogrgphic records of single'trapes, to be
CAP’S. Thé beginning o} recovery was taken as thg CT interval
at which a'stable resfonse to the.;;cond pulse could just be
observed. Recovery from refractoriness was considered
qqmpléte at an interval equal to the shoéiesé‘éfJég ;hich no
difference could be seen between the T pulse resppnseyin the
paired record and the response in a single pulse record. The
need for more.precise quantificaﬁion methods as well as - forx
more objective means of establishing the beginniqg-énd end of -
recovery from refractoringss was clear. ~
The use, in the exﬁeriments reported *;re, of a digital
-Btora;e. oécillobcope linked to a microcompﬁter made it
possible‘to improve signal-to-noise ratios, reduce stimulus
.artifacts ' and develép .more "hands off", quantitative
eétimates " of - the range of recovery from refractoriness.
5hotographs of oscilloscope traces were replaced by sets of
s;ngle traces storgd on magnetic tape. These_ records could be
read back into the.digital oscilloscopek averaged to reduce

-
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random noise and stored on diskette. Software techniques that
involved subtraction of single pulse records from paired
pulse records were developed to reduce artifacts and more

rlgorousiy estimate the post-stimulatioﬁ recovery of

‘excitability. Refractory. period estimation was also aided by

software J;péﬁle oftéﬁlculating response magnitude and by
. - K v
curve fitting procedurés.. ' -- ~

o

Mapping Candidate Reward Pathways \_/)
VA

An additional imprévement over the previous CAP studies

(Kissy ¥982; Shizgal, Kiss and Bielajew, 1982) was the
behavioural °testing of stimulation sites prior to wecording.
Only those behaviourally—teétéﬁ subjects that demonstrpted

vigorous operant responding free of obvious motoric

o

disruption were included in the CAP recording phase. The same
. .

electrodea; pulse durations and currents that served to

<
revard lever\pressing during behavioural testing were used to
drive neural aclivity during the acute recording phase, thus
ensuring that reward neurons were aﬁong those activated. 1In
addition, this permitted Qithin-subject comparis;ns betWween
electrophysiologicall and psychophys}cal estimates  of

refractory periods.

‘ . . ™
Anatomical studies %yd psYchophysical experiments

influenced the selection " of recording sites. Nauta and

Domesick (1982) have indicated»thqt the descending,HFB,splits

at the level of the\VT into medial and lateral components.

The ﬁegial gsubdivision is describéd as continuous between ﬁhe‘



N

~MFB's descent is said .to. be further divisible into three

1w

VT and the median and dorsal raphe nuclei as well as nearby

ventral portions of the central grey. The latheral limb of the .

subcomponents. These are 1) fibres that pass througfx dorsal

regions of the sustantia nigra; i.e. virtually the entit;ety

of the parl "compacta along with the dorsal third of the pars

reticulata 2) fibrea travelling to the peripeduncular ndcleus
(a regior‘x bounded by ’:he dorsolateral margin of th_e
substantia nigra, the nmedial geniculate nucleus and the
medial lemniscus) and 3) a branch 'that'. after curving
dorsomedially around the lateral extents of the medial
lennisc{xs and red nucleus, terminates mostly ip t.hgl midbrain
tegmentum with some longer fib“res extending to tl;e ventral
portions of the cent,r‘al grey. The lateral 1limb is also
invaded by the medial subdivision of the MFB at the level of
the central grey. 'I:hes'e findings suggest that, if they

extend beyond the VT, MFB reward fibrés might pass thx"ough

the substantia nigra and/or .the raphe nuclei and central grey -

4

substance.

Rompre, Boye and Shizgal (1987) have obta’i"‘ned
psychophyaical' evidence for collision between agtion
potentials arisiné\ from BSR sites at the. VT and the dorsal
raphe. 'Although one cannot 'be certain that the fibres
involved 4n this collision effept are continuoua with reward
neurons connecting the LH and VT, psychophysically-derlved RP

A

estimatea obtained from raphe collision sites overlap ‘'with

14
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those for the LH. The most direct approach for showing ‘that oy
reward neurons connect 'the LH an;:rapheﬁis to conduct the
psychophysical version of the collision test. There is a

- "single case where this has Peen done ;Itﬁ'positiﬁe results
(Boye,‘ persoﬂal communication, 1987). CAP recordings of
directly dr1ven raphe responses to rewarding LH etimulation
would’ provide a means of testing the interpretation that ‘his
effect -;;s inde@&’due to collision, - and might serve to
inaicate which raphe regione are most -likely to permit
replid&tion‘of this find%ng, ’;/ﬁ\f“-’;

Although they did:not attempt to 'demonstrate collision
béiween the LH and the'subetentia Pigra (SN), "Macmillan,
Simantarakis anq‘Shizggl (1982) suggested that the observed
overlap\ between LH end SN‘psychophisicdl refractory‘ period
éuZ)Ek\coﬁld reflect'the involvement o#f, a common population ~
of reward neurqns. A CAP study designed to record nigral

(act1v1ty elicited by stlmulatlon of MFB reward sites could
provide a uséful indication of the likelihood that
" reward fibres ’ink the LH and SN. This would aid in
deciding eheté§ﬂ' thq definitive psychophysically-based

\ collision experlments should be performed.
On the basis of these anatomical .and behaviopral
indications,. regioﬁe) along the trajectories of fibres
projecting _from R MFB regions that coﬁtain rewvard neurons

-

were chosen - to search, using electrophysiological recording

hethods, for the caudal extensien(s)— of the MFB reward

]

16



s

-

.
¢ )

pathway known to éourse_Jﬁetween the‘LH and® VT. oRecbrding

electrodeé :\tgaékg were confined to regions'within 3 mm. of

‘

the midline and no more, than .5 mm caudal to the VT.

!

.

Regions outaide those selected on thﬁ aforementloned

-

anutom1cal and behavioural grounds were aldo examined. It ‘was

hoped that directly driven dﬁP' with RP’s compatible
X . j .

. N
éi;}th those of MFB reward neurons coyld. be elicited - from

novel sites, sites' that could then be tested for difebt

@ .

connectivity .with MFB reward neurons us1ng psychophyalcal

-

methods.’ In addition, regions that were found to be. poor

t

’reEording qelectrode targets \based upon appareﬁt' lack ' of

substantiq} .CAP contr1but1ons t0'records and regions that

LI

"provided CAP's whose RP properties weére ’ﬁot ,similar to

P

o those of neurons responsible for BSR could be .considered
T \ . '
lower priorities for ps&chdphxsica\ study. . ' -
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TECHNICAL EXPERIMENTS

.- INTRODUCTION - RS , ' .

This series of experiments was désigﬁed to test‘seyeral
hypotheses congerning the -nature of ‘the electrophysiological
records that qompfisé the larger part of the data preﬁented

in this thesis: Two of the exbbrimehts test the view that

the initial recerd feature, a brief rapidly rising potentia},'

is a atimulus artifact whereas the later, longer lasting and
X .

often . multiphasic éotential’ is a neural response. ‘- The

-

remaining,‘two experimgnts were ‘'designed to assess the

-hyﬁothesis that the pbtential attributed to a neural reaponse
r;flects the synéhponsua activation of axons ,iinking .the

stimulation- and recording sites, i.e.,-.that the neural

"

‘response is a CAP. < N - \

METHODS . B hal L e

», Subjects - . - o
- N

3

Twenty *~ two male hoodea (Long-Evans) .rats obtained

[y
.

from Canadian Breeding Farms and weighing betweqn 330 and 500

g€ at the ‘time of the initial surgery served - as subjects.

Standard compositidn rat chow and water-were hvailable- ad

libitum. - Reverse cycle lighting in the animal housing

[

facility was programmed to provide a ‘12 hour light/dark*

\ -~ ! - [N

gycle. -~ _ - =% . ‘

.Electrode'gonstruction Lo . . o .

éachh stimulation “electrode dbnsisﬁed of a rigid" 264

‘micron diemeter stainless steel wire to which was soldered a

‘o
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- twisted -pair of flexible, pre-insulated wires teriingting in

-~

a binile male A-phenol pin. The steel wi}e was coated with

enamel (Poramvar) - - along appraximately 11 mm of its length

— betwéen one end and the golder junction with the twisted

. pair. The tip of the steel wire was honed to a roughly

heni;pheric shape and was devoid of insﬁlation. ]

The bipolar recording electrodes were constructed of
4 pairs- of 127 micron dlameter, enamel =~ 1nsu1ated stainless

. :teél Wires. The exposed tips used for recording were
approximé;efy square cut and uninsulated either only at their
Ju,gﬂn“’tlfﬂ;#tcips. In either case, .

were fixed in parallel using glue or lacquer so that

tips ér for about 0

'th; tigg vere separatéd by 0.5 mm in the direction of the

\ long axis of the{r shafts The other ends of the apposed pair
!
of. wires ter-inated in -ale Amphenol pins.

7

- Syrgery. | ~ o b

'

'Subjectﬁ received intraperitonéal injections of

_atropine -ethylsulphat. (0 6 mg/kg) to reduce mucus secretion
3/
and éhus improve ventilation during surgery. Approximately 15

3

min. _later, Sblnotol (sodiun pentobérbital) was injected
R ) . . intraperitoneally (65 mg/kg). Once a sufficient level of
anaestheslia was attainéd."indicated by a lack: of overt

responding to tail pinch and cormeai contact, the squéct was
blaced.{n Q stereotaxic instrument (model 1f04. Dﬁviﬁ quf)

‘

\\ . *
_and an - incision was made to expose the cranial surface

including ’porttons of the frontal and parietil bones. ' The

<t

—



0

. ‘ . N .
; )

nkull-~wiq levelled by adéustln. the incisor bar so ‘that the
‘stereotaxic coordinates for_bregma and'lanbda were identical
in the dorsal/ventral plane. In the 9 suLjectq not tqsted
p}Yqhoghysica{ly. th; surgical proce&hres wére identical
except tﬁzﬁdyreghgpe (ethyl carbamate, 1200 ns)kg) vas used
as th? apaesthetic. ’ ‘ -

To provide a retutnl path for gurrent flow, an
uninsulaéedi stainlegs .steel wire terminating in a wmale
amphenol pin was wrapgéd around several jeweller's screws
embedded in the frontal and occipital bones. Two small burr
-holes wére dril{g;lover"the bilateral stimulation garsets'at
‘the LH l{evel of ;K; MFB. The ‘tips of the stimulation
e#eéerodes‘were ai-ed’;t’u target 2.8 mm p’utefior to bregma,
1.7 . nm iateral to. the p}dsa;itta1~spture nd 7.7 to 7.8 mm

below dura.

The electrodes were fixed to the skull wusing dental
acrylic. The -al; amphenol ;Lnu at the ends of- tLe two
stimulatipg wires and the uqinsulated wire leading ‘ta the °
skull screws were inserted $ntd:a\ connector (Moline and
McIntyré, -1972) which was ce;ented‘ to the skull. The

rcgainin; exposoé regioq.of skull was covered with removable

"sticky wax" to facilitate access to the skull for

~subsequent eléctrophysiological réecording procedures. o

-

Stimulation S ' ¢

Pl ®

Monopolar |, stimulation  was cont;blled' by means of

.custom~built pu}ce generators that permitted iindcpondent‘

.- \
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manipulation of the duration, intensity and frequency of wup

to four stimulation pulses and a trigger signal' (the 8§ pulse)

Ithat permitted: each'plectrophysiolo;ical record to precede

< »
'

stimulation onset by a known'interval. Interpulse —intervals
,could be set independently and train duration was variable.
Stimulation w&s\ produced via the custanbuilt pulse
generatdrs which were connected to Grass CCU1 constant-
current units th{oush stimulation isolation wunits (Grass
§IUS): Stimulation was monitoréed on a Tekfroqix 502A
\0l01110800pe by reading the voltage drop across a Pprecision
10 kdhl regsistor in series with the preparation.

Recording '

The two poles of the recording electrodes weré led by
short wires to B;parate operational a-pliéiérs (AD315J or
ADSASJ)' located on the electrode carrier within 10 cm of tge
rat's skill. Since neither the spatial locations nor the tip

surfaces of the two poles were identical, artifacts recorded

N
—

from the two poles were of different shapes and sizes: In
ordgf toireduce these dissimilarities and thus to facilitat5/K
artifact r;jcction. the signal from each poli was led through

a variable :.gain amplifier and one channel of a grapﬁic“
equaliser bofo;e beinl_ conbined by a Tektrohix 3A9
differeantial amplifier. The subject was'grounded through the
stereotaxic- instrument.

The resultant record wx; displayed oﬂ a Gould- 084050

A}

' *digital storage oscilloscope and then transferred in anang'

-
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‘form to FM tape. Records could also bI tr;nsferred in digital

form from the 082040 oscillosco to an ' Apple 11+

microcomputer that averaged records and wrote them to disk.

Experiment 1: Distinguishing Stimulgg'égtiiagg'ﬁggm Neural

Response

.Experiment';a: Responses to Pulse Pairs

— Réghfdleas of the position of the recording electrode,

.all reco;ds share a common feature : a rapidly rising, shért

duration potential whose onset is_ synchronised with the

stimulation pulse. Some records include a sBecond feature of

‘ A\l

set thereof : a lon%er latency, lénger duratioﬁ potential

/

that'is often multiphasic. In an earlier study of pqtenﬁials
elicited by MFB stimulation (Kiss; 1982; Shizgal, Kiss and
Bielajew, 1982), it was argued that the feature with the same

onsei as the stimulation pulse is a ’stimulationt artifact

whereas the longer-latency, longer-duration feature is a-

neural response. If so, "the second feature should vary with

the CT interval as a result of recovery from refractoriness

"

in the stimulated neurons, whereas the first feature should

remain constant as the CT interval is varied.
' €

This test consisted of recording- potentiala changes
during and after deliyery of pairs of stimulation pulses; the
CT interval was gystematically var{ed. ~In Figure 1, the top
trace, taken at a relatively long CT interv?l of 2.5 msec,

qpnpains two clusters. of features with two positive-going and

two negative-going features per c!dster; the first cluster is

'
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Experjment 1b : Response to Single Pulses During Progzgssivg

g - -~

~

. elicited by the C pulsé“and the second by the T. In the next

'tracet taken at a CT of 1.4 mséc, the feature labelled P4-N4

o B

in the second cluster is of reduced amplitude. This reduction

N
-

in P4-N4 aqglitudé/;ontinues in the last two traces in this '

—

series and is directiy rélated to the CT 'ipterval. It is
reasonable to suggest that the marked systematic attenuatiol)’
of P4-N4 with dqcreased,CT interval refiectg a progressive
increase in the proportion of the stimulated fibres that * are
,refractory to excitation b; the T pulse. ~ None of éhe other
'featurea undergo such-;;rked and systematic‘ attenuapion,
indi%?ting that they are due ,td' either artifacts of
stimulation (P1-N1, P3-N3) or resp;nseg to the first stimulus
of each pair (P2-N2). 7 : -
During the course of this study approximately 500 |
series of traces werélcollected iﬁ which the CT interval wgf. s
syétenatically varied. ) In all records in which the
signal/noise 1is éood and there is little overlap of clusters
of features in time, this Bame pattern was seen clearly. 1In .
the others, the more elaborate methods described in Section
III are required to see systematic'changes as a function of

:

CT interval. [ ’ . ' .

o

4

Hypoxia .

Figure 2 further supports the notion that the longer

) &atgncy feature is due to neural activity whereas the short
A%

/\
latency event is a stimulation artifact. The subject that
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provided the data for this figure received a lethal overdose

Y

of Urethane. Recall that the artifact is thought #b probaga;e

by interstitiaiHVOlume conducfﬁon-and not to be dependqnt on
neural metabol;c activity (Nicholson. 1979). 'Thus,'cerebral
anoxia. caused by circul;tory system failure woqld lead to t'.he~
. Pro ressive décline and eventual elimination of neural
resp&hse-with litﬁle or no change’in the stimulusfqrtifact.
The recordings that comprise Figure 2 were made in
respbnse to siﬁgle'pulses starting at the time of injection
and qpntin&ing until about 30 @in‘after cardi;c arrest. This
figure pqrtrgys the gradual decline of neural activity as
anoxia p;ogresses. Note ‘that the short latenéy qomponenﬁ

]

(labelled A), rgferred to from now on as the stimulus

.
T

artifact, is virtually unchanged over time whereas the longer.
more extended feature (labelled R),' referred to hereafter as
the neural response, 'gradually,declines and is completely

LY

dbsént 10 min post-injection and beyond.

Experiment 2: 'Qetermining the Composition of the Neurail
Response . ‘

Experiment 2a :  Effects of Varying the S;imuléggn Frequency

- . ‘ -
Experiment 1 shows that the records include neural

responses., The goal of experimen? é is to épepify the source
of th}s heural activity. Some possible sources fnclude graded
pos@ngnapticfpotentials, tréns-synaptically drivén compound
‘action pqteﬁtials (CAP's) and CAP’s arising from fibres

-

. - \
*directly 1linking .the stimulation’ and cording sites., The

‘ 217



response’ to high frequency stimulgtigg_ ~might aid® in

- differentiating between thgse‘possib%e signal sources.
)Figure 3 detai{s the neural fesponse‘ to incfzgsiné
frgqueﬁbies~ of stimulation. The uppermost trace taken at a
stimulatign frequegcy _bf{ 1 Hz contains ‘the - artifact (A)
followed by a series of positive (Pl,l P2, ana P3) and
negative - gfing (N1 and N2) features that, ~oﬁ the’basis of
Experiment 1, are assumed to be of neural ergin. At.40 Hz
;11 components remain but the latencies of N2 and Pé are
shortened whtie the latepcies of the other’ fe;tures are

virtually wunchanged. Note that the amplitude of °* N2 is,

“increased. At 100 Hz, N2 and P3 arhlapsent and the remaining

-, » ¢

’record displays the triphasic form of an g;pau%-&§£§ Apart
from the feature labelled "A", the record obtained 300 Hz
is, relative to that derived at 100 Hz, somewhat attenuated

. \,
in amplitude and its phasps - display slightly ‘longer

layencies. ‘ . - e )
- The continyous wave P1-N1-P2 follows high frequénpy and
is . of nearly-invafiant latency'until the §r$§gency exceeds..
iQO H%Z, consistent with what ig known qbout axonai re;ponding
—Erlange{'and Gasser, 1937). Ingpontrasi, tﬁF‘NZ—P3 complex is

. absent at higher’ ffequencies _and undergoés considerable

latency reduction and increase ;ﬂ amplitude as’ the frequency

e

is' raised frqm‘ 1 ¢to 19 Hz.: The 1nabi1ity to follow
fgséuenc?es of 100 Hz and beyond is consistent with the

_ presence of synabses between the stimulation and }econdihg

-
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. Pigure 3: RESPONSES TO ~SINGLE STIMULI 'OF INCREASING

Y

" FREQUENCIES -

-

The numerals to the left of traces‘refe;.to the ¢ atimulption

- , °

M v : V‘ !
frequency (number of 'single pulses per sec.). Traces are ‘5

msec.in duration. k! v ’ \
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.sites. The increase kn N2-P3 amplitude from f‘to 10 Ns -ay:be

due ‘to.potentiation, a process thought to involve increased

= !

trangmitter release (Hilnér. 1970). This apparent

. ) ) \
patentiation also supports the -suggestion that the N2-P3
complex is a record of summed post-synaptic activation.

, oo s ’ . - .

The first, tripartite complex is similar in form and

latency to many of the responses that comprise the recording

-~ t

~ v I\
data for this thesis and suggests that the CAP records may be

‘comprised mostly of the resilts of the synchronous activation

" of axons linking the stimulation and recording sites.

Features similar to N2-P3 were qéen only twice during this

study perhaps becaugse longer latency events of synaptic

3

or;aln would likely not‘often appear on the relatively short

duration records intended to capture shor%pr latency directly

driven‘CAP's. The duration o{ traces rarely eicged;d,S.Ol-secl
"and, had ‘itn been longer,' it is\likely that this putative.

postsynaptic activity would - have been recorded with greater

frequenicy.. Due to 'telporal delays introduced . by the
\interposition of synapse; between. the stimulation and

recording sites,- trans-synaptic responses vwould exhibit
\ . S .

longer response: latencies than direct axonal <connections

betveen these sités and would require longer traces for their

registration. .Nevertheless, more frequent registration of

\ R . . :
transynaptic activity was -expgcted-and its?lack may reflect

the fact that sufficient hunbér: of .transynaptically’

activated fast .ébnductinq fibres did not connect the

¥
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stimulation and recording fields. . e

'

3

\;‘: -

*frequencies of 100° Hz in all ihstances/ that gilowed'

: phys1ological RP estimation,’ ‘ =

_ Experiment g_ 2 Effects of Varying h Stimulation Current

In Figures 1,2 and 3 we see gradual decreases' in’

response. amplitude as' a result of decreasing CT interval,
increasing hypoxia or increasiﬁg frequency. This éhpports'the
. ) . \ , ' )

notion that the responsa ig/compound, that ié, due to the '

¢

activity of a population of cells.- Nonetheless, a}l three

manipulations. could also affect the amplitude of single upit

responsee.- Varing etimuiation current permits oné to assess

‘whether single Units Qr CAP’s comprise the neural responses.

Units should behave in "all -or none" fashion as intensgity is
.:" M o - . ‘-‘ N f
varied,'ﬁthet is, their responses, should appear full sized

Y ) 1 o
above - sbBme -threshold current and be completely absent below

=]

{ . . -
threshold.” v S ' . .

Figure 4 is a series of records taken in response to

MFB stidulation of decreasing intensities. In this 'and in

nearly all of the 1ntenslty series recorded in the present‘

study there was a gradual decline in the amplitude of hoth
the "artifact &and the CAP, with a ‘preservétion of the

\

Iatenbies_ of the main response features. This supports the
hypothesis that the reaponse is a CAP. As intensity declines

" the sige of the stimulation field decreases and the number‘of

- ) :
cells cqntributing to the records. should decline as well.
. # -

The features attributed to CAP’s-were peen to follow

"
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_Abrupt changes  in .response size and/or ‘shape were
oc¢casionally observed in'inxensitywheries ' These cages may
A ’ . ..
result from loss of. contributions from neurons concentrated

‘at the, fringes of  the stimulation field.

& ’

The fi;dinés‘that tﬁe features aitriﬁuéed to ‘neural
activity \1) exhibit good (reéuenéy foilowingiup to 100 Hz‘
and¥2) decline in a gradual fashion as dtimulu;-intensity is
gfauarly reducgd;' lend‘ supp6r£ to“thé notion that tﬁese
features afe ChPS ériaing from fibres directly fired by

the stimulation electrode. St

»

4
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METHODS . FOR DESCRIBING COMPOUND ACTION POTENTIALS

" , EVOKED BY SINGLE- AND PAIRED-PULSE STIMULATION

INTRODUCTION" .

The main goai of this section is to illustrate the
methods A developed té reduce random noise, improve
isolation .0f responses and allow gquantification of responses
'tb'single- and ﬁaired—pulse stimulation. Attempts to reduce
random noise consisted of averaging successive responses
produced uﬂder identical conditioﬁs. In order to improve
isolation of responses to single and paired stimuli, geveral
multiple subtraction procedures were devised. Quantification
of response size was accomplished using calculétioné of
response Aarea.

The f%evious section demonstrated that records élicited
by singlq gstimulation pulses.cqntaiﬁ potential changes due
both to the artifacts of stimui;;ion and: to evoked ‘neural
events likely to consist'of directly driven axonal CAP’s. A
subtréctign method was developed in an attempt to remove the
artifact! leaving only a neﬁral response, In paired regords,
the response @6 the C puise often overlaps the:*T pulse
artifact and responss, particularly at shorter CT intervais,
In order to isolate the T pulse résponse from a paired-pulse
record,. subtraction was applied to remove the contribution of
the C ,pulse response as well as the two stimulus artifacts.

R;sponSes were quantified by means of an area measure.
It will be demonstrated that, although this quantification

-

36 . |
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scheme is not perfeqt.' it has advantages over measurement of
-t 1'” 4[ . B
peak amplitude.

METHODS o L

e

Averaging

Signal averaging is widely used.to reduce random néisg

-

{n electrophysidlogical “records. The reduction in noise
should be a function of the square root of the. number of

traces ' averaged whereas fixed latency neural events such as

~

CAP's should remain unattenuated (Ferris, 1974). .
In the upper left tr#ce of Figure 5, three regions have
. PS

been labelled (r1, £1, and r2). The bktimulus artifacts are

-

desisnatéd alt and a2. The region designated f1 may be

attributed mostly to random variation (noise) since it _is
frequently absent in tpe other raw traces (the qggohd.' third
and fourth traces from the upper left) and thus tends “to
Qearly disappear as more and more traces are averaged (groups
of tr#ces labellgd 2, 4, 8 and {6 to reflect the ng-ber_of"
traces averaged ‘in producing the members tof éach group).

Contrast this pattern with the changes in the feature

labglled r2. It is claimed that this feature, ,wpichrts le!s

[
.

prominent on the unaveraged record on the upper left than the
r;ndo. variation region labelled f1, contains a considerab

neural contribution. Although like £1, it .appears
+ ) - Coe

inconsistently in raw traces; unlike f£1, r2 becomes more

consistently evident as more and more responses are averaged.

. . ' ] .
Larger responses such as the fzature la§e11ed r1 are

£
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" . OF TRACES PER AVERAGED RECORD
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The numerals to the left of trace groupings refér to, the

. .

number of averages per group member. Trace duration
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made more. evident and -.-consistent in form when random
- ‘.\ N

variation is reduced by averaging traces. The form of "this

.—{ .
respongse varies considerably in the raw records but becomes

progressively more consistent as the number of traces per
aver;ge _is increased. This response looks ,very similar in

each qvérage of 8 or 16 traces. / - .

Averages of 8 traces seem conéiderably less variable

than the raw records. Although avéraginé greater numbers of
traces might-have further reduced rgndgm variations, it would

have been prohibitively time-consuming. Thus, averages of 8

were used in the great majority of the records.that appear in
- |

this study. )

‘§ub§rgc§ion

Subtraction techniques were ubéd extensively in the

A}

present work to isolate neural responses. In some instances,
(see Figure 2), the response and artifact are largely
separaée. In others, perhapssdue to the combined filtering

properties of the recording apparatus and the bra%n itself,

-

the artifact is extended in time and may overlap the,

2

response. b

To remové artifacts from agﬁraged‘single-pulse records,
subtraction techniques were apﬁlied. The single pulse

subtraction techqidue . involves subtraction of a record

”

containing only artifact from a recdord that inéludés'hrtif&ct

and response. To obtain a record that contains only

»

artifact; a paired pulse trace is recorded using a CT

»

o ' 40
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interval sufficiently short so that np'response to the second

L

pulse occur:~(1.e. so that the second pul;e ,rriQol during
the absolute refractory period of the'neurphn activated 5y

the\C~pulse)—and’§ufffc1ént1y loqg 80 that latent additdion is

N,

‘minimized. Thus, little or no T pulsg\fesponse‘lhoufh‘gelult{
If a record produced by a single (C) pulse is subtracted from

Fhislpaired record, a record containing little apart from the

d T pulse artifact should be obtained. If this T pulse artifact

record is subtracted from a_ record containing ‘T, pulse.

artifact and response to p;oduce a record of the isolated T

¢ pulse response.

Figu}e 6 illustrates °‘the single pulse subtraction

technique. Tpe three traces required for subtraction-based

>

arti;act .removal, are : 1) a paired record with a- (CT

o interval of 016 msec (qpper'righ?).. 2) a ‘6n1y record’

\2

’

‘(second from the'to?. right- side) telpofally aligned with the
. . - v *

c ﬁu}se "of the ‘paired record and 3) a T only record

synchronized with the second pulse of the paired recogd

. '(upper‘ left)." Tb remove the artifact from the single (T)
p&fse recor%, the C pulse rqcor& is lubtracte; fr;- the
paired record. Since the CT interval is sufficiently ﬁhqrt to
precin@. any significant, responding to ghé second Bf the
paired stimuli but not hhorq enough go ptoduce. much latépt
additio;. this first subtraction producés a differénégxrecgrd

(third trace, right side) consisting of little .other than an

‘isolated T pulse artifact. Subtracting this difference

- ®
e

.
. . . N
A\ ) ' i
. , .
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Figure. 61 . AN ILLUSTRATION OF METHODS TO \IS(&LATE NEURAL

‘ .« , RESPONSES TO SINGLE STIMULI| .|

Traceg . labelled "Tﬁ’agf averaged responses| to test pulses,
. . M N » ', ) ' .

"the | one 1labelled "C" is an averaged response to a

i
. * a

conditioning pulse, ' the one laBélied@"P" is an é&eraged e .

response to paired (C and T) pulse.stimuli| . and _the trace
h » . - 7

‘labelled "ch“ is the result'oflsubtractiJn of the trace

§
’ 1 n

labelled ,"Ch'ffpm the one labelled "P". ?he\trécqs, without

labels : arey the. algebraic .difference of ﬁhe two traces,
’ . . N \‘ Co

-

immediately éque then. All-trace d?ratfons‘ayt 5 msec.
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. includes artlfact and neural response, ‘removes much of the
By, . . [
I L S

1 \ -
t a

' single.puls; stimulation (1§ ttom-most trace).; Examination of

LN < v .

//phis final record in Figufe 6 indicaées tﬁst the isolated CAP

. ’ ' , ) A .
is ‘triphasic in {erm and that a small artlfact remnant ,<

' ytempora"lly synchronised~ thh tKe artxfact'ln . the’ | isolated

. arEifact record that appears dlrectly above3 -pefsists,éfter
; ' ‘ ¢ ) 'w. N . ‘, ) “§
, suptraction. } . L RPN <.
' Figure 7 illustrates the same singlespulse subtraction

Y

. o . - s rd . ‘
technique and the analagous traces appear,in the dame - order

. ‘ . - :
on both figyres. Observe that the final post-subtraction

- ’ " record (bottom-most \trace) in Figﬁré 7 appears to contain

little other: than artifact remna@%, ‘&espite the apparent

+

o A

response -like form conta1ned in the wunsubtracted,” T eonly

record. Unaided v1suql exam1nat;on of the single (T) pdlée.

- : N

record« in figure ? may have been pisleadipg? and, . without

! o subiraéflsn, it would hatve beén exceedingly difficqlpL to

g N o . . ’ )
—N o ~ determine whether the record contained a response. - This
might have resqlied in erroneous concluéions ' regard1ng

response 'size ‘and morphology. ‘Thus suBtraftion, may be

. O .

fruitfully applied fo single pulse data to aid in response
» v " N . . " - . ‘. "r
B \ isolation and, °perhaps in some casesg[tq\indicate instances

-

Co . . - 4 ‘ N
., ‘where apparent responseé consist\lar ely of artifact. The

. response isolation capabllitles of this me%hod are {?parent

©

upon ,compar1son of the pre- and post- sphﬁract1on infensity
ot > N o (,_.,f , ¢ ’ -

| (labelled P- C) from the T pulse ‘record; 'a- record which™;

_s artifact' and reveals a nearly. artifact—frée"fespopse‘*to )

P.“
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§aﬁe.ﬁay as ‘in Figure 6. That is
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. subtraction records but the response is certainly far more

- L)

\ . .

Beries that appear in Figure 8. The), first feature of each
member * of the unsubtracted series in the left'coiump is a .

stimulus , cartifact. This iqitidl» évent overlaps the

-

beginning' of the first phase of the CAP. Examination of the

, pést-subtréction records in the \coluﬁn on the right
.reveals that, at least between 1600 and 630 uA, a triphasic

.set of features is.present. Additional experiments support;
. £

'the hypothesis 'that this set of features is ap.'aXOnal

CAP.,A relatively small artifact remnant is. seen in the post-

-
'isolated than in the pre~subtraétion _series.

Howe&er, it :should be recalled that a key aséumptiom

"uﬁderlying this procedure is that there is no response to the

second of a. pair of pufses with a CT interval of 0.4 msec,due *

to absolute refractoriness. If, in Yéct, there is some slight

‘recovery or some latent addit{on at this CT interval, the

resultant small »respthes would be subtracted from single

pulse records duriﬁg the -response isolation process. This

"would serve to reduée the apparent size of the final post-

s@btraction' iég%rd but could not result in augmentation - of
, ‘ q :
response feature. That is, this method could ony bias the
M ¢

results’ against - the experimenter; 1i.e., towards , response

o amben

reduction.
Subtraction methods are perhaps even more wuseful ’‘in

isolating - responses aug to the second stimulus in. records

V,G
)
P ——

»
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Traces

single
right'

neural

ey

8: A. CéMPARISON OF RESPONSES TO STIMULI OF VARIOUS
INTENSITIES BEFORE AND AFTER SUBTRACTIQN

on the left are unsubtgacted averages of responses to

v

-bulse‘stimuli of decreasing intensithET those on the

"are the. same’ traces after -éubttaction methods (?r'

response 1solat10n had. been applled Numerals refer to

stimulat1on currents (uamp) The asterisk 1ndlcates the

current at wglch psychophy31cal studies had been carried out

)

’

at this stimulation site. Traces are 5 msec in duration.

. 2
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A s .

produced using pulse pairs. IQ these traces, lnot onlx might

' artif%gts and responses overlap, but responses to the pulse

may overlap with T pulse responses, especially if the
duration of the C pulse response exceeds the CT interval.

To aéply the subtraction procedures to the paired pulse
'rq?ords, four traces are needed. As may be seen in Figure 9,
these include 1: a paired recotd at the CT interval at which
one wishes to isolate the T pulse respohse, 2: a single pulse
recard synchronised iﬁ-timq with the C pulse in record 1, a
paired record with a CT intervﬁl of 0;4lmsec whose f'pulse is
temporally aligned‘ with the T pulse in record 1- and 4: a
gingle puise record tempora%ly aligned with the C pplse in
record 3. Subtraction of record 2 from record 1 should

¢

result in a record devoid of response and artifact resulting

from the C pulse, leaving the.T pulse artifact and any neural’

response due to the T puise (third from top, left side).

“gubtraction of 4 from 3 should, as in the single pulse
R

. subtraction ;et;ods, result in a difference record consisting

of little other that the artifact attributable to the T pulse

(third from top, right side). Subtraction of this différenee

from the difference of-traces 2 and 1 (third fromu top, left
\side) should reveai\any response due.to theDT pulse stimulug
'in trace 1'virtually devoid of stimulus artifacts and C pulse
responses (bottom-most trace). In fact, the relatively small

response to the 8econd pluse of the—pair of stimulation

pulses applied in the'prpductioh of 1 is.well isoldted from

50 .

°
-



X

<

Figure ‘9: AN ILLUSTRATION OF METHODS USED TO ISOLATE THE

SECOND NEURAL RESPONSE TO PAIRED STIMULI" -

""p" and "C" refer to responses to paired ‘and conditioning

pulse stimuli respectively. .Unlabelled traces are the

)

differences .of . the two traces immediately above them and are

each identical to one of two traces labelled "P-C" as

k]

indicated on the figure. The vélues in the brackets refer to
' \ . N . . o -, I4
CT, intervals used in the Raired records from which the

difference traces adjacent to thége values were derived.

<

Y
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both artifacts and from the response to the C pulse in this

final record. There ie a yvery small artifact reﬁnhqﬁ.

exhibiting the same latency as the positive peak in the

isolated artifact record that appears above this'final'trace,

preceding the response. {

Subtraction ‘of. an appropriately eynchronizea
"artifact’ only" recoro ,from‘ each of'a series - d%\ paired
“records covering a raﬁge of‘CT intervals that héve _been
scripped of the contr%butiéns of the C puise ,arfifoct ‘and
,reeoonee by sobtracﬁion,, should provide a picture"of the
isolefed CAP 'responses to the T pulse and may be used to
record the recovery from refractorlness in CAP s. Figure‘ 10
is such a post-subtractlon RP sef!és.. Comparison of- this
figore with ?iéure”l, whichFinclndés pre—subtraction paired

pulse data useéd to prepare some of the records in Figure 10,

rillustrates the ihprovemenifin response‘ieolation‘ghat may be
thieved using the paireo—pulde dubtraétion‘process.

Desbite 1ts ab111ty to isolate the T ‘pulse response in
eingle and paireg pulse records and thus pﬁ&ylde improved
responseqvisualisation, some imperfection; in the subtraction
‘methods have;been noted. In Figure 10 and others} a smal;
artifact remnant precédes the‘ Ibolated ”response. The
'subtractlon proCedures are based upon, the assumption that the.
T pulse artifact produced at a CT of 0.4 msec .is identical tp
the T pulse artifact produced at other GT 1nterve1e ;s “well
\'1"

53
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Pigure 10: AN ILLUSTRATION OF THE RESULTS OF METHODS TO
-ISOLATE RESPONSES TO THE SECOND OF A PAIR OF PULSES

A »

The numerals to the left of traces refer to CT intervals:

(msec)  used -n.the paiteh recards from which these }bst-

"w" refers to a time window

subtraction records were derived.

whose width is kept constant for a given set of traces ‘and

is the region over which response area i; calculated. Férl a

+

the SC and CT intervals ;nd a constant. Traces are of 5 msec

1

durhtioh.

!

Ve

3iven:trace the window‘ beéins at a boint that ig the sum.of
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. a8 in single\puise records. If this assumption were tpue, no

Y

'artffact. remnant would be 'produced. Violation of this

. ~

...

assumption may result from post-stimulation alterations at

~the - brain/eiectrbde interface (ahd/or in the recording

compbnents that are time-dependant. Perhaps some. time is

)

required for the brain/electrode and/or recording sysfems‘ to

1}

return to their p;e-stimulationfstate. If so; T pulse

‘ Zrtifactq produced at. different CT intervals might differ

and the subfraction of T pulse.értifacts produced—using a CT

<

of 0.4 msec from thoge produced at différent CT’s ma& vield

artifact remnants whose sﬁape and size vary with CT interval.
. " hd f , . -

~This problem cannot simply be attributed to the presence of
a small neural response to. the T“pulse at a CT of 0.4 msec

since this would merely reduce the size of T pulse responses

3

at all CT intervals by a constant :amount and no- feature,

either artifact&al or neural responsze,-would be affected in a

. - , )
way related toyiT interval. Such artifact remnant changes.
) i et

N

with changes in C interal are frequently obsq;ved in posf-

subtraction records however, even when they are of
[ -

considerable amplitude, they rarely cbscure neural responses

¥

(e.g. see figure 19).
‘Calculation of
4

Since ‘the- gize

ta . ¢

Area c,

)

e neural respoﬁséé changes as a
function of current (see Figure 8) and CT interval‘;(Figure
10), 5} method was requjired to qgaﬂtify CAP amplitude. - A

response &area measure was used toward this end. Since . the

2

. [



d' ' . . [
- . ~
. . . .

digital records con:is;ld.ot samples taken every gé usec,

4
-

response area leaaqre; consisted of the llgehrals $ull of the
- ] o R .

absolute ' values of deviations from the mean ~33;ué in  an

-
[ v

.o . . . .t
efperilenter selected, 'pogt’T pulse time yindow. All_ nuch:

calculations: were ~done  on ,the final ‘results of the

1S )

.subtragtion broéedures. Méan deviqflonl_were used \bgcauue

. unlike ‘ghe simple sums of absolute ,values they are not
Affected b& possible basefin; changes acrass records. Tﬂé

! ,
/ [a)

width of the window was held constant within each single ' or
paired pulse series..
i ‘ ° ’e

An area-based measure was chosen as opposed to the

h J “" ¢

perhaps_ ﬁofe standard peak _}eaéurenent approach . since ~in
relation teh unit respgnseh; .CAP's can be norphoroiicaily
complicated. Tﬁis complexity , may be due to .the fact that )

CAP's geileét the ‘activiti€s of multiple and probably

-

. .
heterogeneous subpopulations of neurons. During electrical

stimulation used to elicit CAP's, neurons -near the'tip of the

-

stimulation ‘electrode are subjectéd to higher currents _than ' |
‘ -
those wmore rdistant.,-Thus; neurons more proximal to the
: , .

\

stimulation electrode are likely earlier in éhelé ;relAiive

refractory periods than more distal neu;bns. This would cause
' . B . _ Ne _, " @
. the peaks of action potentials to arrive at, the recording

°

'site at different ti-és:and the peak of  the CAP wqgig fiot
fully reflect the summmed amplitude of the peaks ‘of the

neural firings that comprige it. Thetefpre,'a'peasuge of CAP

,;ize based "upon peik height would be wisleading. It may also .

\, : : ' .
L | 37 "
t - .
|
|
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be ihas, due to multiple subpopulation, multiple peaks- would

»

»

be evident in CAP records:

~7.An area measure is not dependant on CAP ‘he}ght\:fo} :

response quantification. Mn area measure _circunvents

diffi?ultieh in deciding which (and perhaps how many) peaks'
= p

should be shbject to. measurement within a given set of»traces‘

and° how one  is to naintaiﬁ comparability %cross sets whose-

- -

response conponents nay vary larkedly due to differences in.

ﬁhe relative orientatlons of stlmulated flbres and recordigg

electrodes and Wifferences in the relative contrib9t1ons of )

axonal subppphlations with d{fferent action potent1al

-
v o

durations. Furthermore, area measures are equally capable of’

o . . N ‘
qugntifying peak height as peak measures afd, wunlike Ypeak
height calcufamiens. can quantify changes in CAP duta;idn.

Figure :11 is a curve of area units vs CT ‘interval
‘ ‘ 4 e I )
derived - from Figure 10 and employing the time /hindow

displayed in the latter (indicated on ' the lowenjriapt tnace~

N

by "w"). Upon examination of these figures, it' would lappear

that the area measure tracks the apparent chiange in _régponse
F ) L .

size wvwith CT interval. Nevertheless, the measure has ivs

flaws. As 'sugsented‘%bove, CAP's are likely the result of
firings in- -nltiple neural subpopulations which nay dxffer in

RP“ These subpopulations may recover fr05 refractoriness over
»
difterent time ranges. Since -conduction velocxty _varies

-

during the relative refractory period (Koscis et al., 1979),

» ! . )
a changing pattern of overlap.between the recorded .responses:

<A
%

s
= -

( 58 . B
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v g o T

Figure 11 VARIATION OF THE AREA OF THE ISOLATED RESPONSE TO

THE SECOND OF A PAIR OF PULSES AREA WITH CT INTERVAL

E4

The data that comprises this figure were derived from the
, . s

post-subtraction records displayed dn figure 10. Th; window's

width and its starting point hre as describéd in the caption
" - N , '
for .that figure. Units for the x-axis are in msec, and units

"for the y-axis are percentages of the maximum area response.

, - . ‘ ‘ .
As ‘indicated in the figure title, these data are derived from

d

Na
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that contribute’ to a CAP could fe§ult as CT interval 1is

varied. ‘The overlap of peaks and troughs could cause mutual

cancellation ' when tﬁe‘ peak :of one subpopulation is
superimposed upon the trough of another and a re&hcedr area

] . . . -
measure would result. Alterations in the pattern of overlap

wquld occur as CT interval was changed thus changing fhé

effects of eveflap on, ﬁeak amplitudes and CAP response

-

durations. Therefore,some inapcﬁfacigs in measurement of true
CAP size using response area are iikely, particularly when a
fixéa duration area wihdow is used. Note that tﬁis‘difficulty

L

is not circuﬁvehted using peak méasures;

Thﬁs this area megsure, though imperfecé, . is seen as._
preferhble over peak'meaSurepent. for qu;ntiffgation'of CAP
size since it ‘is better sditeg to’dealibg with the ofﬁen
complicate& multiphasic morphoiogy of  CAP records and

.because of its increased sensitivity to changes in response

area which are not réflecteq in peak amplitude.

L}
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© CONPARISON' OF  PSYCHOPHYSICALLY-DERIVER  AND
ELECTROPNYSIOLOGICALLY-DERIVED MEASURES OF RECOVERY EROM
REFRACTORINESS . .
| Lumngnygzlgu

o

4

The main goal of thls project vas to use CAP recording
lét;ods to search for regions. thgough which HFB reward
neurons a;e likely to project. In such rexions,.CAP'ﬁ elicited by
;ewardina MfB ;ti-ulafion wéﬁld‘ be recorded 'ﬁqd . the
psychophyslcally;derived range of RP's of HFB\ revard neurons
:qoyld overlap with the RP's of‘the;neu;onc giving rise to the B
CAP'a. The.. larger the portion of the psychophysically-derived
ange of RP s that overlaps with Fhe electrophysiologically-
erived range, " the greater the likeliﬁood ﬁhat reward neurons
c ntribute.§o.the CAP's. o
'Ihg .congarison " of electrophysiolosically—'and
plychophysically-deriied : measures of RP's . is most
neaningfully Eaftied out yhen the same subject, stimulation
" electrode and stimulation field are used to collect both sets
. of data. In that instance, one knows that reward neurons are
fired Dby the stlnulation drivins the CAP's and that neurons
linkinl the recordins and sti-ulation sites are fired by the

R 4

'revardinz qtinulation.
.The : psychdphysicai evidence for collision between
.antidreiic and - orthodromic action potentials elicited by

revarding -tinulition of the’LH and VT implies that these two

62 . .o L
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sites. are directly linked by axons of reward neurons. In thd

pregent experiment, pfbjecfions of neurons that link" these’

‘two sites and extend %eyond the VT were exa-ingd by comparing
measures . of their_ RP's derived from CAP data to

‘psychophysically—dgriﬁed measures  of recovery from

reﬁractérinesc in MFB revard neurons activated by the same

N f . N
- electrodes-and stimulation f%elds that elicited the CAP's.

s

) | In the preceding section, methods for iso;atinz and
measuring CAP's élicifed by T pulses were described. These

methods * were applied in the present experiment to).deucrlbe

‘the RP's of the neurons responsible for the CAP's eliciteh by .

rewarding MFB stimulation. The measures of CAP magnitude werQ

then rescaldd‘ in a manher analagous to the scaling of the

-psychophysical datg. : A ' ¢ e -

RSYCHOPHYSICAL METHODS 2

Screening .

1) Apparatus ,
The screening chamber wa;'h wooden enclosure with ;’ 25
X 25 cam ;rid floor. The walls were 70 c; high and the front
wall was clear 'Plexiglas. A Lehigh Valiey - radent lever

protruded from the center of the right wall 6 cm above: the

floor. A cable attached to the subjec¥'s electrode connector -

‘was routed to the stimulator outputs via a seven <channel,
. : : 3 :

slip ring commutator (-odgl'CAX-GSZ, Airflyte Electronics)

“Eixed to the center of the ceiling.

Stimulus parameters were deter‘;ngd b§ iufe(rdtéd circuit

r
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pulse generators and dual channel constan® - current
amplifiers (Huhdl, 1980). Hhen‘neithet channel was actfve.
their o;tputs were - shorted to ground through a 1 K?QI
resistor to reduce the buildup of charge at the

Ay '

brain/electrode interface. Sti-ului'current was monitored ;n
a. Telequipment (l;del D61f’ oscilioscopé by regdf;g' the
;otential drop acro;s ; precisionl1 Kohm resistor in. series
with the subject.
2) Screening ,and Shaping

Sursical_ me thods for i-glanting sti-ulation
electrodes ha;e 5een ‘fuliy described in thj

Experiments. After a post-surgical recovery period of at

least 24 hours, subjects were tested to acertain whether the"
implanted electrodes, aimed bilaterally at the LH Lebel of

the MFB, would support self-stimulation. Screening ' was

ca}ried 'oﬁi using 500 mséc trains of }ectangular, cathodal

. 100 usec constant current Pulses. Once a combination ' of

currfrent and frequency was.found that produced increasad

locomotion, snltfing and apparent searching for the source of

stimulation, subjects Ye}e shaped to approach and eventually
¢

press the lever that trilgere& the stimulation. Current and

frequency were optimized to yield vigorous self-stimulation

-1(88). (> 40 presses 'per minute) without severe motoric

- disruption. A series of pulse frequeqcies.descendinu in 0.1

log unit steps was applied until recpondihkuceased. This was

repeated until the rate of lever presoiﬁg varied in an

Technical -
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orderl; and',rel%able,manner withithe frequency; that ia,
until the frequency at whicﬁ h?lf-maximal rate of responding
ocurred varied-.by less than 0.2 1log10 units across §
congecutive seriss. -Subjects that failed to exhibit vigéroué

responding devoid of motoric disruption were eliminated from:

the study.

Automated Refractory Period Determination .

1) Apparatus : -

The operant chambers and electrode = to - stimulator
connections used for the psychophysical ocdeterminations of
. refractory péfiod closely resembled those used for screening

and shaping,with the following exceptions:

v i) tbe lever was offset from the center of the wall by

’
L4

6cm, .

ii) parallel 1.25 cm diameter Plexiglas rods separated
by 0.6 cm ;eplacéd‘the grid floor,

iii) a yellow,--1 cm diameter, hemispherical light was
placed aboﬁt 5 cm above the lever and

iv) all four walls were composed of Pléxiglas.

The entire chamber was enclosed in a wooden, sound

,

-

attenuation chamber lined with 1 inch thiég étyrofpam
insulation. The external enclosure included a 60 W ceiling'
light and a ventilation‘fan‘which }provided "a level of
background noise that served to!redﬁce'the likelihood of the

subjectsj distraction by extraneous noise. The enclosurés

were housed in a room separate from the experimenter; the

,
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- parameters were set by hand. In the automated apparatus,

b

® f
. ¢

<

subjects’' performance could be observed through a lf by 15 cm
Plexiglas window in the front of the sound attenuation
chamber by means of a video camera system.

2) Parametric control

in the screening pnd shaping apparatus, all stimulus

parameters were under microprocessor control. Temporal
barametefsu and electr;de selection were con}rolléd by
external logic and )9\dedicated microp?ocessor equipped with
a custon constructed interface. . éulse. amplitude was
determined by the output of a digitai“.to analog converter
;;H to.a voltage-cohg}élled coﬂstant—current‘amplifier. Pulse
and train duration, pulse polarity and output gating,
c{rcuitry were the same as fBr the gcreening sessioﬁs.
3) Stabilization ) |

The initial, stimulation parameters employed were
identical to those iq the shaping proced;re, with each trial
fasting 30 sec. The number of pulses required Zo produce
half-maximal * rate .of responding was repeatedly determingd as
folléwb: Theﬁinitiqlx maximum and minimum numﬁér of pulses
per train were preset by the experimenter. “1f the subject
did not press on the initial trial, the numbef of pulses was
kincreased by'0.3 logl0 units qntil responding was elicited or
until the prese£‘maximum value for the ﬁﬁﬁber of pulses waQ
reached. If the anigﬁl responded on the initial érial, the
number was sucessively increased by 0.1 logl0 uﬁita'uniil the

v
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preset maximum number was attained or until the rate of
responding faiied'to increase by'more'than 10% of the rate on
the previous trial.lThe number of pulseg was then returned to
0.1 10g10 units below the value used on the initial trial and
was sucessibely decreased in OllxlogIO unit steps until the
rate of responding falled to reach 10 per cent of max1mum on
two consecutive trials or until the preset lower llmit was

reached.

e ey

- Daily stablllzatllon se531ons cons1sted “of | twenty such '
series of trials'. The refractory perlod'determlnations were )
}egun after the range of the numbers of‘pdlses required for
'half—maximél rates of responding, referred to hereafter as
the "required nﬁmbeé",/’was‘ less than 0.1 logl10 units across
;h entire stabilization sessioh . Subjects that performed in
a particularly ‘vigorous and reliable manner during screening
and shaping and reached the stability criterion for sceeeﬁing
and shaping within the first 10 repetitions of the descending
fréquency series did nét undergo . stabilization but
proceeded directly to-refrac;ory period determination.
4) Refrégtory period determination ’ |

'Each session began with at ‘least four determinations of
the required ‘number ef siﬁgle pulses. These were followed by
determinations of the requireé number of pulse pairs with CT
intervals ranging between 0.15 and 5.0 msec. X single pulse
_evaluation was carried out affer ev;ry fiftﬂ CT interval an&
after the last paired pulse condition. The sequence of CT

3
£
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;ntérval ﬁreseptation was pseudo-r;ndom. The élgofithm fbr
dekermining the required number of pq{se pairg was identical
to that used in stabilization except that thé starting~numbgr
for each deiermination was&automatically adjusted to prevent
, | excéssive numSérs of effective pulses'from,being delivered to
the subject. Refractory period aata wére consideféd Buitablen
’ for averaging only if the single pulse réquired nuﬁber range

within a session did\got exceed 0.1 10gl0 units. The required

number values for the rirst two single pulsé determinations

1

.were not incldaed in this range because these initial
determinations ,were regarded as a "warm-up" needed for
performance to Bqabiiize. At times, subjects were given two
séssions within‘a day with an inter-session rest period of at
least one half hour. ’ , :

The measure of recovery from refractoriness was based
upon s the change in, the required number as a function of{CT °

interval. The computer calculated an estimate of T pulse

‘effectiveness ui;tf:}he followiﬁ? formula

RN(SP)
E = ~-ee- -1
: RN(CT) ’
where E = effectiveness of the T pulse,

rgquired‘ number\ in the single pulse

e \

<
4
n
v
]

o * condition
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o
CT interval.’ , : ‘ - o

.and RN(CT) =~requ}red number of pulse pairs at a given.
At sufficiently short CT intervais, the T 6ulsg will be
ineffective because‘ the neurons stimulated by the C _pulse

will be in a state of absolute refractoriness. If go, the

required. number of pulse ‘pairs will be the same as the

-
N

required :number - of sinéle pulges and, according'po -the:
formq}a,‘ E 'equals zero.' "With a sufficiﬁntlf long CT

iﬁterval, they_T pulse becomes fﬁlly effe;tiQe in firing
neurons, and thus thgﬂggguired numbep.of‘pulse_paira is haif
the required number of single pulses. The fact that the T
pulses 'are now as effective as the C pulses is -reflected in
an E value‘of 1.I Between thege extremes there exists a range
of CT inte;vals o;er which the- T pulse becomes progressively

more éffeétive as the CT interval is increased and the

directly stimulated elements recover from refractorinessf

Scaling of RP ﬁaﬁa Derived from CAP Responses to taqiii;g;g

Comparison with Behaviourally-Derived RP Data 7,

A . previous section describeq’the area measure used to
quantify the growth of the‘CAP elicited by the second of a
. pair of pulses as CT interJal is incrg;sed. This growth is
attributed to recovery f from refractoriness, as is the
increase with CT interval of the T pulse effectivengss (E)
. statistic Iusgd to scale results of the psychoghygical

pulse pair test carried out with a single electrode. If

scaled in a ,way analagous to the E-value calculation for:

~

69 )
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psychophysical data, one could compare'tbe growth of a given
CAP to the increases in E as .a function of CT interval.

To carry out such comparisons,:G an area ratio measure

: : o
‘'was used to scale the . electrophysiological data.' The

‘"electrophysiological T Eulse effectiveness for. a given CT was

the T resbonse area at thaf CT divided by the maximum T

response area calculated across all CT interyals tested at a

particular recording site. Thus, for both data types the RP '

‘ﬂpnge could be defined as that range of tested CT intervals

. e . : e .
over which the E values went from minimum to maximum.:

The similarities between the two measures of T pulse

-effectivenegs‘ can be made more apparent by dealing with

a hypothetical neural populatiqn with'simplified properties.
If the behavioural weight of each reward neuron during
g?ycbophysical RP estimation is the same, then T pulse _
effectiveness at a given CT interval is equivalent to- the
number of neurons fired by the T pu}ge divided by the number
of neurons fired by thg C pulse. This relafionship is readiiy
derived from the beha;ioﬁral effectiveness formula given
above and the counter model of BSR (Edmonds, Stellar 'gnd
Gallistel, 1974).. The area ratio, the bhysiological measu?y
of T pulse effectiveness, is equivalent to the number of
neurons  fired by the.T pulse diQided Qy thg number fired by
the d“ pulse, provided that the fired élements in the’
recérding field are homogeneous and the contribution of each
of them fo‘CAP amplitude is the same. Although it is unlikely

1 . 70
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either population pocaobsej these properties, this example

illustrates the , relationship between the two measures.

Quantification of Bgiségsgnz Periods
1) Determining«~the Range ofKR?covery from Réfractbrihesa’

As ﬁreviously dea;ribed, E value vs CT intervai curves
can be derived from Soth phyaiological and behavioural data.
In order to- conpar; recovery from these two sources 'onq
requires a means of quang}fyina the points at which phi;'
recovery begins and ends. Examination of Figure 11; a curve
depicting the change in T pulse effectiveness as a function,

. Y]
of CT interval derived from CAP recording data, and PFigure

13, an E ‘bs CT curve based wupon psychophysical results,

indicates that the minimum E value need not.occur at the /

shortest CT tested, a finding consistent with evidence for
latent addition at very short CT intervals, a phenomenon
unrelated to the refractory period (Yeomans et.al., 1979).
After C pulse delivery, beyond the region fired by the
Pﬁlse the;e is a region in which(the etimulation pulse brlng;
neurons close to threshola‘without firing them. If the T
pulse arrives sufficiently soon after the C pulse, temporal
éu--ation of the rapidly deéaying depolarizations produped by
each of the two pulses may result in firings additional to
those produced by the C pulse: According to Yeomans et al.,

(1979) the contribution of local potential summation to E

3

values has declined to a low level before recovery from

nrefractoriness bésins"in MPB reward neufons. This phenblenqh.

A

71 S .
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EFFECTIVENESS AS A FUNCTION OF C-T INTERVAL BASED j.
UPON DATA RECORDED FROM A NIGRAL SITE

data ,are derlved fmom area, measurements\ performed on

Figure 13;
"1
These

CA% recor ings from the SN. "E" refers to the area of the

interval as a
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. Figure 13: EFFECTIVENESS AS A FUNCTION OF C-T INTERVAL.BASED
UPON PSYCHOPHYSICAL ‘'DATA © DERIVED - FROM AN °~ MFB
: - REWARD SITE N '

These data are derivg& from psychophysical measurements , of
the effectiveness of the second of pairs of rewarding-

stimulation pulses difected'at the MFB lgcus used to elicit

the CAP data upon which Figure 12 is based. "E" refers to T
pu}é% efféctiveness as described in the psychophysica;
' 3 . o : : L
methods section, "C-T" refers to C-T interval (msec) and
- erfof bars about data points indicate +/- 1 standard error
/.. T ~ , . ) '
of the mean ‘ . ,
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la} mask the '1n1tiai in?reaie ig effectiveness Qt the
beginning of recovery from_refractoriness. A prec{se end of
reéover& ;180 may not be aiparent.

A (practfcal ‘solqtton to the’ quantification of the
beginning and end of‘rqcbvefy-fron refractorinesﬁ that could
be applied to b;th.reco;ding and psychophysical results

involves the fit;ing‘of a three component line to E vs CT

" curves. from both sourchs. A decaying exponential is fit

R

pqgween an initial extrapolated Y - intercept (]1) and a CT ~

interval at which .an initial estimate of the ninilﬁ- E value
.occurs (X2). The time constant of' tﬁe expdnential is
. gesignated tpn, Fro-"fhis minimum a straight line of positive
slo;e is drawn to an initial point at which'recovery appears
co-plefe (A3, CT=X3) and a line of zero_slppe from this point
is exteﬁdeé to the laxi;ul CT value tested. ' Usiné a
combination "of in-house and commercial sbftwate’the valués

of A1, A3, X2, .X3 .and T are repeatedly subjected -to

simultaneous manipulation un%il the'regidual sums of squares

between the resultant line and the data are minimized. This

has btcvlded us with a relatively “hands—off". way of

. . ’ .
estimating the beginning and end of recovery, which
, .

correspond to the final values of X2 and X3 rgspgctiyelyﬂ

Although, ag 1ndic;ted above, a straight line connects X2 and

X3 on all B vs CT figures, -this should not be taken to 1-p1y‘

that there are any theoretiéal'srounds -for expectiﬁgj,the
“ \

s

L 2N
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recévery to: Sccqr linearly over time. A straight line ~was
éelecfed merely for convenihﬁce. '
2) Linear Tranéformation of Data After Determination of the
Range of Recovery from Refr;ctoriness

Figure 14 presents applications of the curve-fitting
prgcedure}desqribed above applied to both ‘psychophysical and .
eiectrophysiological data Qgrived from the same subject. It

may be seen that neither set of data includes an E value of

0. Nor does tbe E value of the behavioural data reach unity.

_Possible rpisdns the minimum E Vaiue for phyéiqlogical data

does not reach zero are : 1) the minimum physiologically

based E value is determined from area calculations and, due

to' random . noise, the area can never be zero and 2) at the

shorter CT intervals where the T pulse may unable to activate

«

neurons stimulated by the C pulse, local potential summation

max\gﬂ? to the E value. This second reason may also explain

why the E yalues calculafed from behavioural data afé never

‘0. The E value calculation for CAP data sets the naximum E

i . , . ‘
value to one; a value not reached by E values based on 'the

W ?
behavioural data for reasons that have not been established. .
‘ Since the two @ivergently'derived data sets do not span
the same range on the Y Axia, ‘visual_comparison gf their
ranges on the X axis (répresehted\by the line segments w;th
posi@ive slop;s) is made more aifficult.' Therefore, éhe

behaviourally- and electrophysiologically-based values on E

ve CT figures were scaled after the aﬁdiﬂion of the best fit

Y
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T ' Figure 14: COMBINED BEHAVIOURAL AND ELECTROPHYSIOLOGICAL DATA
) This figure is a combingtiofn of the curves that appear on the
~ ' ' previous two figures.  The psychophysical data are labelled
« "BEH" whgr'eas the electrophysiologic‘al‘ data are labelled
“"CAP", ‘
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line tp each data, type. This scaling was accomplished by

using the following-formula : \

Emax - Emin

where Es = the E value after scaling
'E = the E value before scaling
Emax = the maximum E value for a particular site

. and - Emin the minimum E valud for a particular site.

In ,effect, fhis,iinear transformation forces the ranges
of Y (or E) values for the best fit lines to be between 0 and
1 and thus visual comparisoﬁ of ‘the X values, that is, the CT .

,inte}val ranges, over which the E values rise from O to 1, is
facilitated ¢(see Figure 15).
HISTOLOGY .

After completion of_Egcording sessions, animals were
perfused intracardialiy with 100 ml of iéotonic’ sal?ne
followed by 3 gm potassium }qrrocyanide, 3 gZm potassium
ferricyanate and 0.5 gm trichloacetic acid dissolvggﬁin 10 %
formalin to make 100 ml~so%ution.' The formalin solution 'was e

& fresh;y prepa?ed\after each recording session and ser@ed to
form a blue preéipitate in reaction with iron ejectéd by
anoda# marking lesions made through all electrode tips at

the end of recording experiments. This made it easier to find

electrode tips in sections of brain tissue.
Immediately  -after perfﬁsion, subjects were decapitated

and the brains were removed and stored in 10 % formalin for

‘ LIS ’ ) . . T 1
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Figdre 15: BEST “FIT ‘LINES TO TRANSFORMED COMBINED DATA
B Figure 15 presents best fit lines for transformed vensions of -
tﬂg two curves pr'_é'sented in Figure. 14.
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at least one week. Frozen 20 or 40 micron sections were
- taken, mounted on.gelatin - coated glass slides and stained

using the formol - thionﬁn method. The stained, Permount
$
covered sections were microscopically examined to locate

stimulation and recording electrode tipg.
X* .

RESULTS AND DISCUSSION

Subjects
Twenty-two subjects provided electrophysiological data.

Six of these do not appear on summary tables and were

-3

excluded from statistical consideration due to : 1) lack of
histological verification of electrode éites and/or 2)
failure of circuitry - responsible for recording

synchronisation pulses thus precluding averaging and response
isolation. ’

The 16 remaining subjects 1nc1uaed three acute subjects
(A4, A6, and A9) from which psychophysical data were not
collected and.thirteen animals that provided both behavioural

and physiological Jinfofmatjon. The acute animals were

excluded from histological figures and summgry tables since

‘their stimulation sites were not shown to support SS data and"

L

therefore.could not provide behavioural data. However, these
[}

acute experiments aided in the dévgloﬁment and refinement of

methods applied to behévioﬁrally fested subjects.

Stimulation Sites k
Figure 16 provides a diagrammatic descriptlon of the

v

stimulation sftes for electrophysiological experiments. These

83
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Figure 16: LOCATIONS 'OF MFB REWARD SITES USED. 'TO PROVIDE
PSYCHOPHYSICA_L DATA AND ELICIT CAP."S
This figure is based upon trabings from the Paxinos and

Watson atlas (1982) and includes all psychophysically

- characterised MFB reward sites. Some of the indicated loci

n ¥

represent multiple placements that are too. close to each

‘other to resolve. Numerals refer to the distances of the

coronal sections from bregmh.
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- _ \ o _\%;,\ - S0 .
"sites " also prbvideq psybhophysfcally based estimates of

recovery . froQ refracteriness., These -.electrode 'loci are

v ~
- - . < }

concentrhted at the anterior posterxor plane' located 2 8 mh_
behind bregma in the Paxlnos and WatsOn (1982) atlas, with
'three sxtes located in the plane 3.3 mm. behfnd bregma. The
S -¢1ps of the st1mulat10n elecqrodee are ‘clustered in 7 the

périforn;cal MFB and ‘are confined to a fegion extending

between 8.3 and-9.6 mm below the skull surface, and- bet%éé:\\

1.2 and 1.9 lateral to the midline. )

Recording Sites . a : . ~—

-

-

Recordlqg_ targets were placed jn Sge of three

categories. A'recordfﬁécsite was clagsified'as "positive" if
) ~‘ a feature distinguishable “from ~“stimulus artifact and
- . \h' - -

background ﬁgﬁse and stabke in time ‘was’' visible during

stimulation at the stimulation 7curqent used for
behaviourally-based RP ;~estimatiowx A;' "negative"

\classification was given when tpésé ﬁeqpi}emenﬁs were not
~ s ) N ) ) -
*°  met. In cases whgre features were marginally distinct from

.Y

artifact and noise but met thenremgihing stated_ériteria for
; :
‘a "positive” classification, recording sites were -labelled .as
. ™~ ~ . , Y

N . R 0 . N
~\\\\ "marginal”. Figure 17 diagrammatically represents all
' & L . .

" recording sites. . ..
¢ . ~ .. .
- Recording electrode tracks were found over an anterior-

- S 1 ° . o . L ]

‘ posterior extent of 3.5 mm, from 4.8 to 8.3 mm behind bfqgma

0y »

-

(Paxinos and Watson, °1982).. Positive sites were not found
. - 2. t
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e Figure 17: LOCATIONS OF ELECTRODE PENETRATIONS AND RECORDING! =~ ° :
ST SITES - ' : _ -

" This figure is dlso baséd upon corgﬁq} section : tfaqings, S,

T ~ -

~_ from Paxinos and Watson (1982). Numerals again’ refér to

— \
oN

. X T digﬁapge (mm) caudal tb bregma. ‘The veriical 1%des répresent .

v

\electrodg tracks gep&yéted by apout,0.5 mm within goronal -\ o

R ‘ R T * ., . ’ T ~ 7
v _sections. ‘Within each electrode track, recording attempts LT
L4 R - ~ « . . r'T‘ﬂ,_ . » . . » T .
- N . " Y - s R .
. © . weére separated by about-0. { Sites marked .with a dash (-) - _
-~ m.‘q—, ~ < = - - r s s -
. are "negative" those ‘parked with- a closed circle are
. R ) i . ' , . ,
. - \\‘ . . . . . . . N . ) . . "
. '?positive" and those marked with opéen CIrC1es’i£S//"marglnalﬁ, . ,
i .. ~ 0\ s - .~‘ ) - . ' . .
! (see text)., :In some cases, ,Lthe vertical {ines- represént o
’ ;- multiple tracks (see Table 1). . .
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" beyond. 5.0' ms from the nidline‘and above 5.5 mam bele; the

skall.?'ubﬁever, the number of recprding sites aimed . beyond

©

" these regions were relatively few.
AN

E

Within this region, the great majority of positive‘

N

gites appear to be in close proxinity to (i.e. wjthin’O.S mm
.0f), if not confined by one of Fhe f9110w1ng areas : the VT,T
the medio-dorsal half of_the SN or the medio-ventral part »of
ehe ceﬁtral grey along .with the ’medial portion' of the
deeussatioq ef the superior cerebellar peduﬁéie (Paxinos and

Watson, 1982). There appears to be a single positive site

. § ¥ .
clearly distal to these regions; a deep mesencephalic locus
. § .

recorded .in subject F9. ' The distribution of negative 'sites

" about these regions 'supports ‘the sugaestion that a fairly -

[ 4
>

concentrated and distinct group of projections may be
activated by stinuiaglon of the MFB.

Copparisons Between Psychophysical and Physiological

! r

Refractory Bgzigg\ngsg

1) Comparative Indices

Two indices were calculated to compare the congruence

between psychoéhysically-based and physiologically-derived RP

ranges. The ranges themseIVes wefe arrived at by subtracting
the be(inning'of recovery from the end of _recovery “derived
fron the line fitt1n8 procedure described above. The overlap ,

1ndex« i8 the proportion of the behaviourally-based RP range

for a BSR site that falls within the tanse of the ,

r

" physiologically-derived RP estimate from a recording site

!

89
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-

I

activated by stimulation of - th;g‘ BSR ;lte. ~Th'e

-electrophysiological Purity index“ is the overiap rangq

~

divided by the entire physiolosical ranae (see Table 1),

. These indices did no;' difter across regions- as

indicated: in Table Q.. Across all sites for which these

e

figures could be calculated, the mean overlap 1ndex’qu 0,836

{+/- b.21$) and tﬁe mean .purity-index was 0.680 (+/- 0.262).

L4

In 13-of 23 cases the éange of physiologiééllyibaned RP data
excee&s the corresponaing RP ransé derived from _ béﬁavfoura}
data. ' . o R .

Ideally, the: overlap ratio rgflects the degree to which

ﬁhe spectrum of RP's qontribufihﬁ to the psychophysical data

-

is represented in the spectrui of RP's contributing to the

CAP data. if the ovexlap ratio is zero. then there is no~

-~ \ /
evidence that any/ﬁf the neurons contributxng to the CAP wvere
\

'~q-png the directly sti-ulated cells responsible ﬁqgﬂ_the

rewarding éffect. If this ratio is one, then the fibre types

respbnsible for ihe rewarding:effect are fully represented in

the population of fibres linking the 88 site and .the

recordips site.

%hether two .different groups of fibres with the same RP

spectra are responsible for the rewarding effect and for thc.

CAP's or whether the same fibres are responsible for both

set's of -data.

\

Ideally, - the pﬁrity ratio reflects that portion of the

RP Qtdhge, of a CAP that.ovetlapl with the behaviourally-

)] < - - .
’ . 90 ‘

However, one cahqot determnine from these data,

I



- incompatible with those of reward neurons.

derjved RP’'range attributed to the MFB reward-site stimulated
[ , s .

»

to ‘eliclt the CAP. This ratio °nay" serve to iqfofg_
electrophysiologists as -to the likelihood of gctiéatin;
neurons yith 3P's similar to those derived from ‘the
psychopgysica} Aata. ' Ifﬁfhis ratio is high fﬁr ; given MFB
rewardnijég and a cortéspondind CAP recording site.-'}heré ié‘
a ﬂkgh‘ likéthSOd that stimulation at }ﬁis recording gite

4

will activate neurons that, at the very least, project

through MFB regions.knbwn to contain reward neurons and that
have similar RP's to MFB reward neurons. o .-
of these’two ratios, the ovérlap ratio is more relevant

S
to futurespsychophysical experiments. This measure infogng

L]

the experiuentir where neurons that can be directly activated-

by rewarding JMFB stimulation and having RP spectra similar

‘to reward neurons may be found. For example, a CAP recording

indicating ‘the presence of neurons with the appropriate. RP
p .
characteristics would provide a good site to search, wusing

psychophysical collision techniques, for extensions of the

1

MFB ‘fewafd substrate despite the fact that a low purity

. o ‘
ratio suggests the presence of other fibres with properties

2) Examples of CAP- and Behavioural Data from ﬁ:g>jects
ﬁith~”B@§}tive Ventral Tegmental, Njgral and Central Grey
Recording Sites

-

Each . of the data sets in this subsection includes " a

91

____site _contributing, to a high overlap ratio—and —thus———



for the inltygl fxgure. In each data setb 'thg current hsed "

’ : ' ot \ .
figﬁ;e deplcting electrophyshplogically—derived RP ° data.

. - s
v

Isolated responses to the second members of pairs of pulsea/' -

with progress1vely longer CT'intervals are'presenteda Thia-lé T
- 4 /

‘followed, by a fxgure containihg behavioral RP data gathered

h )

'from the MFB -site used to e11C1t the CAP 8 prov1d1ng the déﬂ

to gather psychophy51callyrbased RP data was the same as the .,

current applled to the’ MFB reward sxte to e11c1t CAP s,

J o
“ . . .

. Two _add1t10nal flgures appear in each set. Oné is a

combined E vs CT/'figure containing two cupvés: 1)/ curve

~identical to ‘the behav1ourally deriVed % ,vs /CT curve

appearing in the preceding f;gure and 2) an E ¢s CT carve
obtained by berforming the previously déscribed area ratio

‘calculations ‘upon”the T pulse response at.each/ CT presented
» » : £ o T T

\ - _ . D ’
in the initial figure of the set.. The secoqd/combined figure - -

<

. Cy )
. portions. of best fit lines span an E/value range from 0 to:.

contains the same data as the first'combineé‘figure but the
best f1b line for each E vs CT curve fa 1ncluded and the

linear transformat1on has been pj;formed/on both the data
sets and  the best fit l1nes so that /the positive - slope B -

. . , S
‘ . / ——

10 / ’ T

I ’ /

I

a) VT Recordlng Slte , ,

4

Figure 18 deplcts CAY’ respohses recorded at the'VT and ° .

elicited by rewarding qtlmulptlon of" the MFB. The -

2
7

interval at which each' record was produced appears to its
' 1Y / - -

, / > ' ! |
- . . /
left.. No response is apparent pefore.O.GQ msec and the CAP
. / Y. , ' N~
. . '/ . .

/
92
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Figure .18: CAP REFRACTORY PERIOD SERIES RECORDED 'FROM ,'A
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interpulse':(CT) interval appears. to the left of traces. The

:kwindow. region used for area measurement appears on thél

bottom-most trace dﬁ'tﬁe,right¢’ R . o '
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-

. ' ) . &
. . : Cn / ) .
reaches maximum size by around 2.0 msec. Figure 19 presents
\ .

the’ psychophyafﬁally-derived E vs CT datg from' the MFB sipe

¢

a

used to elicit the VT CAP responses. = There ;s some evidence

P

for latent addition at the earliest CT intervals tested . but

recovery from refractoriness does not qppe&r to begin jbefore

.0.7 msec and is apparently complete by around 1.8 msec. The

first- combined data figure of this. set (Figﬁre'éo) seems to

indicate fairly gogd ’overlap_’ggtween the recovery from

/

.

refracfpriqgss portiong)(regions of positive sloﬁe) for the

two curves. From thé final figupe of this set (Figure 21),

the .CT ranges over which the linearlyitransformea bést fit

’
0

lines exhibit rpesitive slopes are perhaps more divergeﬁt.that

one might expect from the preceding figure; i.e., 0:.42. to

o

1.51 and 0.41 to 1.05 for the behaviourally- and

L

electrophysiologically-based ranges respectively; In-,

addition, both ranges.begin and end earlier than' one might
have expected from visual éxamination of the next-to-last

figure of this series, For these data the ovérlap ratio‘ is

0.578 and the purity index is 0.984.-

o

b) SN Recording Site , -

Fiéure 22 illustrates ‘CAP responses to MFB.étimulation;

reésponses recorded from an SN locus. The CT intepvals range

from 0.15 to 2.4 msec and a portion of tﬁe artifact remains

despite subtraction at virtually all CT intervals and may be

‘observed in islolation at 0,60 msec. At the shartest CT

,

I ' A
! \

-

14



"As in Figure 13, these data depict the effeciveness of the '

',q;t@' was used to elicip thé tAP?B disblayed i:‘ghe' prevgdué‘

Figure 19: EFFECTIVENESS AS A FUNCTION OF CT INTERVAL FOR AN

* MFB REWARD SITE USED TO ELICIT CAP'S FROM A VT LOCUS

’ # - . .
second of a pair of quarding pulses directed at th MFB. This
. , .

?iéuxe. The Y axis: represents T pulse effectiveness (E) and

fhé X axis repﬂesehts C-T interval (msec). *ﬂars about points
3 ' T ; .
represent +/- 1 standard error of the mean.’ -
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. ,///;;;;;e 20:, COMBINED' BEHAVIOURAL AND ELECTROPHYSIOLOGICAL DATA -’

This figure cbhﬁinesfthe curve that appears upon the ﬁrgvlaus

figure \with a curve based upon area measures performgat-upon

”

the CAP data in figure 18. "BER" and "CAP" réfer , to

) psychobhysically— and electrophysiologtcaily—bésed cthea

* 1' “ » M
s . W
respectively., . .
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‘Figure 21: BEST FIT LINES T
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" This figdre presents the best fit lines

versioqs of the tw0‘cgried‘in-figure 20. -
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Figure 22: CAP REFRACTORY PERIOD &ERIES
‘ . A LOCUS . .
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'‘RECORDED FROM NIGRAL

These traces _are averaged, ‘isoiqted CAP résponses _to -the

5

. second of a pair of reyaraing pulses.
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appears to‘the“léfthﬂ-traceq and
area- peasurémeﬁt appears on the
right. *i o *
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ihtervals, a résponse is observed and may be due to. latent

addition. Recover& from refractoriness-does.ndﬁ seem to begin‘

uhtil the 'CT interval exceeds aboﬁtJ0.7 msec and appears

1 B l‘ = - .
’nearly complete by 2.0 msec. The behaviou;ally=based E vs CT

figure for this set (see Figuée 13) indicates little or no

oy

lategt addition, and reward neurons zgat begin to recover
ftom refractoriness at about I.B msec and complete their
recovéry at ‘around 2.0 mseg. The untransformed combined data .
_ figure for thig seé (Figure- 14) see%s to indicate that the
CAé rechery from RP range'includes;vi;tgally the . entiré
range of the corresponding psych;physicalxy defived‘RP data.'
In addit}on, the CAP RP rgnge appears foﬂextend wellt Be}ond
its péychophysicai counterpart. The transformed version,;éf
thigs codhbined figuré‘shows that tf& best fitllinés to the
dqﬁa confirmithis impression (Fiéure 15). For these data tﬁe.

overlap ratio is 1.00 and the purity index, 0.36.

c) CG Reéording Site

.
1

In general, more random noise was seen on CG recording

that on records from other regions, since the responses vere

gepérally of lower amplitude and higher ' amplification

+

settings were requiréd.//ln the QAP_BP récord presented 1in

Figure 23, the maximum resbonse amplitude was around 25 uV as

compared to . between 100 and 200 uV for the CAP ,/records
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"Fiéure 23: ’-CAP RBFR.ACTORY PERIOD SERIES@REGORDED FROM A

- & ' CENTRAL GREY LOCUS - I
These traces g}re dbefagedqisolated}CAP’s rezofded' in - the
central grey regi‘on" in response to rewarding MFB stimulatlon. : ' .-

. The CcT- interVals are represented by the nume\xzals to the “left "7 T

of traces and the _wlndow reg1on used for a.rea measurements Vo

9.

! appears on the bottom-most- right trace: Tra'ces are.5 msec in

4 1
i . )’ LA ! P
duration., ‘i : . ~ oo .
N r Oy t - N * - .
.
N o : 0
- . R . > . -
t i -
Y ' . - -
o N ‘. By
L -
LSS A
s \ .
N '
’ . N . -~
-
- N . . J
A Al o
. '
» 3 - t
' . \
- - - 4
¢ , ‘
. . . .
. -
.
] v - .
: , } . 5 . - . . . ,
' . ’ b
4
| . i . + * . .
o " - . -
” Ay -
«
. - ¢ . T
.o
‘ * "
. ~ *
- N =
. " Q - . .
- o 1 " N -
-
s 1 .
I
’\‘ .
[
.
. . ! [
i
~ d“ - -
—— —— » . -,
-\ . ’ v =
- ' - S “
‘ > - ‘
N -
. - . - -
A} * - !
. hd A * . Y Y
-
LA - -
14 . * - N °
e .
%
' .
.
s [ &\ ,
- “- .
i . . /. P
-~ s, . »
* e . < 4 ‘
- . Ty v
] - B * , # . / @
B N f . ” ‘ o ’
& ,
o
B , . "* ' » . ’ -
' . ‘ . N . \ aq‘///
.
. . .
. < ! '
- ~ » \" . I
. P 3 ’
e 4
- . ‘“ 1] B -
- »
”\) ! ’ . . ' 7o
‘ ' Ry “ ’
L -
’ vt . . - A \ B . ok . . . - . - ‘
. » he . Es . ’ .- “
_ . . ’ . ' A 105 v ro
P . . G . . . - o . ’ LN . o .o ' e e
. . » M to . B g
. .o - - [N ‘. . . . . .t 4 . - - i -
, N . ' b PR ’ R A e .
¥ * + ‘» - v N ]







Y’

.
-

of reward . neurons ‘in tne"CG. Examinatibn¥ oi’.~ the

postsubtraction a@ereg;d CAP reeordings @aken at'this‘CG site

suggests an RP;range beginning nt.abeut 0.80 mseé'and ending
around'l 40 msec. This agrees well with the RP range for the T
pBYCHOphys1cal data as suggested by the E vs CT curve for the

) » g’ ./,

MFB reward site (Figure 24) whose splmulatlon elicted: the v
CAP's from the CG. Thé untransformed combgned figure (Figure .
'26) supports this impression of similar RP ranges. The final

figure of this‘seriesv(Figure 26) demonstrates the potentéal

. " . e
'utility of the line fit and li nsformations of these '

‘ 4 -
data ' as visual aids in confirmi his imﬁression
congruence between E vs CT cu the two data~types.
& > . Con .

For this data set, the ovérlap index was 0.91 and the .

' L . . . R \
purity was calculated as 1.00.  If the relatively small CAP

[ .
amplitnde noted for.this site does indeed indi%ate that few

. 8 * - .
fibres connect this portion 9f the CG and the MFB reward.site

used to drive these CAP's, . the high 6verlap snggests that

‘tnese few fibres are, nevertheless, eibellent candidates ter

“r

psychophy81ca1 tests aimed at increasing the known extent of
A

reward axons passing through the MFB. The maximal purity
flgure iﬁaicates that st1mulat10n at this CG'sltexwould drive

neurons that 1) pass through an MFB reward site and.K 2) these
¢ :
driven neurons ‘are likely to include proportlonabely few

'elements whose RP ranges exceed the behaviourally derlved RP r

- ]

range f?r the MFB reward ,8ite. . s

- ~-

\ ’ ‘ T .
. ' . - \

- f . v
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: Figdr‘e 24: EFFECTIVENESWELFUNCTION OF c'r INTERVAL FOR AN
MFB REWARD SITE USED TO- CIT CAPBS FR@M—A CG LOCUS

¥ -

This f;gure depicts the the effectiveness of the' second

'demberé of reWarding‘pulse'pairs directed at’the“ MFB. This

[

' site was used to eli%at the CAP's that appear in the previous .
figure.' T pulse effectiveness and CT 1nterval, (msec) are .
) N e T : S \
referred to as "E" and "C-T" .respectively. . . e
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Figure 25: COMBINED BEHAVIOURAL AND ELECTROPHYSIOLOGICAL DATA
A comb1nat1on of the curve from f1édre 24 and a curve based
[ . .
upon area\%easuements of tﬁ% CAP 8 that appear in figure 23
! ‘ "%:,‘, N R B

"E" réfefrs to T.pulse effectiveness ang

comprise this figurg.

"C-T" refers to CT interval (msec).
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. Figure 26: BEST FIT LINES\TO TRANSFORMED COMBINED DATA .

N

This figure fresents the Begt fit lines to the transformed

versions of the two curves in Figure 25., - ° C :
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- ' GENERAL DISCUSSION ’

Apart from providing evidence for the compound . axonal

a AN

-, hature  of  the neural events that contibuted to ‘the
electrophysiologiceal data presented here, the technical
experiments were intended- to illustrate a method for’

isolation of CAP resbohses to single pulses and to the ‘second
of a pair of pulses. Once isolated, -these could be quantified

permitting - comparisons to be made between

electrophysiologically-based and behaviourally-based RP
, . = . ,

estimates. This chapter includes an evaluation of

-

the CAP responsey'Iéolation and quantificatidn mg&hods and

the techniques for - comparing pPsychophysical and

electrophysiglogical results. The empirical’ findings~are
- T ' N :

considered next. A ' consideratio of possible future

directions for 'studies aimed at enlarging the knowg extent of

the: neural &lements responsible'fofK\parrying the reward

signal .during SS of the MFB completes this work.

]

Technical Experiments o N

-

1) Response Isolation - '

The . subtraction. techniques _appeared gucpeéqful in

isolating- reépoqpes from: artifacts ~in .single pulée

experiments (i.e. CAP experiments in ﬁhich either the current.

or frequency o} singlé pulses was “Paried), and in isolating

T pulse responses from artifacts and C ‘pulse fespbnsesj

in, paired. pulse experihenté., In virtuLlly-ail cases, the’

- ~

reéponée'of interest was made more distinct from thE/artifact‘
. A} . ‘ .

e -
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sinte, if not removed entirely, jthe artifact underwent

- -~ 4

codsiderablé-aétenuation. These subtraction techniques were

’

' "

Y H | . .
particﬁlarly. useful in iselating T pulse responses in paired

records where there. was.an overlap between componénts of the

Il

artifacts, the C pulse response and the T pulée response. As
has_been dembnsﬁpated in the Technical Experiments, it would
_have been exceedingly. difficult to' discern "the T pulse

—reéponse_and to estimate RP's without subtraction.

. B Y e G -
PR Hoaever, an artifact remnant ofter remains, after
- . . .
subtraction, ih_f{pal traceg. This remnant may bg due to

non-linear changes at the b;ain/qfectrode interface and/or in
f . - s ]

the recording circui} components.. JIn other wordg, the

brain/récording circuit system does not immediately return to-

its prestimulation ., condition fdllowing delivery of Fhe C

'pJ;;;—M;n&- thérefore'thefe'iq a difference in_the C and T
puiée Artifgcts'ﬁhat results in”the‘post—subtraction remnggt,'
'Any'\aftempf at a specific‘soiut%on~to this difficulty . must
‘await ' deter@igation ‘of‘ the. pngbise source ’of‘ these
hopliaé;ritiés. In* any case, the.gf#ifact repnant rarely,.if

ever, overlapped the ‘responsexand thus did not cause any

3

-

pracﬁical‘difficul@ies for area measurement:.
2) Area Measures: Response Quantification and Comparisons -

" Between CAP- and Psycﬁophysically-Based'BP Estimates

-

\

Aréa measurements are the bases for the methods used t§

A '

Lt N .
gquantify changes- in responses as a function of varying.
1 1

the intensity and CT interval. It was suggésted that a main

'S .
<
. . : 5
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advantage- of this approach over ﬁeak méahurement'methods is

that increases in the number of axons fired need not
necessarlly be ac&»mpan1ed by changes in peak height and, aﬁ

least in these cases, area measupes are more sensitive than

peak %eight,mquypes. Hewever, one difficulty not adequately

” .

. dealt' with ‘ hx; area measures involves ¢ the additive

cancellation of combonents of reaponses 80 that, in Bome

~

“cases, underestimates ‘of thé actual compound response

magnltude result. To deal thh this problen, means capable of
AN

dlsentangling_ the sqbpopulations ‘that comprise responses

(e.g. 8some sort of spect;alg&écoﬁﬁosition)' and subsequent\
! - M
computat1on of the total of thelr separately determlned areas

may. be requ1red.
~ ] ' . :

S . Another difficultyh' particularly Yexing during- area
measurement of the response to the second of a , pair of.
f i . !

pulses, invglves the use of a fixed width time window that

starts at fixed time after stimulus presentation. Since
conduction vé&p

” T
v

response duration both vary during _ recovery from

city, Wthh ‘'affects response latency, and CAP

refractoriness (Kocsis et -al.,. 1979; author's personal

. &+ . .

observations) a combination of window width and latency that
o

selectively includes the CAP response gt one CT interval is

. not likely to do sopat all CT intervals.' A solution to this
problem may involve use of a var;abie width and latency time

wgndow. . . ) .
J o ' o ' , ) ¢
The CAP area ratio calculations, despite the flaws of

A}
~ . S - ]

-

S 116, - I



=

thg' area. -easures‘itself. 'per-it a 'reasdnable basis for -

conparing RP recnvery ranaes derived fron ‘the behavioural and

physiolocica! experilents. As ' previously. detailed -this basis

e

,for'c0lparison rests tipon tgg«fact that, for both ‘data typee:

. . Lo ‘ N,
the E> value calculations upon. which both RP estimates are

based reflect the number of neural firings attriﬁhtable to

€ i

the T pulse.

‘Empirical ‘an&ﬂhuunng

-

In- summary, it may be said that, using MFB reward sites

as stimulation gites, elicited CAP's may be found at‘ loci

clustered about the VT, and medial portions of the SN, CG 2nd

L 4

decussation of the superior cerebellar Yeduncle. These

findings are consistent with several anato-ical studies of

-

.direct projections of MFB neurons (Arbthnott et al., 1976,

Nauta and. Domesick, 1979). The overlap index ’describ@d -

previously suggests that, neurons projecting through these

siﬁes may be good candidates(for ipclusion in the set of

e

descending axonal extensions of MFB reward neurons. This

o

index 1is not different across the various clusters of sites,

one of vhich (the VT) has already been shown to include such

extensions- (Shizgal et al., 1980). . | .«

Thénh empirical findinss lend additional support for

behavioural evidence regarding .not only MFB reward neurons

traversing to the VT, but also for - the recent findings

concerning th; course of such fibres between fhe vT and

2

the CG.  The presént studies argue f3r. continued intensive

S R LY



:and SN as well.

”~

psychophyciéally-based RP and colfloion/;judiél of the region
between the LH and CG region and strongly suggest that such

studies. should be directed toward the region between the ' LH

o

Futire Directions

L}

;

It is reasonable to view this work as aﬁ attempt at the
devefﬁpnent .df tools for the isolation‘and~qu;ntif1catioh of
CAP | responses eliéited b& rewardiﬁs MFB stinulatigr and’ the
application of tﬁesé' tools to  the location :f liKely

candidates for the axonal extensions of ‘ the, MFB reward

substrate. The most obvious extensi&n'oﬁ the work is to fill"

in ‘“those recording sites within the stated géréﬁral

‘bodndariésLthpt were not-investigated here. An inyestiqaflon
of CAP's driven‘_fro- MFB reward sites and Hith\' less

separation between recording, 'targets and more extensive
boundaries would} ﬂdegfite the considerabie time }équi;ed.
lfkgly be extéenely useful as a suide>ifo: aubseq;ent
ps*chophisical experiaents\ and ;ighf possibly prdvide"d;ta
that would ai& in locating the terlinai rgsions'gf MFB reward
néﬁrons. ' ' o | : a

Aé has been’ mentioned, all sites for which CAP-based RP
data are \teported were also used' to | collect iptenéit?

|
seyies data. It’;as hoped that these- data would provide a

‘means of classifying recording ;ites in a more graded fashion

°

than the essentially‘ dichotomous (i.e.. "positiveV or

"negative") scheme ;h;t wvas eventually used. 1In other words,

!
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s —

we hoped to see a\sradual grovwth in CAP's at a- par&}gutar

stimulus intensity as 6;evapproached-a iaxiﬁaliy responsive

-~

site.. Since this.graded gréwth was not readily observed,
the intensity series served merely to add evidence to our

contention that compound neural activity couprised our Eiﬂ?al
* Ve
. ) (
responses.- : . \

The ' reasons for this inability to see graped CAP

~

amplitudes as one proceeded toward and passed beyond our

"posi;ive " gites are not cléar but may perhaps bé attributed
» ~ R ' '
to the following -combination of.factors. It may be that, at

-the regions investigated and the amount of recording

electrode travel - bétweeq fecorlings (i.e. 0.5 =m), the

organisation__ni;;Lhg_hLAin_xns_nnt__nnndnnixnﬁfto ‘observing
. Y ' i ¢ '

graded response size changes with sugcessive ef%ctrode

moveaents. Certainly, laminar organisation like that of the
: : . ¥ '
hippocampus, where such "depth .profile”" data is more easily

obtainable, is not to be found in the ri?ipﬂ% where ‘the CAP's

in this study were recorded. In addition, pairs of wirés with

a fixed. interelectrode distance were used for differential
P4 -

recording in this study. The interelectrode distance sélected

may have resulted in differential rejection of not only much

N

of the random noise, . but also some of the neural responses

that might have provided the flner‘ resolution that

‘successful depth profiie data collectjion probably requires.
; T .
Experimentation with the separation between the poles of the

. recording electrodes and their exposed tip areas may result



\,. -
\ , # ' , L .
in electrodes better suited to gathering depth profile data.

This thesis" is an example of ~combining research
- , . v
methddologies” tq_'father complsmentary and .convergent data

aimed toward a single goal: the location of neurai’cifcuitry

responsible for the rgwarding ‘properties of MFB \stimulation.

In that spirit, it~ seems reasonable to suggest that the

addition -of a third method could only serve to increase the

.

plausibii};y)/;f any results on thch these combined methods -

ag;ee. It is suggeste@ 'that anatomical methods may be-
fruitfully - conjoined to - the ?‘preéent
behavioural/electrophysiolégical approach. *“f

) In order ‘to a;hieve this threefprongea apbroach, the

main requirements are 1) a - concentric
. A '

\ Al

electrode/cannula combination and 2) a tracer substance that

stimulation

is taken up sélecti{ély and transported in the ofthogfaée
direction by axoris but not capablé'of’croséigé syna;ses.vTﬁis .
novel electrode . would serve to provide psychophysical RP
data, ‘elicit ~axonal CAP’s that could be EEQ&rded elsewhere

and allow tracer injection in the vicinity of the stimuiation
- -+

si%e. The speéificiﬁy of such an approach could be further

enhanced if the uptake of such a tracer. substance was a
» .
function of the transmembrane voltage, so that maximal uptake

¢
-

occurred duriné conduction of action potentials ! <

This -triple”> method approach is perhaps not as far-
. -} .
fefched as it might appear: There would be no great obstacle

to thg coﬁitruction of a suitable electrode/cannula

120 ..
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: - .
combiﬁation; -if éne is not‘cdmmercfally availaBlé. Although

the author 1s not aware of any tracers taken up speclflcally

-

by-axons,“

4 ]

proportional to transmembrane voltage (R, Dagheiff, personal

‘commun1cation) and su/ﬁ’ dyes are -being iﬁvestigated' as .

,potential  tools for the study of ahipél ‘‘models " of
elgctgogréphiA‘ peiiureb. 1f the requined electrodes and
tracefs- were ;a;aiiabley ‘there would ‘likely be ' more ngia
progress toward the eluslve goal of 1ocating the term1nals of
'MFB reward neurons and the gpitiat1on-of studles of the next

ngpral‘_llnk in the neural circuit .responsible for MFB brain

~stimulatipn reward.

’ . ’ . »

o

there #8 ongoing research in dyes whose uptake is.

T ey,
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) . APPENDIX
' Table 1: REFRACTORY PERIOD SUMMARY "
pubject  Site 'Beg-Fnd Ovlap
DO stim 0.44-1.13- . N ¢
"r(VT) '63/07/73 0.40-1.44 1.00
"r(Vr)  63/07/78 0.37-1.53 .. .1.00
" (VT) 63/07/83" 0.41-1.52 1.00
D5 J stim © 0.33-2.00 »
"".(SN) 63/18/75-90' ‘ "
"U(YT) 48/10/68-73 - -t
"R (VT) 48/10/18 0:50-1.40 . 0.54 .
- "U(VT) T 48/10/83 ' o
, ""(VT). . 48/10/88 1.02-2.22 0.58
E2 stim 0.41-1.28
""(SN)  63/16/87-T1. ’ °
"v(SN)'. 63/16/82 0.50-1.22 q-83
Eb ‘stim : 0.656-1.45 (
L " (SN) 58/19/70-75 o o
- "M(SN)  58/19780 °  0.40-2.61 1.00 |
""(DR) 78/05/70-85% . T 3
hn(SN) . 58/15/76-81 . , o
, ""(SN) '58/15/86 0.45-1.12 0.59 .
FO- stim 0.42-1.51 ' .
e 68/10/71-91 , - .
""(SN)-  53/20/63:83 . e ~
" (VT) 58/08/78-78 S
""(VT)  '58/08/83° 0.41-1.05 - ~ 0.58 .
F1 ~°  stim’ 0.63-1,35 -
" (SN) 63/16/55-90% .o .
- ""(CG) . 83/00/70-105 . )
""(CG) 58/02/55-90 . . -
F2° - ' stim 0.93-1.26
- M"(CG/VT) 68/06/56-76 - - e -
n(yT) 68/05/81 . 0.20-}.37 ~1.00
»3 stim . 0.38-1.51. : -
L 78/1'5[75-95 ' : ] . PR
W 58/26/61-86
e stim . 0.47-1.02
F4 - - stim 0.52-1.14 " - B
" (CG 78710/41-46 ' - :
""(Cq) 18/10/51 0.41-1.83 1.00
""(CG) . 18/10/56-61n N . B
""(ca). 78/10/66-81 C " o
""(SN) 58/18/65-75n A , Lo
"t {SN) 58/18/80 - 0.39-0.90 0.61
F§ . stim* . 0.39-1.41 I
F1 stim _ 0.48-1,23" " ..
- ""(CG) 78/03/45-50 _ SR
""(CG) 78/03/55 0.26-1.05 . 0,76
‘ ."'.(CG) 78/03/55\ N 1096-5047 ' 0023

’ -~

-
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"(ca) 78/33/60-70n = -
""(CG) . 78/03/75  0.25-1.58 . 1,00 0.p6-
""(CG) . 178/03/80-95n . '

""(SN) ' 53/20/46-76n_

Table1: REFRACTORY PERICD SUMMARY (conf¥nued)

Subject Site ... ,Beg-End. Ovlap Purity
C . R . - >
"F7(VT)  .63/10/65-75n : . :
F8 . stim 0.39-1.41 - _ \
""(SN) . 53/30/40-70 . A
""(cs) 78/0/55-80% , L . 7.
o stim 0,A7-1.89 ° ‘ -
""1cca- ~Jd8/0/55-50% : - .
F9 stim  0.45-1.43 '
""(cG) - 178/0/45-60 - . . o S
""(CG) 78/0/65 .0.50-1.40 v 0.92 1.00
""(ca) 78/0/70 0.57-1.50 0.88 0.92
""(CG) 78/0/175 0.20~1,67 1.00 0.67
- "' (C@E) 78/0/80-100 . ] ‘
""(SN) 60/10/55-60 : .
. ""(SN)**x 60/10/65 .0.20-1.50 * 11,00 0.75
""(SN) 60/10/70 o ] : e
?T§SN; 60/10/75 0.46-1.41 . g9t ~1.00
"" (SN 60/10/80 \ . :
oo - stim * +0,49-1.50,

""(CG) °178/0/45-70n - : S

" (cq) 78/0715 0.38-1.35 0.85 ~ 0.88
"v(c@) " 78/0/80-100 - -

""" (SN) 60/10/55-80

. -HO stim - .0.43-1.568" L,
"w(cG)  58/0/40-90n . . S , .
""(SN) 58/10/62-67 < L T
™" (SN) 58/10/72s o f , »

" (8N), 58/10/177 0.54-2,34 - 0.90 © 0.42 ,

- ""(SN) ' 58/10/82 0.20-2.72° 1.00 0.46

>~

. % The electrode track a/o marking lesion was not located.

This "SN" . site was: actually located in. the  deep

mesencephalon about 0.8 .mm above the 8SN.  However it is
suspected that in fact the shorter of the two recording poles
was ‘located placing the actual recording. locus associated
with the longer pole within 0.3mm of the SN° and qualifying
the actual site for .inclusion ‘in the "SN region" according to

"the present cr1teria (1 e. within 0.5 mm from the SN)

n no CAP data recorded despite evidence for response since'
1) no response at behaviourally relevant current (most
frequent reason) and/or

2) technical problems (e.g. 1low signal to noise ratio, .

‘132 LT T L
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X\ ﬁfghly-varfhblé-responge, equipment problems, etc.) .
e - . CG@ - central grei region including doféal'faphe'and decussation

of superior cerebellar peduncle (medial port10n)
+.Table 1. REFRACTORY" PERIOD SUMMARY (continued)

SN ~,subtant1a nigra regxon

stim. lateral hypothalamic atimulation site, RP based upon
behavioural tests

<

. ! .
, . . , '
/ . VT ventral tegmental region . : T
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Table 2: Stat1st1cal Con51derat10n of Overlap ‘and Purity

F = SSb2/SSw2 = 0.035, non-sigificant at alpha=0.05 (df 2,18)

"y

Purity . b
' .« Mean
mean 0.709  0.670 0.655  0.680
s.d.<  0.251 0.267  0.313 0.262 -,
n Co 6 s 21

\ '9 . ° [ ‘
For the purity values only means and standard deviations

" are presented since the - proporticonate difference between -

means was less and ‘the standard deviations were larger than
‘for overlap values and. since the analysie of variance results
for the overlap values were non-significant. Thus, a
statistically significant . F-ratio for ‘the purity values 1is,
ruled out. . ' ’ _ : .

v
\ e T
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Indices - 1.
- Ove;l ap
vt 7 sN. - ca
. 1.000. - .0.828  0.588
1: 000 * 1.000. 1.000 -
-1 000 0.612 0.760
™ 0. . 0.969 1.000 L e , ’
S s 0.904.  0.878 »
’ 10'000 ° 1.000 10000 . - '
” : 0..581 | 0.851 '
. - - - 0.918 N
. Total -
sum(x) 5.698 ° 5.313 - 63998 18,006
, n 7 6_ . 8 . 21 ,
mean . 0.814 ‘0.885 0.874" N '
. sum(x2) 4.962 4.816 ., 6.261 . 16.039
© (sum(x)2)/n 4. 638 4.704 . 6.116 » 15.468
(Tsum)2/N ° S 16.438
. ~ ' .
sums of squares: between 15.458-15.438 = 0. 020 . . '
' “within 16.039-15.458 = 0 »581 )

. total 16.039-15.438 = 0. 601 . o '\
source — of squares ' dF Variance > '
between " 0.020 2 0.010(ssb2) . .
within ’ 0.581 18 , 0.291(SSw2) ‘
total . 0.601 - 20 P

S
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. Data from one positive recording site are not included
in the above. This set~of records, taken at relatively slow
sweep speed (1/4 of the standard sweep), was not included-
since 1) at standard .sweep speed (5msec/cm) another set of
. data was recorded and included here and 2) the data set
recorded at the slower sweep wa§ not visible at the standard
sweep speed. Therefore, since the longer sweep was used only
-rarely, this: same situation (i.e. the’ presence of slower
responses visible only at ‘slow sweep speeds but not included
in the calculations of overlap .and purity) might have
occurred at other positive sites. , -

Note also that the assumption.of independance between
_ N ‘groups (i.e. regional divisions) required for this ANOVA _is
' .+ . not beyond criticism since.in a number of cases, the same
stimulation electrode .elicited positive recordings * from
several. recording sites. However, if one ¢laims "that 11
stimulation sites may be taKen as equivalent since 3@1'
produced vggorous $S and psychophysical estimates of recovery
from refractorlness that were not correlated with stimulation’
electrode location (see Table 2B below), it is not.
/ﬁ%reaspnable to treat recording sites as independant. .

’
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Table 2B: Relationshlps Between BSR Site and RP -

Subject ' . D/V. ‘M/L " Beg End. Range

Do 83 12 0.44 1.13 - 0.69
D5 - 80 . 17 0.33 . 2,00 1.67
’ E2 . .92 18 0.41 1,28 0.87
ES . o4 93 ~ .19 0.65 1.45 0.80 ~.
“'F1 - 93 11 0.63 1.35 0.72 -
F2 82 17 0.93 . 1.26 0.33
F3 . 92 18 0.38 1,67 1.19
. F4 .97 "7 - 0.52 1.14 0.62
) L 83 17 . 0.48 1.23  0.75 .
F8TE .96 17 1 0.39 1.41 ™“1.02 i
\, ' . F8lf 90 17 0.47 -°1.89 - 1.42
' ' ) Fgrt E81‘5 (17 . 0;45 ¢ 1043 : 009-8
_ F91f - 87 17.. 70,49 1.50 1,01 .
L N . , o
Mean - ' ,89.9 16.7- 0.491 1%475 0,954

s.d,- L 4.94 2.23 0.144 0.275 0.333.°
‘ ;‘ . vt _ ’,ﬂ . ‘ .
. Correlation Coefficients (Pearson)
D/V positlon and geg T ‘\'-0.31066
' . "  End 1  0.27462

h "
.

* Range : 0.33792 N
M/L p081b10n a ﬁeg Ct -0.12508 : '
- End K - 0.37383 - '
" "o Range : 0.33720 .
. . -’h '¢ ' “ ' R ) - ". .

-

-+ To. test . whether correlations, are significantly
different from 0 (alpha = 0.05), a T-test was performed. on
the largest R value. With the degrees of freedom equ o 11

' “t-value greater than +/- 2,201 required for st§%$§§ﬁcal
sxgnlflcance was nop achleved. ' SN

14
1

D/V : BSR electrode location (tenths of mm) 1n dorsal/ventral
plane

M/L : BSR eléctrode lotation (tenths of mm) in medial/laterai'

plane;
Beg : Dbeginning of recovery from reftactoriness (based upon

- .best-fit ‘line) : p)

End : end of recovery from refractoriness ' t
Range : End - Beg . " . .
1f : left MFB . - . ' s .
rt  right MFB o o ) :
s i f N . . .y . " . e
' L n TN ¢ ' . v ’ oo
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